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Preface

Global food production must be increased by 70% to feed the ever-growing world population of  10 
billion by 2050. Apart from rice, wheat, maize and sorghum are the three key cereals providing 
human health and nutrition for the majority of  the world’s population. Globally, wheat, maize and 
sorghum production are affected by various abiotic stresses causing significant yield losses. The situ-
ation is becoming worse due to climate change that may multiply the frequency and severity of  such 
abiotic stresses. Sustainable wheat, maize and sorghum production delivering yields to meet ever-in-
creasing demands and the development of  biofortified wheat, maize and sorghum are major chal-
lenges for the scientific community, and will require the combined expertise of  agronomists, farmers, 
breeders and molecular biologists. Recently, in response to global climate change, the increasing fra-
gility of  our natural resources and threats to food grain security across the globe, molecular breeding 
in wheat, maize and sorghum has attracted considerable interest from the scientific community. 
Many studies in various scientific disciplines dealing with different wheat, maize and sorghum spe-
cies, in different environments, have focused on abiotic stress tolerance, grain and quality improve-
ments, and wheat, maize and sorghum biofortification. Although significant progress has been 
made over the last few years, there is still a need to narrow down the yield gap between the most fa-
vourable environments and those under stress conditions. Strategies involving bridging the yield gap 
and increasing yield stability and adaptability to variable environmental conditions are of  import-
ance in assuring food security and sustainability in the future. Hence, there is an urgent need to im-
prove our understanding of  complex mechanisms regulating abiotic stress tolerance for developing 
modern wheat, maize and sorghum varieties that are more resilient to abiotic stresses as well as to 
increase the bioavailable concentrations of  essential micronutrients.

Genetic improvement for abiotic stress tolerance is limited in conventional methods due to the 
complex nature of  the trait, particularly due to the variability in intensity, frequency, duration and 
timing; and additionally, linkage drag of  undesirable traits/genes with desirable traits. Transfer of  
favourable genes/alleles from diverse plant genetic resources limited by gene pool barriers gives 
molecular breeders a good option for developing new cultivars that can thrive in stressful environ-
ments. Over the last few decades, tremendous progress has been made in wheat, maize and sorghum 
genome analysis. The availability of  the genome sequences along with other recent developments in 
sequencing and genotyping and genome editing technologies have resulted in considerable advance-
ments in the area of  wheat, maize and sorghum genomics. These in turn led to the development of  
DNA-based markers and resulted in the identification and fine mapping of  quantitative trait loci 
associated with grain yield and yield-attributing traits, abiotic and biotic stress tolerances as well 
as grain quality traits in these crops. Tightly linked DNA markers and causal genes are used in 

� xix 
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marker-assisted selection in wheat, maize and sorghum breeding programmes and are able to 
shorten the time of  variety development. Another use of  DNA-based markers is overcoming the bar-
rier of  linkage drag, which refers to the presence of  undesirable genes in the chromosomal region of  
the target gene that are difficult to avoid when using conventional breeding. Economic analysis has 
also shown the potential impacts of  utilizing marker-assisted breeding to overcome the drawbacks of  
conventional breeding in wheat, maize and sorghum and ultimately reduce the cost of  production 
and promote economic growth.

In this book, Molecular Breeding in Wheat, Maize and Sorghum: Strategies for Improving Abiotic 
Stress Tolerance and Yield, we present a collection of  29 chapters written by leading experts engaged 
with wheat, maize and sorghum molecular breeding. The chapters of  this book aim to contribute the 
latest understandings of  the molecular and genetic bases of  abiotic stress tolerance, yield and quality 
improvement of  wheat, maize and sorghum to develop strategies for improving abiotic stress toler-
ance that will lead to enhance productivity and better utilization of  natural resources to ensure food 
security through modern breeding. We are extremely grateful to all the learned contributors and 
sincerely thank them for their contribution in compiling useful and updated information on different 
aspects of  wheat, maize and sorghum breeding. We would like to extend our special thanks to 
Rebecca Stubbs, Commissioning Editor, CABI, UK, for initiating the book project and other staff  of  
CABI for their generous help in completing this project on time. We strongly believe that the book will 
be a valuable resource for future environmental stress-related research, and can be considered a 
textbook for graduate students and teachers as well as a reference book for front-line wheat, maize 
and sorghum researchers around the globe.

Mymensingh, Bangladesh� Mohammad Anwar Hossain
Queensland, Australia� Mobashwer Alam
Kandy, Sri Lanka� Saman Seneweera
Punjab, India� Sujay Rakshit
Queensland, Australia� Robert Henry

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



© CAB International 2021. Molecular Breeding in Wheat, Maize and Sorghum: Strategies for 
Improving Abiotic Stress Tolerance and Yield (eds M.A. Hossain et al.) 
DOI: 10.1079/9781789245431.0001� 1

1  Recent Understanding on Molecular 
Mechanisms of Plant Abiotic Stress 

Response and Tolerance

Geoffrey Onaga1 and Kerstin Wydra2*
1National Crops Resources Research Institute (NaCRRI), Namulonge, Uganda; 

2Erfurt University of Applied Sciences, Erfurt, Germany

1.1  Introduction

Abiotic stresses are growth- and yield-limiting 
non-biological factors that constrain crop pro-
duction. The major abiotic stresses limiting crop 
productivity include drought, salinity, waterlog-
ging, temperature extremes, nutrient imbalances, 
metal toxicities, ozone and UV-B irradiation. 
According to global estimates, over 90% of  arable 
lands are prone to one or more of  these stresses, 
and yield losses of  up to 70% have been reported 
in major food crops (dos Reis et al., 2012; Mantri 
et al., 2012). While it is difficult to get accurate 
estimates of  the effects of  each abiotic stress on 
crop production, it is estimated that yield losses 
in agricultural crops are mostly caused by high 
temperature (40%), salinity (20%), drought (17%), 
low temperature (15%) and flooding (Ashraf  
et al., 2008). The extent of  some of  these stresses 
has, however, increased in recent years. For 
instance, salinity in irrigated lands has increased 
by 37%, and more than 50% of  arable land 
could be salt affected by the year 2050 (Munns 
and Tester, 2008; Qadir et al., 2014). Changes in 
precipitation patterns have augmented the 
frequency and severity of  drought stress (IPCC, 
2018; Naumann et al., 2018). The concentra-
tions of  greenhouse gases have increased and 

subsequently air and ocean temperatures have 
warmed (Raftery et  al., 2017). Heavy metals 
contamination of  arable lands also increased in 
many parts of  the world (Rehman et al., 2018); 
and the frequency and severity of  flooding/
waterlogging are presently at alarming rates as 
a result of  erratic weather patterns and sea level 
rise (Onaga and Wydra, 2016; Manik et  al., 
2019). All these factors have significant influ-
ences on plant growth and crop yields and will 
be exacerbated by further direct and indirect 
impacts of  climate change. Thus, improved 
understanding of  the molecular, physiological 
and biochemical bases of  plant stress response 
and tolerance is necessary to decipher promising, 
functionally relevant molecular mechanisms for 
accelerated development of  abiotic stress-tolerant 
cultigens.

In response to abiotic stress challenge, plants 
have evolved intricate mechanisms allowing 
optimal perception and subsequent transduction 
of  the stress signals. The first reaction to stress 
involves activation of  extracellular and intra-
cellular receptors/sensors localized at the cell 
membrane such as histidine kinases, phyto-
chromes, receptor-like kinases and G-protein-
coupled receptors. Second messengers such as 
reactive oxygen species (ROS), reactive nitrogen 

*Corresponding author: Kerstin.Wydra@fh-erfurt.de

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



2	 G. Onaga and K. Wydra	

species (RNS), reactive sulfur species (RSS), react-
ive carboxyl species (RCS), inositol phosphatase, 
Ca2+ ions and abscisic acid (ABA) are subsequently 
triggered. Among the second messengers, ROS 
accumulation is depicted as the earliest signal in 
many plant abiotic stress responses which ultim-
ately determine the cell fate. The response to 
these messengers can be either plastic or elastic 
(Cramer et  al., 2011), depending on cellular 
reactive species accumulation and oxidant–
antioxidant balance. Plastic responses mainly 
occur through unrestrained accumulation of  
reactive species which cause oxidative damage 
to cellular components and structure, inhibiting 
vital cellular processes such as protein synthesis 
and energy metabolism. When stringently con-
trolled, ROS accumulation, together with other 
secondary messengers – such as H

2S, methylgly-
oxal, NO and stored pools of  Ca2+– and stress 
receptors, form the signalling machinery that 
employs numerous stress-responsive downstream 
transducing molecules, including phosphoryl-
ation cascades, such as calcium-dependent 
protein kinase (CDPK), mitogen-activated protein 
kinase (MAPK) and dephosphorylation phos-
phatases (e.g. ABI1 and ABI2). Transcription 
factors (TFs) are activated or suppressed by 
protein kinases or phosphatases, respectively, 
and the modified TFs form a complex regulatory 
network, mediated by various molecules includ-
ing co-regulators and cross-regulators such as 
G-box and W-box binders. Subsequently, TFs dir-
ectly regulate the expression of  stress-responsive 
genes by interacting with the specific cis-elements 
in their promoter regions. Genes expressed in 
plants exposed to abiotic stress include genes 
encoding metabolic and structural proteins as 
well as regulatory proteins. Abiotic stresses also 
lead to altered DNA methylation/demethylation, 
histone post-translational modifications (PTMs), 
remodelling of  chromatin, small RNAs and long 
non-coding RNAs.

While new molecular pathways are yet to 
be discovered in most crop species, significant 
achievements have been made to discover some 
of  the genes involved in the aforementioned mo-
lecular responses to stress in plants. This chapter 
provides an overview of  the recent significant 
perspectives on molecules involved in response 
and tolerance to drought and salinity, the two 
major abiotic stresses affecting crop production, 
and highlights major molecular components 

identified in major cereals. For some general 
aspects, readers can refer to previous work on a 
related topic (Onaga and Wydra, 2016).

1.2  Molecular Mechanisms  
of Abiotic Stress Response  

and Tolerance

1.2.1  Drought stress

Plant response to drought is brought about by 
various mechanisms and depends on crop 
species, genotype, the age and stage of  plant 
development, and the duration and severity of  
water loss. Under drought plants generally lose 
leaf  water leading to decreased leaf  osmotic 
potential, stomatal conductance, transpiration 
rates and photosynthesis (Farooq et  al., 2009). 
Drought stress can also impair mineral uptake 
by limiting nutrient supply through mineraliza-
tion and reducing nutrient diffusion and mass 
flow in the soil (Samarah et al., 2004). The con-
sequence of  these changes is a reduction in crop 
growth and yields, and sometimes increased 
susceptibility to biotic stresses. The reproductive 
phase of  development is the most sensitive stage to 
drought stress in several crops and investigating 
drought effects during reproductive development 
is of  great relevance due to its direct negative 
impact on crop yields.

The drought stress signal in plants is first 
perceived at the root level through receptors 
from the cell membrane/cell wall which convert 
extracellular stress signals into intracellular sec-
ondary messengers. Although several primary 
sensing mechanisms have been proposed, the 
true primary sensing receptors have not been 
clearly figured out due to the complexity of  plant 
responses to drought stress. Several hypotheses 
have suggested either a redox imbalance or 
changes in the cell-wall integrity as a trigger to 
molecular responses to drought. Redox imbal-
ance causes the pH of  xylem sap to increase, 
triggering the loading and transportation of  
second messengers, such as ABA, throughout 
the plant. Several ABA transporters have been 
reported, including multidrug and toxin efflux 
transporters (MATEs), ATP-binding cassette (ABC), 
NITRATE TRANSPORTER 1/PEPTIDE TRANS-
PORTER FAMILY (NPF) and more recently 
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PLASMA MEMBRANE PROTEIN 1 (OsPM1) in 
rice (Takahashi et al., 2020). Change in cell-wall 
integrity or hydraulic pressure is believed to be 
perceived by Ca2+-permeable mechanosensitive 
channels (MCA1 and MCA2) (Yamanaka et al., 
2010). Recently, a member of  non-selective cat-
ion channels, reduced hyperosmolality-induced 
[Ca2+] increase 1 (OSCA1), which is one of  the 
hyperosmolarity-gated calcium channels located 
at the plasma membrane, was suggested as the 
first potential osmosensor in plants (for review 
see Lamers et  al., 2020). The authors suggest 
that membrane tension or high extracellular 
osmotic potential experienced by plants exposed 
to drought is sensed by OSCA1. Activated OSCA1 
then facilitates the influx of  Ca2+, triggering 
intracellular drought-stress signalling cascades. 
Similar to OSCA1, calcium-permeable stress-gat-
ed cation channel 1 (CSC1A) has been suggested 
as another hyperosmotic stress-induced Ca2+ 
channel (Hou et al., 2014). Both CSC1A and OSCA1 
contain transmembrane domains, which are 
also present in the drought-responsive integral 
protein, Early Responsive to Dehydration 4 
(ERD4). Moreover, the OSCA family members, 
ERD4, CSC1A and the transmembrane chan-
nel-like proteins (TMC) present in bacteria and 
yeast (Singh et al., 2015) contain similar calcium-
dependent channel (DUF221) domains. Thus, 
OSCAs form a functional complex together with 
ERD4, CSC1A and probably the key enzymes 
(such as phosphatidylinositol-4-kinase) that cause 
the influx of  Ca2+ into the cytoplasm. Several 
members of  the OSCA gene family have been 
identified in Arabidopsis (e.g. AtOSCA1.8), rice 
(e.g. OsOSCA1.4), maize (e.g. ZmOSCA4.1) and 
wheat (e.g. TaOSCA1.4), seeming to have a con-
served regulatory mechanism (Liu, Y. et  al., 
2009; Ding et al., 2019; Cao et al., 2020). Micro 
RNAs (miRNAs) are thought to regulate OSCA1 
activity. miRNAs exert their functions through 
mRNA cleavage or translational repression of  
complementary target mRNAs, and they are 
crucial in regulating gene expression. Over 206 
small regulatory RNAs have been identified in 
sorghum, 42 in wheat and 172 in maize (Kozo-
mara and Griffiths-Jones, 2011). In maize, there 
is a significant negative correlation between the 
expression levels of  miR5054 and ZmOSCA2.4 
under drought stress (Cao et  al., 2020). A 
depression of  miR5054 potentially promotes ex-
pression of  several other classes of  OSCAs. Thus, 

miRNAs and their target genes could be useful 
for crop improvements to enhance drought 
tolerance. However, more studies are required to 
validate their mode of  interaction and associ-
ated regulators.

The cytoplasmic pool of  Ca2+ is perceived by 
signal receptors such as Calmodulin (CaM)-like B 
proteins (CMLs), calcineurin B-like proteins 
(CBLs), CDPK and calmodulin-dependent protein 
kinase (CaMK) (Mittler et  al., 2006). CaM is 
conserved in all eukaryotes, whereas CMLs, CBLs 
and CDPKs are present in plants and some prot-
ists (Reddy and Reddy, 2004). Among these fam-
ilies, CBLs are one of  the major sensor relays in 
plants responding to drought.  All CBLs contain 
E-helix and F-helix (EF), which have a high affin-
ity for Ca2+ binding. CBL interacts with CBL-
interacting protein kinases (CIPK), a family of  
sucrose non-fermenting-1 (SNF1)-related protein 
kinases (SnRKs), to form CBL–CIPK complexes, 
which are directed to a specific cellular target to 
phosphorylate downstream target proteins. 
CIPKs contain a protein–phosphatase inter-
action (PPI) domain capable of  interacting with 
type 2C protein phosphatases (PP2Cs) to mediate 
the specific binding with CBLs. In plants, PYR/
PYL/RCAR (pyrabactin resistance/pyrabactin 
resistance 1-like/regulatory component of  ABA 
receptors), a ubiquitous ABA receptor, forms a 
complex with PP2C and SnRK2 kinase (PRY/
PRL/RCARs–PP2Cs–SnRK2) in the cytosol 
(Soon et  al., 2012). When plants perceive 
drought stress signals, ABA binds to the PYR/
PYL/RCAR-type receptor to form an activated 
signalling complex through inhibition of  PP2Cs 
and release of  SnRK2 (Fig. 1.1). SnRK2 is auto-
activated when separated from PP2C and phos-
phorylates ABA-responsive elements-binding 
protein/ABA-responsive elements-binding fac-
tor (AREB/ABF) such as basic leucine zipper 
(bZIP) (AB15/ABF/ABREB), CBF4 and MYC/
MYB proteins involved in the transcription of  
drought response genes encoding for proteins 
involved in water transport, osmotic balance, 
antioxidants and damage repair (Onaga and 
Wydra, 2016). Recently, SnRK2.6 has been 
shown to phosphorylate plasma-membrane 
intrinsic protein 2 (PIP2) (Grondin et al., 2015), 
SNRK2-SUBSTRATE 1 (SNS1), FLOWERING BHLH 
3 (FBH3)/AKS1 (Takahashi et al., 2013), TATA 
BINDING PROTEIN-ASSOCIATED FACTOR 5 
(TAF5), RBOHD/F, and modulate their activities 
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Fig. 1.1.  The response to drought occurs via ABA-dependent and -independent signalling pathways. 
In the ABA-dependent pathway, ABA interacts with several molecules, including the plasma-membrane 
Ca2+-permeable channels (e.g. OSCA1) and NADP(H) for ROS generation. ROS may promote further 
synthesis of ABA and other stress phytohormones like salicylic acid (SA), which stimulate the biosynthesis 
of glycine betaine (GB) and glutathione (GSH) to improve the tissue water status and protect cellular 
membranes (CM) from the effect of ROS. Gasotransmitters like NO also cooperate with GB to promote 
abiotic stress tolerance response. In chloroplast and peroxisomes, H2O2 can be produced in photosystem I 
and II (PSI, PSII) as well as during glycolysis and photorespiration. H2O2 mediates stomatal closure during 
drought by interacting with ABA up- and downstream targets. HPCA1 is a key component of H2O2 
perception and signal modulation in the guard cells. Three main components of the ABA signalling 
pathway, PYR/PYL/RCAR5 ABA receptors, a PP2C negative regulator, PA, and a SnRK2 positive 
regulator, are shown. PA possibly binds PP2C to limit its activity and enhance ABA signalling during 
drought stress. SnRK2 phosphorylates several downstream factors, including TFs, ions channels 
(described in the text), SNRK2-SUBSTRATE 1 (SNS1), FLOWERING BHLH 3 (FBH3)/AKS1, TATA 
BINDING PROTEIN-ASSOCIATED FACTOR 5 (TAF5), RBOHD/F, and modulates their activities. FBH3/
AKS1 is a transcriptional activator of KAT1. It is worth noting that PP2Cs dephosphorylate S-type anion 
channels in the absence of ABA causing stomatal opening. ROS possibly activate GHR1 and mediate the 
ABA activation of SLAC1. GHR1 is phosphorylated by CDPKs and SnRK2.6 (OST1) to activate SLAC1. 
SLAC1 activates guard-cell outward-rectifying K+ (GORK) channels. The outward efflux of K+ leads to loss 
of water from guard cells and stomatal closure. Inward-rectifying channels KAT1 (K+ channel Arabidopsis 
thaliana1) facilitate inward flow of water into the guard cells, which leads to opening of the stomata (these 
channels are deactivated during drought stress (in the presence of ABA)). The key TF phosphorylated by 
SnRK2 is AREB/ABF. SnRK2 also possibly modulates the activity of MYB/MYCs, NACs, WRKYs and 
ZFHD TFs. MYC2 and NAC proteins are involved in JA signalling. In the ABA-independent pathway, 
DREB2A is the main regulator of drought response. Ubiquitin–proteasome pathway mediated by 
DREB2A-INTERACTING PROTEIN1 (DRIP1) negatively regulates drought tolerance by targeting 
DREB2A to 26S proteasome for degradation. DRIP1 is a ubiquitin E3 ligase harbouring a C3HC4-type 
RING domain. DRIPs regulate the levels of DREB2A under unstressed condition. SUMOylation 
probably stabilizes DREB2A and prevents its tagging for proteolysis under drought conditions. Other 
signalling pathways involved include the JA via MYC and gibberellic acid (GA) via the DELLA proteins. 
GA INSENSITIVE DWARF1 (GID1) tag DELLA proteins for degradation. DELLA proteins can be 
responsive to JA and could interact with the JA regulator, JAZ (jasmonic acid ZIM-domain protein), 

Continued
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in an ABA-dependent manner, suggesting the 
role of  these proteins in drought response, al-
though empirical evidence is still limited.

Apart from the ABA–SnRK2 pathway, an 
ABA-independent pathway exists in plants and 
is regulated by multiple families of  TFs including 
the dehydration-responsive element/C-repeat 
(DRE/CRT) binding protein 2 and 1 (DREB2 and 
DREB1), NAC (NAM, ATAF and CUC) and zinc-
finger homeodomain (HD) regulon. Both DREB1 
and DREB2 belong to the plant-specific AP2 
(APETALA2)/ERF (ethylene-responsive element-
binding factor) family having an AP2/ERF 
DNA-binding motif  and recognize DRE/CRT to 
activate downstream genes, including dehydra-
tion-responsive late embryogenesis abundant 
(LEA) genes, e.g. RD29A, which is induced by 
drought in Arabidopsis. In wheat, TaDREB pro-
motes lignin formation under water stress 
(Egawa et al., 2006) and in maize, transgenic plants 
of  a DREB2 TF, ZmDREBtv, showed improved 
performance compared with the non-transgenic 
plants under drought conditions (Huynh et  al., 
2019). The NAC acronym represents three 
proteins having a specific NAC domain: (i) NAM 
(no apical meristem); (ii) ATAF1/2 (Arabidopsis 
thaliana ACTIVATING FACTOR1/2); and (iii) CUC2 
(cup-shaped cotyledon) in Arabidopsis (Aida et al., 
1997; Shao et  al., 2015). These TFs recognize 
NAC recognition site (NACR) to activate down-
stream genes (Fig. 1.1). NAC family members 
exist in maize (157 members) (Lu et al., 2015), 
durum wheat (168 members) (Saidi et al., 2017) 
and sorghum (131 members) (Sanjari et al., 2019). 
The NAC domain proteins essentially regulate 
stress-inducible genes independent of  ABA. 
Regardless, few of  these proteins have been 
characterized in wheat, maize and sorghum, 
even though they are likely to play important roles 
in plant response to stress. In wheat, TtNAMB-2 
and TaNAC69-1 participate in responses to 
drought stress (Tran et al., 2004; Baloglu et al., 
2012). A NAC TF, SbSNAC1, from sorghum, also 
confers drought tolerance to transgenic Arabidopsis, 

whereas ZmNAC111 is associated with maize 
seedling drought tolerance (Mao et al., 2015). At 
some point in the regulatory cycle, transcrip-
tional repressors and enhancers interact with 
DRE/CRT and ABA-responsive element (ABRE) 
and hence initiate synergistic interactions. For 
instance, Arabidopsis NAC domain-containing 
protein 96 (ANAC096) interacts with ABFs to 
activate ABA-inducible drought-responsive genes 
(Xu et  al., 2013). TaNAC67  was demonstrated 
also to be inducible by ABA treatment (Mao et al., 
2014). Thus both ABA-dependent and -independent 
pathways appear to converge at some point with 
their interacting partners constituting a complex 
network. Regardless of  the mode of  interaction, 
these TFs activate expression of  protective and 
regulatory proteins mediating physiological 
responses such as osmotic adjustments, reduced 
stomatal number and conductance, cuticular 
wax biosynthesis, early flowering, growth inhib-
ition, increased root development, decreased 
leaf  area, increased leaf  thickness and leaf  roll-
ing, among others. The next section discusses 
the downstream targets of  ABA-dependent and 
-independent genes in wheat, maize and sor-
ghum and how these genes interact to bring 
about drought response and tolerance.

Downstream drought response targets  
that trigger tolerance in wheat, maize  

and sorghum

It is well established that under drought stress, 
ABA production increases in both dicots and 
monocots as an important rapid response to 
minimize water loss. In wheat, endogenous ABA 
levels are mainly regulated by upstream genes 
encoding for a biosynthetic 9-cis-epoxycarotenoid 
dioxygenase (TaNCED) enzyme required for the 
cleavage of  carotenoid precursors producing 
xanthoxin, which can subsequently be converted 
into ABA via ABA-aldehyde. Overexpression 
of  TaNCED in Arabidopsis increases ABA and 
proline synthesis and limits water loss through 

under drought. Below each TF are DNA-binding elements corresponding to DNA-binding domains of TFs 
(e.g. W-box, MYBR, etc.). The TFs and these elements fine-tune the activation of a defence response to 
drought, including increased expression of genes encoding for antioxidants such as superoxide dismutase 
(SOD), glutathione reductase (GR), guaiacol peroxidase (GPx) and ascorbate peroxidase (APX); 
compatible solutes and regulatory proteins. Dashed lines indicate possible but unconfirmed routes.

Fig. 1.1.  Continued.
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reduced stomatal conductance (Tong et  al., 
2017). The first NCED-encoding gene VIVPA-
ROUS14 (VIP14) was discovered in maize vp14 
mutant (Tan et  al., 1997). Since then, NCED 
homologues have been identified in sorghum 
(e.g. SbNCED5) as well as other cereal crops (Ma 
et al., 2019). Recently, Sato et al. (2018) showed 
that an upstream TF, NGATHA1, induces ABA 
biosynthesis by activating NCED3 in Arabidopsis 
plants exposed to drought stress. Moreover, class 
II HOMEOBOX from Arabidopsis thaliana 1 and 3 
(HAT1 and HAT3) and other TFs such as Arabi-
dopsis NAC domain-containing protein 2 (ANAC2), 
9-cis-epoxycarotenoid dioxygenase insensitive 
1/Bodyguard 1 (BDG1) and WRKY57 have been 
reported to regulate ABA synthesis (Ali et  al., 
2020). NCED3 expression in leaves is also regu-
lated by root-derived peptide CLE25 (CLAVATA3/ 
EMBRYO-SURROUNDING REGION-RELATED 25) 
which transmits long-distance water-deficiency 
signals to the leaves for accumulation of  ABA. 
CLE25 expression signal in the root vascular tis-
sues is translocated to the leaves where it binds 
to BARELY ANY MERISTEM (BAM) and BAM3 
receptor-like protein kinases (RLKs) to induce 
ABA accumulation and stomatal closure in the 
leaves (Takahashi et  al., 2018). As mentioned 
earlier, conventionally ABA accumulation in 
plants is perceived by PYR/PYL/RCAR–PP2C–
SnRK2 complex. In maize, PYL genes (e.g. 
ZmPYL 8, 9 and 12) involved in the ABA path-
way play a significant role in triggering drought 
resistance (He et  al., 2018). In wheat and sor-
ghum, TaPYLs and SbPYLs are highly expressed 
in response to ABA treatments which suggests a 
similar role in the ABA pathway. Associated 
with PYL are the cytosolic SnRK2 kinases that 
phosphorylate downstream targets of  ABA 
signalling. Studies have identified four, ten and 
14 SnRK2 homologues in wheat, maize and sor-
ghum, respectively (Huai et al., 2008; Zhang 
et al., 2016; Ma et al., 2019). In wheat, TaSnRK2.3, 
TaSnRK2.4 and TaSnRK2.8 are the key genes 
required for drought stress signal transduction. 
When TaSnRK2.3 and TaSnRK2.8 are overex-
pressed in Arabidopsis, production of  stress-
related metabolites, such as proline, increases 
(Zhang et al., 2010). In addition, increased tran-
script abundance of  ABA biosynthetic genes 
(e.g. ABA1 and ABA2), signalling components 
(e.g. ABI3, ABI4, ABI5) and ABA-independent 
genes (CBF1, CBF2 and CBF3) is also observed 

in TaSnRK2.8-overexpressing lines. Expression 
and motif  analysis indicates that the TaSnRK2 
subclass III (SRK2D/SnRK2.2, SRK2E/SnRK2.6/
OST1 and SRK2I/SnRK2.3) is the most strongly 
induced by ABA and interacts with PP2C (TaABI1) 
to regulate ABA responses (Zhang et al., 2010). 
Independent studies have identified SnRK2 
homologues in sorghum, such as SbSAPK8 and 
SbSAPK9; as well as in maize, such as ZmSn-
RK2. Direct phosphorylation targets of  activated 
SnRK2 in plants include slow anion channel 1 
(SLAC1), SLAC1 homologue 3 (SLAH3) and 
inward-rectifying potassium channel 1 (KAT1) 
that control ion fluxes and guard-cell aperture. 
KAT1 is a transmembrane ion channel that fa-
cilitates cellular uptake of  K+ for an inward flow 
of  water into the guard cells. In contrast, SLAC1 
and SLAH3 facilitate the efflux of  anions such as 
malate2−, Cl− and NO3

+ triggered by ABA accumu-
lation, which leads to turgor loss and closure of  
stomatal apertures. SLAC1 is a nitrate sensor 
that has been evolved by both monocots and 
dicots. However, following the evolutionary split 
between dicots and monocots, SLAC1 from dicot 
species lost a distinct tandem amino acid motif  for 
nitrate activation and did not develop a nitrate-
dependent gating mechanism (Schäfer et  al., 
2018). This change is partly reflected in the 
nitrate-dependent gating ability in monocots 
compared with dicots. The molecular structure 
of  SLAC1-type anion channel is the recent im-
portant discovery that provides an opportunity 
to improve drought tolerance in cereals. For in-
stance, the maize ZmSLAC1 and rice OsSLAC1 
show a strong selectivity to nitrate over chloride 
(Sun et al., 2016). Although SLAC1 is not fully 
studied in sorghum, it appears phylogenetically 
closer to the maize and rice SLAC1 than to the 
Arabidopsis AtSLAC1, which is a nitrate-activat-
ed chloride-permeable channel (Hedrich and 
Geiger, 2017; Müller et al., 2017). It is important 
to further validate the structural and functional 
differences associated with SLAC1 in sorghum, 
wheat and maize and understand genotypic dif-
ferences associated with stomatal closure during 
drought stress. This will provide additional infor-
mation on their pivotal role in transpiration 
regulation during drought stress.

Apart from the SnRK2–SLAC1 pathway, other 
factors influencing stomatal closure in response 
to drought include complex physiological signals 
from ABA, ROS and Ca2+ signalling pathways. 
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Increase in ABA is known to induce Ca2+ cur-
rents by modulating H2O2, a major component 
of  ROS in guard cells (reviewed in Takahashi 
et  al., 2020). Two plasma-membrane NADPH 
oxidases, respiratory burst oxidase homologues 
D and F (RbohD/F), play a crucial role in the pro-
duction of  H2O2 and have two EF‐hand motifs for 
Ca2+ binding (Kwak et  al., 2003). Moreover, 
RbohF is phosphorylated by SnRK2.6/OST1 
(open stomata 1) to enhance H2O2 production 
(Sirichandra et  al., 2009). Accumulated H2O2 
activates Ca2+ channels to modulate stomatal 
closure. Recently, hydrogen peroxide-induced 
Ca2+ increase 1 (HPCA) was reported as a sensor 
of  H2O2 in guard-cell plasma membranes (Wu 
et al., 2020). Mutants of  hpca1 impair stomatal 
closure modulated by ABA and H2O2. Thus, the 
extracellular domain of  HPCA1 is a key compo-
nent of  H2O2 perception and signalling modula-
tion in guard cells. The generation of  H2O2 in 
response to ABA and jasmonic acid (JA) has also 
been reported to activate GUARD CELL HYDRO-
GEN PEROXIDE-RESISTANT1 (GHR1). GHR1 is 
phosphorylated by CPKs/CDPKs and SnRK2.6 
(OST1) to activate SLAC1. Activated SLAC1 
causes plasma-membrane depolarization indu-
cing guard-cell outward-rectifying K+ (GORK) 
channels and subsequently K+ efflux, which 
leads to turgor loss and closure of  stomatal pores 
(reviewed in Ali et  al., 2020). Besides Ca2+ and 
ROS oscillation, SnRK2 also interacts with other 
kinases, enzymes and TFs. As mentioned earlier, 
the major TF targets of  SnRK2 activity include 
AREB/ABFs. The AREB/ABF–SnRK2 pathway is 
ubiquitous and functionally conserved in plants 
(for review see Fujita et  al., 2013). The AREB 
genes are highly expressed in response to drought 
in wheat (e.g. TaAREB3 and TaAREB5), maize 
(e.g. ZmbZIP4) and sorghum (e.g. Sb04g034190). 
Their DNA-binding target genes are involved in 
encoding for the LEA proteins osmotin, proline 
and betaine. For instance, a wheat bZIP gene, 
WLIP19, is induced by drought and exogenous 
ABA application and increases transcriptional 
levels of  cold-regulated genes (e.g. COR15A and 
COR47), dehydrins (WDHN13) and wheat re-
sponse to ABA (WRAB17, WRAB18, WRAB19) 
(Kobayashi et al., 2008). TaAREB3 also induces 
expression of  RD29A and RD29B under stress 
conditions. Several other genes in the LEA family 
have been identified in wheat (e.g. TaDHN18, 
TaDHN23 and TaDHN31) (Liu et  al., 2019), 

maize (e.g. ZmLEA14tv, ZmLEA2, ZmRD20, 
ZmRD21, ZmRab18, ZmNHX3, ZmGEA6 and 
ZmERD) and sorghum (e.g. SbLEA3). Their pro-
tein products are rich in hydrophilic amino acids 
that maintain protein integrity and cell struc-
ture in plants exposed to stress. In modulating 
their downstream activity under osmotic stress, 
AREB/ABFs (AREB1/ABF2, AREB2/ABF4, ABF1 
and ABF3) also form homo- or heterodimers 
(Yoshida et al., 2010). Interestingly, these com-
plex regulatory processes appear to function 
both upstream and downstream of  AREB/ABFs. 
For instance, AREB/ABFs interact with NAC TFs 
(Jensen et al., 2013). Moreover, the promoter 
region of  stress-responsive NAC (SNAC) genes 
possesses ABRE sequences (Nakashima et  al., 
2012), and SNAC genes such as ANAC096 dir-
ectly interact with ABF2 and ABF4 to activate 
ABA-dependent drought response genes (Xu 
et al., 2013). In wheat, TaNAC67 was shown to 
increase expression of  RD29A and RD29B 
genes, and in maize, ZmSNAC1 acts as a mul-
tiple stress-responsive TF in an ABA-dependent 
manner (Kimotho et al., 2019). Moreover, seven 
ZmNTLs NAC TFs genes (ZmNTL1, ZmNTL2, 
ZmNTL3, ZmNTL4, ZmNTL5, ZmNTL6 and 
ZmNTL7), were found to be strongly expressed in 
the stem and roots of  plants exposed to ABA 
(Wang et  al., 2016). A RING finger E3 ligase, 
SDIR1, was also shown to act as a positive regu-
lator of  AREB/ABFs (Zhang et al., 2007). AREB/
ABFs also appear to interact with three WRKY 
TFs, ABO3/WRKY63, WRKY18 and WRKY40, 
upstream in response to ABA and drought stress 
(Ren et al., 2010). In addition, WRKY63 binds to 
the promoter of  AREB1/ABF2 to positively regu-
late its expression. ABF3 also strongly interacts 
with JA and GA signalling pathways (Kumar et al., 
2019). On the other hand, MYC2 appears to be 
the interacting partner of  ABF3 in the JA path-
way because MYC2 interacts with ABA receptor 
PYL6, which provides a direct link between ABA 
and JA signalling pathways (Aleman et al., 2016). 
The wheat MYB family member, TaMYB30-B, 
also induces the expression of  ABA-dependent 
genes, including RD29A and ERD1 (Zhang et al., 
2012). Moreover, RD22BP-1 and AtMYB2 have 
been shown to bind cis-elements in the RD22 
promoter and activate RD22, a gene in the 
ABA-dependent pathway. In maize, ZmMYB30 is 
upregulated under drought, salt and ABA stresses, 
and positively modulates the expression of  abiotic 
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stress-induced genes in the ABA pathway (ABF3, 
ATGolS2, AB15, DREB2A, 270 RD20, RD29B, 
RD29A and MYB2) when exogenously expressed 
in Arabidopsis (Chen et al., 2017). A maize homo-
logue of  NUCLEAR FACTOR Y (ZmNFYB2) was 
previously also shown to improve stomatal con-
ductance and delayed onset of  senescence in 
plants exposed to drought (Nelson et al., 2007). 
NUCLEAR FACTOR Y (NF-Y) is a heterotrimeric 
TF with three distinct subunits, NF-YA, NF-YB 
and NF-YC, which binds to CCAAT box in the 
promoter region of  target genes. In Arabidopsis, 
NF-YA5 is upregulated in an ABA-dependent 
manner in leaves and roots of  plants and modu-
lates stomatal closure during drought stress (Li 
et al., 2008). NF-Y subunit C (NF-YC) also interacts 
with ABF3, ABF4 and the nuclear zinc-finger 
protein CONSTANS (CO) to positively regulate a 
master floral gene, SUPPRESSOR OF OVEREX-
PRESSION OF CONSTANS1 (SOC1), in response 
to drought (Weller and Ortega, 2015). More-
over, drought escape in Arabidopsis is regulated 
by ABA via CO and GIGANTEA (GI), which trig-
gers the expression of  the florigen genes Flower 
Locus T (FT), Twin Sister of  FT (TSF) and SOC1 
(Riboni et al., 2013, 2016). It is relatively clear 
that drought escape is modulated by the rela-
tionship between CO and GI through ABA-
dependent activation of  FT  genes. Thus, NF-Y 
genes crosstalk with other TFs and regulatory 
proteins modulated by ABA to ensure plant sur-
vival under drought stress. Phospholipase D (PLD) 
has also been reported to regulate stomatal clos-
ure in maize in an ABA-dependent manner (Ali 
et al., 2020). H

2O2 accumulation associated with 
ABA activation of  OST1 and subsequently 
RbohD/F has been reported to enhance NO 
production through nitrate reductase 1 (NR1) 
activity. NO activates conversion of  phospholi-
pases C and D to phosphatidic acid (PA). PA bind-
ing decreases the phosphatase activity of  ABI1, 
promoting ABA signalling (Ali et  al., 2020). 
Moreover, PA has been shown to enhance AtR-
bohD ROS generation causing the closure of  
stomata in response to ABA (Zhang et al., 2009). 
Thus, PA acts as a positive regulator of  ABA sig-
nalling leading to stomatal closure in plants 
exposed to drought stress. PLDs are also regu-
lated by miR169 family during drought stress, 
most probably via the ABA signalling and/or an 
MAPK cascade (Shi et al., 2017). Previous studies 
have implicated MAPK cascades in ABA-mediated 

responses (Jagodzik et  al., 2018). For instance, 
MAP3K18 apparently interacts with both SnRK2.6 
kinase (Tajdel-Zielinska et al., 2016) and PP2C 
phosphatase ABI1 (Mitula et al., 2015). Specific-
ally, ABA is implicated in regulating the MAPK-
K K 1 7 / 1 8 – M K K 3 – M P K 1 / M P K 2 / M P K 7 /
MPK14 cascade (Li et al., 2017), and a positive 
correlation between MAP3K18/MAP3K17 and 
the expression of  ABA signal-transduction genes 
was shown in Arabidopsis (Danquah et al., 2015). 
Several MAPK-related genes have been also 
shown to be expressed in wheat (e.g. TaMAPK1), 
maize (e.g. ZmMAPK3) and sorghum (e.g. 
MAPK10 and MPKKK7) in response to drought, 
having functional association with ABA in regu-
lating root hair growth and stomatal closure 
(Wang et al., 2016). ABA also interacts with the 
ethylene signalling pathway in plants under 
water stress. In wheat, ABA-dependent TaMAPK1 
physically interacts with ethylene-responsive 
factor 1 (TaERF1) in drought-stressed plants 
(Xu et al., 2007). Moreover, plants overexpress-
ing TaERF1 were found to be highly sensitive to 
exogenous ABA treatment, resulting in rapid 
stomatal closure. Another wheat ethylene-
response factor, TaERF3, contains both ACGT 
and ABRE motifs in its promoter and induces ex-
pression of  ABA-dependent genes such as RAB18 
and LEA3 (Rong et al., 2014), confirming earlier 
reports implicating crosstalk between ethylene- 
and ABA-dependent pathways (Yu et al., 2019).

Apart from ABA-dependent pathways, ABA-
independent TFs (such as CBF/DREB1, DREB2, 
NAC) modulate drought stress response via drought-
responsive element (DRE), CRT cis-acting elem-
ents, NAC recognition sequence (NACRS), MY-
BRS and W-box, among others. Well-known 
examples include OsDREB2A and ZmDREB2, 
CBF2-1, CBF2-2, OsMYB3R2, MYB15 and 
ANAC019 (Agarwal and Jha, 2010) and Os-
WRKY08 (Song et al., 2009). However, as men-
tioned earlier, evidence has shown that some 
ABA-independent genes possess ABRE in add-
ition to DRE/CRT cis-element, causing their acti-
vation with and without ABA (Singh and Laxmi, 
2015). AREB/ABF proteins physically interact 
with DREB1A/CBF3, DREB2A and DREB2C to 
modulate downstream gene expression (Lee 
et al., 2010). In maize, ZmDREB1A induces both 
ABA-independent genes (e.g. KIN1 and KIN2) 
and ABA-dependent genes (e.g. RD17, ERD10 
and RD29A) (Qin et al., 2004). Thus, both signalling 
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pathways hold great potential for a better under-
standing of  how genes regulated by them deter-
mine drought response in plants. It can be argued 
that genotypes that integrate both signalling 
pathways cohesively might have stronger and 
more dynamic responses to drought stress.

During drought stress, plants’ protein turn-
over mediated by autophagy also plays a critical 
role in signal transduction regulation (Stone, 
2014; Yu and Xie, 2017), and a number of  genes, 
termed autophagy related (ATG), are required 
for autophagosome formation. Interestingly, it 
has recently been revealed that a gene termed 
constitutively stressed 1 (COST1) regulates con-
stitutive activation of  autophagy and leads to 
drought hypersensitivity and decreased auto-
phagy in response to stress in Arabidopsis (Bao 
et al., 2020). In addition, SUMO (small ubiquitin- 
like modifier) proteins have been found to be 
critical for plant response to stress (Srivastava 
et al., 2017). In rice, knocking out SUMO protein 
(OTS1/2) increases drought tolerance by pro-
moting a basic leucine zipper domain, OsbZIP23, 
SUMOylation. OsOTS1 interacts with OsbZIP23, 
a TF that regulates ABA and drought responses 
in rice. However, in OsOTS1 RNAi lines, OsbZIP23 
is stabilized and has higher levels of  SUMOyla-
tion leading to relatively higher transcription of  
drought tolerance genes (Srivastava et al., 2017). 
It has also been demonstrated that SUMOylation 
stabilizes the DELLA proteins and OTS1/2 are 
the proteases that cleave SUMO from the DELLAs 
(Conti et  al., 2014). DELLA proteins integrate 
multiple hormone- and stress-related pathways 
(Colebrook et  al., 2014), including increased 
production of  sugars, osmoprotectants, antioxi-
dants and ROS scavengers. It would be interesting 
to determine if  molecular mechanisms regulat-
ing autophagy and SUMOylation in Arabidopsis 
and rice apply in crop improvement against 
drought and other stresses. Taken together, drought 
stress response and tolerance in plants is com-
plex, involving many different cellular and 
molecular components as well as metabolic 
pathways. The genes constituting these complex 
networks have been extensively studied but are 
not yet completely understood. Their cellular 
functions are depicted in Fig. 1.1, where SnRK is 
identified as a hub for both up and down signal 
integration. This review has also identified key 
genes involved in molecular regulation pro-
cesses which have been reported as effective for 

improvement of  drought tolerance in wheat, 
maize and sorghum (Table 1.1).

1.2.2  Salt stress

High salt levels in soil solution substantially 
impede plant productivity by affecting key 
biological processes, such as photosynthesis, 
energy metabolism, protein synthesis and lipid 
metabolism. The problem is more serious in the 
irrigated arid and semi-arid regions where there 
is high evapotranspiration and insufficient rain-
fall to leach the salts out of  the plant root zones 
(Assaha et al., 2017). There are two major plant 
divisions in response to salinity: the halophytes 
and the glycophytes, depending on their cap-
acity to grow in saline conditions (Flowers et al., 
1977). Halophytes are equipped with specialized 
adaptation mechanisms such as the presence of  
salt glands and bladders, succulence, life cycle 
avoidance and salt-induced facultative metabol-
isms. Glycophytes, which encompass most culti-
vated crops, are mostly susceptible to salinity 
stress and yield losses of  up to 80% can occur in 
saline conditions (electrical conductivity of  the 
soil extract, ECe = 4–8 dS/m) (Panta et al., 2014). 
However, this depends on the plant genus, spe-
cies, cultivar within the species, duration of  ex-
posure and the stage of  crop development at 
which stress occurs. For instance, in crop fields 
where salinity rises to about 10 dS/m, rice is 
severely affected, while wheat will produce some 
yield. Moreover, bread wheat is more tolerant 
than durum wheat, maize and sorghum (USDA-
ARS, 2019). The within and outside-species 
genotypic variability in tolerance to saline condi-
tions rationalizes the need to exploit these differ-
ences using molecular approaches.

Plants respond to soil salinity in two main 
phases. The first phase is osmotic, which arises from 
NaCl-induced reduction of  soil water potential, re-
stricting hydraulic conductance, water and solute up-
take, causing stomatal closure and inhibition of cell 
expansion in the shoots (Munns and Tester, 2008). 
The second phase is ionic, arising from the build-up of  
toxic quantities of  Na+ and Cl– in the cells and tissues 
of  the plants, which hinders the entry of  important 
elements (such as Ca2+ and K+), enhances ROS pro-
duction, interfering with cell redox and energy state, 
damaging cell membranes and subcellular organelles, 
slowing down cell signalling and causing premature 
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Table 1.1.  Key genes involved in drought response and tolerance in wheat, maize and sorghum.

Gene ID Crop Type/effect Reference

TaWRKY1 Wheat Transcription factor He et al. (2016)
TaWRKY33 Wheat Transcription factor He et al. (2016)
ZmDREB2A Maize Transcription factor Qin et al. (2007)
TaRNAC1 Wheat Transcription factor Chen et al. (2018)
TaNAC29 Wheat Transcription factor Xu et al. (2015)
ZmbZIP4 Maize Transcription factor Ma et al. (2018)
Stay-green (stg2) Sorghum QTL Srinivas et al. (2008)
Stg3 Sorghum QTL Harris et al. (2006)
Stg4 Sorghum QTL Hayes et al. (2015)
Stg5 Sorghum QTL Hayes et al. (2015)
qRDW1 Sorghum QTL Mace et al. (2012)
qTLA Sorghum QTL Mace et al. (2012)
BLMC Sorghum QTL Burow et al. (2009)
qRA Sorghum QTL Mace et al. (2012)
TaMYB74 Wheat Bi et al. (2016)
TdSHN1 Wheat Cuticle biosynthesis-related gene Djemal and Khoudi (2016)
TaATT1 Wheat Cuticle biosynthesis-related gene Bi et al. (2016)
CER1 Cuticle formation Djemal and Khoudi (2016)
ZmFDL1/MYB94 Wheat Cuticle biosynthesis-related gene La Rocca et al. (2015)
ALDH22A1 Maize Aldehyde dehydrogenase Huang et al. (2008)
ASR1 Maize QTL Jeanneau et al. (2002)
NADP-ME Maize NADP–malic enzyme Laporte et al. (2002)
PP2C Maize PP2C Liu, L. et al. (2009)
RFP1 Maize RING finger protein Liu et al. (2013)
ZmACS6 Maize ACC synthase Young et al. (2004)
ZmCPK4 Maize Calcium-dependent protein kinase Jiang et al. (2013)
ZmDREB2.7 Maize DREB transcription factor Liu et al. (2013)
ABP9 Maize bZIP transcription factor Zhang et al. (2011)
CRT Wheat Calreticulin, Ca2+-binding protein Jia et al. (2008)
NAC2a Wheat NAC transcription factor Tang et al. (2012)
PP2Ac-1 Wheat PP2A Xu et al. (2007)
Srg6 Wheat Stress response transcription factor Tong et al. (2007)
TaBTF3 Wheat Basic transcription factor 3 Kang et al. (2013)
WRKY19 Wheat WRKY-type transcription factor Niu et al. (2012)
WRKY2 Wheat WRKY-type transcription factor Niu et al. (2012)
TaWRKY44 Wheat WRKY-type transcription factor Wang et al. (2015)
ZmNF-YB2 Maize Nuclear factor Y transcription factor Nelson et al. (2007)
TaERF3 Wheat Transcription factor Rong et al. (2014)
TaRAP2.1 Wheat Transcription factor Amalraj et al. (2016)
TaER1 Wheat Transcription factor Zheng et al. (2015)
TAZFP34 Wheat Zinc-finger protein Chang et al. (2016)
qRT6 and qRT7 Sorghum QTL Li et al. (2014)
Prf F Sorghum Pre-flowering QTL Kebede et al. (2001)
HVA1 Wheat LEA protein Sivamani et al. (2000)
BADH Wheat Betaine aldehyde dehydrogenase Guo et al. (2000)
TaNF-YB4 Wheat Nuclear factor Y transcription factor Yadav et al. (2015)
TaNAC69 Wheat More root biomass Xue et al. (2011)
CspA and CspB Wheat High chlorophyll, proline and MDA Yu et al. (2017)
TaPEPKR2 Wheat Enhanced drought tolerance, higher root length Zang et al. (2018)
P5CS Wheat Pyrroline-5 carboxylatesynthetase, proline 

biosynthesis
Vendruscolo et al. (2007)

CIPK23 Wheat (CBL)-interacting protein kinase Cui et al. (2018)
TabZIP2 Wheat Increased single-seed weight Luang et al. (2018)
PEPC Maize Proline biosynthesis Qin et al. (2015)

QTL, quantitative trait locus; ACC, aminocyclopropane-1-carboxylic acid; MDA, malondialdehyde.
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senescence (Assaha et  al., 2017). Some plants 
are able to limit these counterproductive effects 
by limiting Na+ uptake, enhancing Na+ exclu-
sion, adjusting cellular ionic balance (especially 
Na+:K+ ratio) and redistributing Na+ in leaves 
(Ishikawa and Shabala, 2019). Both responses 
are governed by a multitude of  physiological and 
molecular mechanisms that occur following 
conformational changes in membranes follow-
ing depolarization or ligand binding in the pres-
ence of  high concentration or entry of  Na+ in 
the root zone.

Molecular mechanisms of Na+ entry  
and response in plants

The most widely accepted model for Na+ entry 
into the plant through the root system is the 
differential electrochemical gradient mediated 
by non-selective cation channels (NSCCs), al-
though other transporters may also be involved 
(Assaha et al., 2017). There are several classes 
of  NSCC subdivided according to their voltage 
dependence or their responsiveness to ligands 
and physical stimuli (Demidchik and Maathuis, 
2007; Kronzucker and Britto, 2011). These in-
clude constitutive NSCCs, amino acid-gated NSCCs 
(AAG-NSCCs), reactive oxygen species-activated 
NSCC (ROS-NSCCs), cyclic nucleotide-gated chan-
nels (CNGCs), glutamate receptors (GLRs) and 
mechanosensitive ion channels (MSCCs). Con-
stitutive NSCCs are subdivided according to 
their response-membrane electrical potential 
change; these include depolarization-activated 
NSCCs (DA-NSCCs), hyperpolarization-activated 
NSCCs (HA-NSCCs) and voltage-insensitive NSCCs 
(VI-NSCCs). Although conclusive evidence is still 
scanty, cumulative research has demonstrated 
that VI-NSCCs are the main Na+ entry route 
in plants, and this has been demonstrated in 
protoplasts of  wheat root cortex, root cells of  
Arabidopsis and protoplasts of  Arabidopsis roots 
(reviewed by Keisham et  al., 2018). VI-NSCCs 
are sensitive to Ca2+ and are rapidly deactivated 
by cyclic adenosine monophosphate (cAMP) or 
cyclic guanosine monophosphate (cGMP) generated 
by turgor-sensitive membrane-located cyclases 
(Maathuis and Sanders, 2001). Thus, under salt 
stress, this is thought to be the main part of  the 
ameliorative action of  Ca2+, cAMP or cGMP on 
salinity. Indeed, cellular cGMP and Ca2+ eleva-
tion occurs simultaneously, and both cAMP 

and cGMP boost cytosolic Ca2+ concentration 
and downregulate Na+ influx and accumulation 
in Arabidopsis roots (Essah et al., 2003; Isner and 
Maathuis, 2011). Other studies have shown that 
cAMP and cGMP are mainly perceived by CNGCs 
(non-selective) (Guo et  al., 2018). CNGCs are 
composed of  hexa-transmembrane domains, 
calmodulin-binding domain (CAMB) and cyclic 
nucleotide-binding domain (CNBD). CNBD is the 
most conserved in both plants and animals and 
binds cAMP or cGMP for gating. On the contrary, 
a CAMB, CaM, appears to regulate CNBD affinity 
for cAMP or cGMP. CaM binds to the IQ motif  of  
CNGCs to regulate downstream signalling 
(DeFalco et  al., 2016). Positive regulation has 
been recently substantiated, and it appears that 
the association is both Ca2+-independent and - 
dependent due to polymorphism in the IQ peptide 
(Zhang et  al., 2019). To date, there have been 
limited studies able to prove the negative CaM 
regulation. More than ten CNGCs have been re-
ported in Arabidopsis and rice genomes (Keisham 
et al., 2018) and a few have been suggested to be 
negative regulators of  salt tolerance. For instance, 
in rice, OsCNGC1 is suppressed in tolerant rice 
genotypes more than in salt-sensitive ones under 
salinity stress (Senadheera et al., 2009), suggesting 
their negative role in salinity tolerance when highly 
expressed. CNGC-like genes are also present in the 
genomes of  wheat, sorghum and maize. BLASTP 
searches on the plant genome databases has iden-
tified more than ten CNGC genes in both maize 
and sorghum (Saand et al., 2015) and more than 
20 in the wheat genome (Guo et al., 2018). More 
studies are needed to shed light on the role of  
these CNGCs in wheat, maize and sorghum.

Other transmembrane receptors implicated 
in Na+ response include GLRs and MSCC mech-
anosensors. GLRs are ligand-sensitive NSCCs 
gated by glutamate. Their role in Na+ fluxes was 
demonstrated by Demidchik et  al. (2004) in 
patch clamp experiments using Arabidopsis root 
protoplasts, and by Roy et  al. (2008) in gene 
expression studies using Xenopus laevis oocytes. 
The positive effect of  GLRs on salinity amelior-
ation was shown also by Cheng et  al. (2018) 
when they compared Arabidopsis mutants with 
the wild-type plants. AtGLR3.4-1 and AtGLR3.4-2 
mutants were relatively sensitive to NaCl at seed 
germination and seedling stages. In addition, 
both mutants showed reduced expression of  salt 
overly sensitive (SOS3, SOS2 and SOS1) genes, 
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indicating the positive effect of  GLRs on crop salt 
tolerance. Unfortunately, no functional assays 
have been adequately carried out on wheat, 
maize and sorghum, so functional specificities of  
GLRs remain to be discovered in these cereals. 
MSCCs transduce mechanical stimuli such as os-
motic pressure into the Ca2+ influx. During salt 
stress, MSCCs are probably modulated by aqua-
porins (AQPs) and hydraulic effects on the cyto-
skeleton and exoskeleton (cell wall) (Ismail et al., 
2020). Among the AQPs, the plasma-membrane 
intrinsic proteins (PIPs) likely play a major role 
in Na+ entry into the plant cells (Byrt et  al., 
2017). This has been demonstrated in rice, 
where dopamine was shown to downregulate 
PIP1;3 and reduce Na+ uptake under saline 
conditions (Abdelkader et  al., 2012). A classic 
example of  MSCCs are OSCAs (previously dis-
cussed; see drought stress response above). 
OSCAs induce Ca2+ influx in response to osmotic 
pressure in the guard cells (Yuan et  al., 2014). 
This Ca2+ influx probably plays a major role in 
gating AQPs to prevent further Na+ influx under 
saline conditions. It has also been reported that 
salt-specific ionic stress disrupts cell-wall integ-
rity, severing pectin crosslinking and displacing 
pectin-bound Ca2+ with Na+ (Feng et al., 2018). 
Pectin is perceived by the extracellular domain 
of  malectin-like RK, FERONIA (FER), and os-
motic stress is detected once the co-receptor- 
glycosylphosphatidylinositol-anchored protein 
(GPI-AP) has been recruited, which activates 
cell-wall reinforcement during growth recovery 
(Feng et  al., 2018). More recently, Jiang et  al. 
(2019) isolated a plasma-membrane-localized 
glucuronosyltransferase gene, monocation-induced 
[Ca2+] increases 1 (moca1), that is defective in 
salt-induced Ca2+ spikes. MOCA1 transfers a 
negatively charged glucuronic acid to inositol 
phosphorylceramide (IPC) to form glycosyl-IPC 
(GIPC), which binds Na+. moca1 mutants induce 
elevated IPC:GIPC ratio on the plasma mem-
brane (Lamers et  al., 2020). IPC is devoid of  a 
negatively charged head, and moca1 membranes 
show limited monovalent ion-binding capacity 
compared with the wild type. Thus, MOCA1- 
mediated GIPC–Na+ interaction depolarizes the 
cell-surface potential, to facilitate Ca2+ influx, 
and is a potential target for regulating Na+ 
influx. The DA-NSCCs and OSCA1 are suggested 
to be the potential candidate channels for Ca2+ 
influx (Ismail et  al., 2020). However, several 

questions remain unanswered regarding signal 
perception by DA-NSCCs, OSCA1 and other re-
ceptors with similar domains such as DORN1 
(DOESN’T RESPOND TO NUCLEOTIDES), when 
Na+ is perceived by MOCA1.

Plant adaptation strategies  
to internal Na+ pools

When excess Na+ escapes to the cytosol it inhibits 
the K+ outward rectifiers (KORs) such as GORK and 
K+ uptake permease (KUP)/K+ transporter (KT), 
which decreases their conductance and affects 
cellular homeostasis (Shabala et  al., 2006; Jay-
akannan et al., 2013). Plants have to block or get 
rid of  the excess Na+ to maintain ion homeostasis 
mechanisms and avoid detrimental effects such 
as increased ROS accumulation and inhibition  
of  plasma-membrane ATPase via membrane  
depolarization (Monetti et al., 2014). Thus in add-
ition to blocking Na+ influx via Ca2+-mediated de-
activation of  NSCCs and probably AQPs, getting rid 
of  excessive cytosolic concentrations requires 
other downstream signalling components, includ-
ing calmodulins (CaMs), CBLs, CDPKs and CBL–
CIPKs (Møller et  al., 2009). CaMs and CBLs are 
small proteins that relay Ca2+ signals to CDPKs. 
CBLs contain the Elongation Factor-hand (EF-
hand) motif  for perception and transfer of  Ca2+- 
dependent signals to CDPKs and CIPKs for propa-
gation. It is well known that in plants exposed to 
saline conditions CBL4 or SOS3 is the CBL 
responding to upstream Ca2+ signals (Fig. 1.2). 
Ca2+ binding dimerizes SOS3 to activate CIPK24 
(SOS2) and subsequent formation of  CBL4/
CIPK24 (SOS3/SOS2) protein kinase complex. 
SOS3-like calcium-binding protein 8 (SCaBP8) is 
phosphorylated by SOS2 to stabilize the SOS3/
SOS2 complex for recruitment to the plasma 
membrane where it mediates SOS1 induction 
(Fig. 1.2). Apart from SOS3/SOS2 complex, PLD 
signalling pathway also interacts with SOS1 (Yu 
et al., 2010). PLD derivative, PA, modulates mito-
gen-activated protein kinase 6 (MPK6), which 
phosphorylates SOS1 (Yu et  al., 2010). On the 
other hand, SOS2 interacts with vacuolar Na+/H+ 
antiporter (NHX) to sequester Na+ into vacuoles 
in exchange for H+ efflux from vacuoles or endo-
somes (Reguera et al., 2015). NHX works in tan-
dem with a voltage-independent Ca2+-activated 
K+-selective channel (VK channel) encoded by 
TPK1 gene, sodium-permeable slow (SV) and  
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Fig. 1.2.  Molecular regulation of salinity tolerance in plants. This illustration is prepared based on the 
findings from various articles cited throughout the manuscript and shows the main salt response and 
tolerance mechanisms such as Na+ exclusion from the roots, compartmentalization in the vacuoles, 
cell-wall repair (CWR) and ROS remediation. The text provides the roles of the proteins indicated in 
Fig. 1.2. Question marks denote a response or proteins that might be related to tolerance. Proteins 
not clearly defined in the text, such as 14-3-3 and ABI2, are shown as negative regulators of SOS2. 
Also shown is that PKS5 modulates 14-3-3 at high cytosolic Ca2+ to block inhibition of SOS2 by 
14-3-3. GIPCs are salt stress sensors that directly bind Na+ and trigger Ca2+ influx via an unknown 
Ca2+ channel, probably mediated by MOCCA1. This process is required for SOS activation. ROS 
generated by RbohD/F possibly activate Annexin 1 (ANN1)-mediated Ca2+ signalling pathway. ANN1 
can detect extracellular Na+ and modulates ROS-activated Ca2+ influx. The SOS2–SOS3 complex 
inhibits Na+ uptake by HKTs. PIP2;1, CNGCs and GLRs could be blocked by exogenous Ca2+, SOS 
complex or cAMPs. AKT is modulated by SCaBP8 for K+ influx. Under salt stress FER possibly forms 
a complex with secreted peptides (RALFs) at the plasma membrane to trigger Ca2+-mediated CWR. 
RALF and FER are possibly triggered by the perturbation of cell wall extensins (not shown). Salini-
ty-induced ABA possibly activates SnRK2s either via the PYR/PYLs–PP2Cs or through MAPK 
cascades. The SnRK2s subclass I are of particular interest and could be activated via MAPKs. Both 
MPKs and SnRK2s could transduce signals to downstream TFs, including ABFs, ZIPs, MYBs, NACs, 
WRKYs and AP2/ERFs (not shown). These TFs modulate the induction of compatible solutes, 
antioxidants and repair modules. NHXs, CAX1, TPK1, and H+-ATPase are involved in the regulation of 
ion homeostasis in the vacuole. The cation shunt H+-pumping V-ATPase is provided by K+-selective 
release via TPK1 channels. Slow (SV) and fast (FV) vacuolar channels represent Na+ leak pathways 
into the cytosol. Their conductance is tightly regulated in tolerant genotypes to prevent intracellular 
ATP wastage in futile Na+ cycling. PA is involved in activation of mitogen-activated protein kinase 6 
(MPK6). MPK6 can directly phosphorylate SOS1. The Ca2+-dependent kinase (CDPK3) and cytosolic 
Ca2+ lead to activation of vacuolar two-pore K+ channels (TPKs) and subsequent K+ release from the 
vacuole. The binding of CDPK3 to TPKs at the vacuolar membrane could also be modulated by 
14-3-3. Salt-induced K+ loss from the cell is mediated by NSCCs and depolarization-activated 
outward-rectifying GORK K+ channels. Similar to drought, elevated ABA inhibits ABI2 and induces 
phosphorylation of CBL, CIPK and CDPKs in Ca2+-independent manner. Question marks indicate 
unconfirmed routes.
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fast (FV) vacuolar channels, which release vacu-
olar K+ for cytosolic homeostasis. Both SV and 
FV are a major pathway for Na+ leakage into the 
cytosol. In spite of  this, SV channels are a major 
vacuolar Ca2+ channel and facilitate long- 
distance Ca2+ signalling (Pottosin and Dobrovin-
skaya, 2018). Their relationship with NHX  
appears to be via the Ca2+-dependent SOS3/
SOS2 complex which modulates NHX, N-terminus 
of  H+/Ca2+ exchanger (CAX), V-ATPase and 
pyrophosphatase (PPase) (Che-Othman et  al., 
2017). In a more recent review (Shabala et  al., 
2019), the interaction between SOS2, CAX1, 
plasma-membrane H+-ATPases and tonoplast 
H+-ATPases/H+-PPases was suggested as a pos-
sible means to restore vacuolar Ca2+ and Na+ con-
centrations. Cellular Na+ homeostasis is also 
regulated by high-affinity potassium transporter 
(HKT) proteins. The main function of  HKTs is to 
unload Na+ from the xylem transpiration stream 
and to load Na+ into shoot phloem cells for shut-
tling to the roots, preventing excess Na+ accumu-
lation in the shoot (Jiang et al., 2018).

Compared with Arabidopsis, cereals have 
multiple HKT isoforms. The first HKT gene, TaH-
KT2;1, was identified in wheat (Schachtman and 
Schroeder, 1994). Since then, several functional 
HKT genes have been identified in rice (e.g. OsH-
KT1;5), sorghum (e.g. SbHKT1;4), maize (e.g. Zm-
HKT1;5) and many other crops (Ren et al., 2005; 
Wang et al., 2015; Jiang et al., 2018). In wheat, 
two genes, Nax1 and Nax2 (TmHKT1;4 and 
TmHKT1;4), which extrude Na+ from xylem in 
roots and shoots, have been reported to also 
regulate the expression of  SOS1 (Assaha et  al., 
2017). In  Arabidopsis, SHORT ROOT IN SALT 
MEDIUM 1 (RSA1) interacting TF (RITF1) also 
modulates SOS1 gene expression (Guan et  al., 
2013). Thus, SOS proteins interact with other 
protein complexes or individual proteins to form 
functional modules that drive both subcellular 
and cellular signalling pathways. For more infor-
mation on these transporters and other regula-
tory and osmoprotectant proteins, readers are 
referred to Onaga and Wydra (2016), Huang 
et al. (2020) and Ismail et al. (2020).

1.3  Conclusion

Plants’ response to abiotic stress is limited to a few 
options, such as physiological avoidance or toler-
ance. The molecular mechanisms involved in the 
execution of  either option are diverse and depend 
on the plants’ ability to perceive the stress signals 
as well as on effective signal transmission through 
various pathways that evoke appropriate physio-
logical and biochemical changes needed for 
adaptive response. This chapter has highlighted 
representative examples of  the molecular mech-
anisms of  plant response and tolerance to drought 
and salinity, the two major abiotic stresses affect-
ing cereal production. Special emphasis has been 
placed on mechanisms that allow for intercon-
nection of  ABA, SnRK2, other ABA-dependent 
and -independent proteins for drought tolerance, 
and the network of  Ca2+ and SOS pathways for 
salinity tolerance. Emerging biological functions 
of  Ca2+, membrane channels and their inter-
action partners, and mechanisms such as the in-
creasing role of  lipids, autophagy and ubiquitin-
ation/SUMOylation, show promise in addressing 
abiotic stress challenges. Many of  the TFs linked 
to these processes have also been identified and 
offer important targets for use in gene manipula-
tion and regulation of  abiotic stress response and 
tolerance. For drought, it is argued that genotypes 
that coherently integrate both ABA-dependent 
and -independent signalling pathways could have 
a stronger and more dynamic response to drought 
stress. In order to integrate both pathways in 
crops, suitable molecular tools are required. The 
question of  the possible role of  genomic selection 
and clustered regularly interspaced short palin-
dromic repeats (CRISPR) genome editing in this 
regard remains lingering, especially when several 
gene networks are presented without a clear 
deployment strategy through use of  these tools. A 
plausible option, for both drought and salinity, is 
to validate a core set of  genes using both novel 
molecular tools and modern phenotyping tech-
nologies, to select those with high genetic effects 
and develop standardized protocols for their rapid 
integration and deployment in crops.
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2.1  Introduction

Abiotic stress is the primary cause of  crop losses 
worldwide, reducing average yields for most 
major crop plants by more than 50% (Bray et al., 
2000). The major abiotic stresses (high salinity, 
drought, cold and heat) negatively affect the sur-
vival, biomass production and yields of  staple 
food crops by up to 70% (Kaur et al., 2008; Tha-
kur et al., 2010). Under field conditions, crops are 
exposed to a combination of  stresses occurring 
simultaneously (Sade et al., 2018). Due to climate 
change abiotic and biotic stress combinations will 
be increased, which will severely affect crop 
growth (Pandey et al., 2017). It is estimated that 
these changes will lead to a yield reduction of  
major crops such as maize, wheat and rice (Sade 
et  al., 2018). Tolerance to abiotic stresses is ex-
tremely complex. The tissue or organ affected by 
the stress, the level and the duration of  the stress 
can all have a significant effect on the complexity 
of  the response. Plants’ molecular responses to 
abiotic stresses involve interactions and crosstalk 
with many molecular pathways. Systems biology 
and omics approaches have been used to eluci-
date some of  the key regulatory pathways in plant 
responses to abiotic stress (Cramer et al., 2011).

These advances have led to new evidence 
on stress tolerance which provides crop breeders 
with new tools for improvement to increase 
stress responses and in turn crop yields. The 
goal of  plant breeding is to produce new 
improved varieties. Traits of  concern to the 
breeders include disease resistance, abiotic 
stress tolerance and water-use efficiency (Pan-
dey et al., 2019). Hence, the main objectives of  
breeding programmes are to increase the yield 
with increases in stability ensuring the quality 
and nutritive value, and to produce types that 
suit the particular growing conditions and 
farming needs (Caligari, 2001). In breeding pro-
grammes, conventional breeding methods need 
to be complemented with molecular tools. The 
first stage of  plant breeding has begun with do-
mestication (Lin et al., 2014). Over the past mil-
lennium, the approach was principally based on 
the introduction of  variation through conven-
tional crossing programmes within or between 
species in most cases. The major methods used 
in breeding programmes include pedigree selec-
tion, recurrent selection, backcrossing and in-
duced mutagenesis (Oladosu et  al., 2019). The 
current genomic era, enabled by next-generation 
DNA sequencing technologies, offers new and 
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powerful tools for targeted and precise selec-
tion (Lin et  al., 2014). The induction of  
breeding programmes of  modern biotechno-
logical approaches based on the use of  mo-
lecular markers may contribute to the solution 
of  these problems (Ni et  al., 2017). Molecular 
(DNA) markers have created a powerful and 
practicable tool to perform gene selection in 
plant breeding. The use of  DNA markers in 
plant breeding is called marker-assisted selec-
tion (MAS). This technique and others, such as 
marker-assisted backcross breeding (MABB) and 
marker-assisted gene pyramiding, play a crucial 
role in the improvement of  crop plants. Advance-
ments in plant genetic engineering (genetic 
transformation and genome editing) have made 
it possible to transfer genes into crop plants from 
unrelated plants and even from non-plant organ-
isms. These biotechnological approaches are a 
great option to improve crop plants with signifi-
cant commercial properties like increased biotic 

stress resistance, abiotic stress tolerances, yield 
and quality grains (Fig. 2.1) (Pandey et al., 2019). 
Since the remarkable advances in genomic tools, 
researchers at different international centres are 
collaborating to accelerate the breeding process 
through the application of  DNA markers, gen-
omics, proteomics, and laboratory-based assays 
for assessing resistance mechanisms and 
nutrient bioavailability (Gedil and Menkir, 
2019). In recent years, marker/genomic-as-
sisted selection using molecular markers and/or 
genotyping by sequencing have been used to 
increase the speed of  traditional breeding ap-
proaches, providing breeders with material 2–3 
years faster than with conventional breeding 
alone (Gilliham et al., 2017). Molecular breeding 
provides great opportunities for plant breeders 
to evaluate germplasm, map genes and charac-
terize complex traits. Moreover, it permits selec-
tion at seedling stage which reduces the 
breeding cycle of  the crop (Pandey et al., 2019).

Abiotic stress

Phenotypic screening and germplasm collection
for abiotic stress tolerance-related traits

Molecular breedingIntegrated breeding

Breeding

Physiology Genomics

Cultivars for abiotic stress tolerance

High-throughput phenotypic screening
for abiotic stress response

Traits selection

Mapping population QTL mapping Transgenics

Candidate genes/QTLs/markers

Quantitative trait locus (QTL) mapping and
identification of abiotic stress-responsive genes

High-throughput sequencing and genotyping,
transcriptomics, proteomics and metabolomics

Marker-assisted recurrent selection (MARS), marker-assisted
selection (MAS) and genome-wide selection (GWS)

Abiotic stress-tolerant cultivars

Fig. 2.1.  A combined approach for integrating genomics, physiology and breeding techniques for 
developing improved crop cultivars with enhanced abiotic stress tolerance.
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2.2  Molecular Breeding for Wheat 
Improvement

Wheat is the third most important food crop 
cultivated worldwide. It is a widely adapted crop 
possibly due to the complex nature of  the plant’s 
genome, which provides great plasticity to the 
crop (Acevedo et al., 2002). The growth of  the 
world’s population requires at least a 70% 
increase in agricultural production by 2050 
(Tester and Langridge, 2010; Pardey, 2011; 
FAO, 2019), which makes it necessary to in-
crease wheat production capacity globally. 
However, the actual yield of  modern varieties 
of  wheat is largely limited by the influence of  
abiotic and biotic stresses (Iqbal et  al., 2007). 
Developing the DNA markers of  economically 
valuable characters allowed carrying out a rapid 
assessment of  plants for resistance to environ-
mental stress factors, to identify varieties with a 
high genetic potential of  productivity. A large 
number of  genes and loci controlling the stabil-
ity of  various cereals to abiotic stresses, features 
and quality of  grain yield were identified and 
mapped via DNA markers (Landjeva et al., 2007; 
Zhang et al., 2016).

2.2.1  Molecular markers in wheat

Currently, the development of  molecular markers 
plays a pivotal role in marker-assisted breeding. 
Marker‐assisted breeding provides an opportun-
ity for wheat breeders to introgress/pyramid 
genes of  interest into breeding lines and to iden-
tify genes and/or quantitative trait loci (QTLs) 
in germplasm to be used as parents (Vagndorf  
et al., 2018). Application of  molecular markers 
dates back to the early 1990s when restriction 
fragment length polymorphism (RFLP) markers 
were applied to wheat for gene mapping, var-
ietal identification, characterization of  wheat–
rye recombinants and identification of  homoeol-
ogous chromosome arms (Gupta et  al., 1999; 
Khan et  al., 2014). A set of  292 accessions of  
common wheat (Triticum aestivum) representing 
21 germplasm pools based on geographical or 
breeding programme origins was assayed for 
RFLP diversity by Kim and Ward (2000). About 
61% of  all 233 scored bands were present in 
75% or more of  the accessions. They found that 

average genetic diversity for RFLPs and simple 
sequence repeats (SSRs) of  Triticum turgidum L. 
ssp. dicoccon (Schrank) Thell. was higher than 
that observed in its closest domesticated rela-
tives, namely T. turgidum L. ssp. durum (Desf.) 
Husn. and the hexaploid wheat T. aestivum L. ssp. 
spelta. Therefore, another category of  PCR-based 
molecular markers, named randomly amplified 
polymorphic DNA (RAPD), has also been used. 
The RAPD method is rapid, with effectual outlay, 
and is proficient to execute analysis without the 
requirement for a preceding sequencing of  the 
genome (Khan et al., 2014). With establishment 
of  RAPD as a prevailing marker, it has been used 
comprehensively for various purposes including 
estimation of  genetic variability among wheat 
landraces (Autrique et  al., 1996; Pecetti et  al., 
2001; Khan et  al., 2014). RAPD markers have 
been profitably used for recognition of  cultivars 
(Hu and Quiros, 1991; Nybom, 1994; Rahman 
et  al., 2002; Khan et  al., 2014), estimation of  
genetic assets in wheat germplasm (Vierling and 
Nguyen, 1992; Nagaoka and Ogihara, 1997; 
Sun et al., 1998; Mukhtar et al., 2002; Mohapa-
tra et  al., 2003), estimation of  genetic poly-
morphism in wheat lines, species and cultivars 
(Joshi and Nguyen, 1993; Fahima et al., 1999; 
Maric et al., 2004; Irzykowski et al., 2005) and 
to analyse phylogenetic relationships (Landry 
et al., 1994). In 2012, RAPD analysis was con-
ducted by Saleh (2012) to determine the genetic 
difference between five Syrian wheat cultivars 
using 21 RAPD primers, showing 18% poly-
morphism. RAPD analysis was also done by Al-
Fares and Abu-Qaoud (2012) to demonstrate 
95.5% genetic polymorphism among ten durum 
wheat (T. turgidum L.) varieties using five operon 
primers. Microsatellites or SSRs, on the other 
hand, were the most extensively used PCR-based 
molecular markers in wheat because they were 
relatively abundant, highly polymorphic and ge-
nome-specific (Xu and Crouch, 2008; Rasheed 
and Xia, 2019). Dograr et  al. (2000) analysed 
the 16 winter-type durum wheat varieties using 
seven microsatellite markers and clearly distin-
guished the landrace selections, cultivars and 
advancing lines. They observed a polymorphism 
information content (PIC) value from 0.609 to 
0.872 among the genotypes analysed. In 2013, 
Akfirat and Uncuoglu worked to differentiate 
seven winter wheat genotypes using 142 SSR 
primers and obtained a PIC value of  0.52.  
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Finally, Diversity Arrays Technology (DArT) is 
one of  the ideal methods to determine and  
attain genetically diverse markers (Khan et al., 
2014). DArT was originally developed by Jac-
coud et al. (2001). In wheat, DArT arrays have 
been developed by Akbari et  al. (2006). This 
marker system is autonomous of  sequences 
and capable of  noticing a number of  markers in 
a particular experimentation (Khan et  al., 
2014). The genetic polymorphism of  50 Aus-
tralian, 94 UK and 96 US wheat cultivars was 
calculated using DArT markers by White et al. 
(2008). At the whole-genome level, they found 
that Australian varieties have highest genetic 
diversity and UK ones have the least. A DArT 
marker system was developed by Jing et  al. 
(2009) for assessing the genetic diversity of   
16 Triticum monococcum L. ssp. monococcum  
genotypes of  varied ecological origins and for 
the comparison of  their relationships with 
hexaploid and tetraploid genomes (Khan  
et al., 2014).

2.2.2  Functional wheat genomics

Functional genomics plays a crucial role in mo-
lecular breeding. In fact, it can be useful to de-
velop MAS during wheat breeding. Functional 
markers are PCR-based molecular markers de-
signed from sequence polymorphisms within 
functional genes; hence allelic variants can be 
diagnosed using functional markers (Liu et al., 
2012). This is contrary to neutral markers, be-
cause functional markers have strong associ-
ations with relevant phenotypes and are ideal 
molecular markers for MAS. Liu et  al. (2012) 
documented 97 functional markers that detect 
93 alleles at 30 loci in bread wheat. This num-
ber has increased during the last 5 years due to 
rapid advancements in wheat genomics. Cur-
rently, there are 157 functional markers docu-
mented for more than 100 loci underpinning 
adaptability, grain yield, disease resistance, 
end-use quality and tolerance to abiotic stress-
es. Functional markers are preferred for gene 
pyramiding and gene introgression and their 
use in genomic selection (GS) also enhances  
selection accuracy. In their work, Khalid  
et al. (2019) analysed a diversity panel consist-
ing of  advanced lines derived from synthetic 

hexaploid wheat for allelic variation at 87 
functional genes or loci of  breeding importance 
using 124 high- 
throughput, competitive allele-specific PCR 
(KASP) markers. Therefore, they recorded 
that the association analysis of  functional 
genes with agronomic and biochemical traits 
under well-watered and water-limited condi-
tions revealed that 21 marker–trait associ-
ations were consistently detected in both mois-
ture conditions. Similarly, new technology such 
as plant genetic engineering has opened new 
avenues to modify crops and provided some so-
lutions to solve specific needs. This technology 
can integrate foreign DNA into different plant 
cells to produce transgenic plants with new  
desirable traits. These biotechnological ap-
proaches are a great option to improve crop 
genotypes with significant commercial proper-
ties such as increased biotic or abiotic stress tol-
erances and for use as bioreactors producing 
proteins, edible vaccines and biodegradable 
plastics. Today, there has been further progress 
in enhancing the development of  alternative 
marker-free systems technology as a research 
priority, to avoid the use of  genes without any 
purpose after the transformation protocol as se-
lectable and reporter marker genes. Typically, it 
is employed for the selection strategy that con-
fers resistance to antibiotics and to herbicides 
(Pandey et al., 2019).

2.2.3  Marker-assisted wheat breeding  
for improving quality traits

Wheat is grown in large parts of  the world and is 
used for animal feed or for a wide range of  prod-
ucts such as pasta, biscuits, cakes and bread 
(Vagndorf  et al., 2018). The end-use quality dif-
fers greatly between wheat cultivars and is influ-
enced by several traits, such as grain hardness, 
grain protein content, gluten content and com-
position, and starch properties (Vagndorf  et al., 
2018). Quality should therefore be an important 
focus in wheat breeding programmes. Thus, 
markers for wheat quality traits can be very use-
ful as they enable screening of  a high number of  
lines and can be used early in breeding pro-
grammes (Peña, 2002; Gale, 2005; Vagndorf  
et al., 2018).
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Grain hardness

Grain hardness influences milling, flour and 
end-use properties of  wheat. Flour from grain 
with hard endosperm texture has higher water 
absorption than flour from soft grain and is 
therefore preferred for bread-making. Grain 
hardness is primarily controlled by the Hardness 
locus on chromosome 5DS (Vagndorf  et  al., 
2018). This locus consists of  three small genes: 
Pina-D1, Pinb-D1 (Puroindoline a/b) and grain 
softness protein-1 (Gsp-1). Wheat varieties with 
the wild-type alleles Pina-D1a and Pinb-D1a nor-
mally have soft grain, while deletions or other 
loss-of-function mutations in one or both Pin 
genes cause harder grain (Lillemo and Morris, 
2000; Bhave and Morris, 2008).

Gluten

The characteristic viscoelastic properties of  
wheat dough are due to a network of  gluten pro-
teins that is formed when flour is mixed with 
water. Thus, gluten is a major factor contribut-
ing to wheat quality (Vagndorf  et  al., 2018). 
High grain protein content is typically associ-
ated with high quality, since roughly 80% of  the 
grain protein is gluten (Shewry, 2009). How-
ever, both the amount and the composition of  
gluten affect wheat quality. Gluten consists of  
two types of  proteins: polymeric glutenins and 
monomeric gliadins (Vagndorf  et  al., 2018). 
Glutenins can be classified as low- or high-mo-
lecular-weight (LMW or HMW) subunits, while 
gliadins can be classified as α, β, γ or ω types 
(Payne, 1987; Barak et al., 2015). The most im-
portant HMW glutenins, LMW glutenins and 
gliadins are encoded by the Glu-1, Glu-3 and 
Gli-1 loci, respectively. HMW glutenins generally 
have the largest impact on wheat quality. DNA 
markers have been developed to discriminate be-
tween different alleles of  Glu-1, Glu-3 and Gli-1 
loci (Liu et al., 2012, 2014).

Wheat–rye translocation and  
falling number

The wheat–rye translocation 1BL.1RS has been 
employed in many breeding programmes as it 
carries resistance genes against powdery mildew 
and rusts. Markers for the resistance genes can 
be used to test for the absence or presence of  the 
translocation in wheat varieties (Mago et  al., 

2002). Additionally, the 1BL.1RS translocation 
can have a negative ef fect on falling num-
ber. Falling number is an indirect measure of   
α-amylase enzyme activity (Vagndorf  et  al., 
2018). The α-amylases are encoded by the loci 
α-Amy-1, α-Amy-2 and α-Amy-3 located on the 
homoeologous chromosome groups 6, 7 and 5, 
respectively. High falling number reduces the 
risk of  preharvest sprouting, which has a con-
siderable negative impact on quality. Environ-
mental conditions around the time of  harvest 
influence falling number, but it is also influenced 
genetically. The b-allele of  the RhtD1 (reduced 
height) gene on chromosome 4D is correlated 
with increased falling number (Graybosch, 
2001; Vagndorf  et al., 2018).

2.3  Molecular Breeding for Maize 
Improvement

Maize is one of  the most important analysed 
among the plant genomes. Consequently, maize 
has been at the forefront in development and 
evaluation of  an array of  molecular markers for 
varied purposes in genetics and breeding (Prasan-
na et al., 2010). Despite impressive progress made 
in the last few decades through conventional 
breeding, average maize yields remain low and 
demand is expected to increasingly exceed pro-
duction in the coming years (Prasanna et  al., 
2010). Molecular marker-assisted breeding is ac-
celerating yield gains in the USA and elsewhere 
and offers tremendous potential for enhancing 
the productivity and value of  Asian maize ger-
mplasm (Prasanna et al., 2010). Molecular tools 
to enhance breeding efficiency and effectiveness 
have become integral to many maize research 
programmes worldwide (Prasanna et al., 2010). 
This is now enabling the use of  sophisticated bio-
metric and modelling tools to predict genotypic 
value and conduct genotypic selection before 
evaluating phenotypes in large private breeding 
institutions (Prasanna et al., 2010).

2.3.1  Molecular markers and mapping 
populations in maize

Advances in genomics have led to the identifica-
tion of  numerous DNA markers in maize during 
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the last few decades, including thousands of  
mapped microsatellite or SSR markers, and, 
more recently, single-nucleotide polymorphisms 
(SNPs) and insertion/deletion (InDel) markers 
(Prasanna et  al., 2010). In addition to the SSRs 
and SNPs, a large number of  genes controlling 
various aspects of  plant development, biotic and 
abiotic stress resistances, quality characteristics, 
etc. have been cloned and characterized in maize, 
which are excellent assets for molecular mark-
er-assisted breeding (Prasanna et al., 2010).

At present, SSRs are the most widely used 
markers by maize researchers due to their avail-
ability in large numbers in the public domain 
(MaizeGDB; https://www.maizegdb.org, accessed  
3 February 2021), simplicity and effectiveness. 
These PCR-based, genetically co-dominant markers 
are robust, reproducible, hyper-variable, abundant 
and uniformly dispersed in plant genomes (Powell 
et al., 1996). While both SSRs and SNPs can be reli-
ably applied on a large scale, SNPs are highly amen-
able for automation and therefore offer significant 
advantages for genetic and breeding purposes 
(Prasanna et al., 2010). Compared with the gen-
omes of  other cultivated plant species, SNP fre-
quency in maize is high, with one SNP being 
found every 28–124 bp (Tenaillon et al., 2001; 
Ching et  al., 2002; Vroh Bi et  al., 2006; Pras-
anna et al., 2010).

A database and resource for SNP discovery 
and trait dissection has been established for 
maize in which genotype, phenotype and poly-
morphism data can be accessed for diverse maize 
inbreds and populations (Zhao et  al., 2006a,b; 
panzea; https://www.panzea.org, accessed 3 
February 2021). Several high-throughput geno-
typing platforms have been developed that allow 
rapid and simultaneous genotyping of  up to a 
million SNP markers (Prasanna et al., 2010). In 
addition to powerful marker systems, diverse 
mapping populations are available in maize as 
international maize genomic resources, in-
cluding the intermated B73 × Mo17 (IBM) popu-
lation (Lee et al., 2002; Prasanna et al., 2010) and 
the intermated recombinant inbred lines (IRILs) 
developed from the IBM population (Coe et  al., 
2002; Cone et  al., 2002), etc. A genetic map  
of  maize, ISU–IBM Map4, that integrates 2029 
existing markers with 1329 new insertion/ 
deletion polymorphism (IDP) markers has been 
developed using the IBM population (Fu et  al., 
2006; Prasanna et al., 2010).

The maize nested association mapping 
(NAM) population, comprising 5000 recom-
binant inbred lines (RILs) (200 RILs from each 
of  25 populations), is another important genetic 
resource developed in recent years. The NAM 
population is an approach for mapping genes 
underlying complex traits, in which the statis-
tical power of  QTL mapping is combined with 
the high (potentially gene-level) chromosomal 
resolution of  association mapping (Yu et  al., 
2008; Prasanna et  al., 2010). The RILs are 
‘nested’ in the sense that they all share a 
common parent, but each population has a 
unique second parent. The common parental 
line used in all 25 families, B73, is the most im-
portant US maize breeding line. Descendants of  
B73 are widely deployed in US maize agricul-
tural production, and the B73 genome has been 
sequenced (Schnable et  al., 2009). The re-
maining NAM parental inbred lines were chosen 
either on the basis of  their agronomic import-
ance in the USA or to capture as much of  the 
genetic diversity present in maize as possible 
based on analysis of  a worldwide collection 
using 94 SSRs (Liu et  al., 2003; Flint-Garcia 
et al., 2005; Prasanna et al., 2010).

Besides the well-demonstrated utility of  
molecular markers in genotype differentiation 
and analysis of  genetic diversity in maize ger-
mplasm, application of  DNA-based markers is 
also of  considerable significance to tropical/
subtropical maize production systems, for 
mapping and MAS for resistance to major bi-
otic/abiotic stresses affecting production and 
productivity (Prasanna et  al., 2010; Gazal 
et al., 2018).

2.3.2  Opportunities for enhancing the 
level and scope of molecular marker- 

assisted breeding in maize

Association mapping has been used in many 
crop species including maize, rice, wheat, barley, 
sorghum, sugarcane, soybean, potato and to-
mato, as well as trees such as eucalyptus, aspen 
and pine (Zhu et al., 2008). There are many re-
ports of  successful association between DNA pol-
ymorphisms and qualitative traits in plants, but 
fewer reports for complex traits (Prasanna et al., 
2010). However, the genetic, genomic and stat-
istical tools are now at hand to successfully apply 
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association mapping for the dissection of  complex 
traits in plants, which will harness the natural 
diversity in the crop-related gene pool to identify 
and use allelic variants for crop improvement 
(Yu et al., 2006; Zhu et al., 2008; Prasanna et al., 
2010). The use of  molecular markers in crop im-
provement has been well established, but their ap-
plication in routine crop breeding activities is still 
very limited, primarily due to inadequate access 
to high-throughput genotyping and phenotyping 
facilities (Prasanna et al., 2010). There are excel-
lent opportunities for undertaking high-through-
put genotyping in maize (Prasanna et al., 2010). 
Nearly a million maize SNPs are available in pub-
lic databases (https://www.panzea.org, accessed 
3 February 2021) and several high-throughput 
genotyping platforms have been developed for 
commercial use (Flint-Garcia et al., 2005). These 
new technologies, and associated data handling 
and analysis tools, provide opportunities for the 
maize community to speed up research progress 
for large-scale diversity analysis, high-density 
linkage map construction, high-resolution QTL 
mapping, linkage disequilibrium (LD) analysis 
and genome-wide association studies (Prasanna 
et  al., 2010). Because the genomic sequence of  
maize is publicly available (Schnable et al., 2009), 
resequencing of  individual maize inbred lines can 
now give the entire genotype of  that individual; 
that is to say, the allelic state of  every SNP in the 
genome (Prasanna et  al., 2010). Expected ad-
vances in this technology should soon make it 
widely accessible, with SNPs available in every re-
gion of  the genome and advancing enormously 
the possibilities for gene discovery and selection 
(Prasanna et al., 2010).

2.4  Molecular Breeding for Sorghum 
Improvement

Sorghum is one of  the world’s major cereal crops 
and a dietary staple for more than 500 million 
people in sub-Saharan Africa and Asia (Mo-
fokeng et al., 2017). Sorghum is more nutritious 
than fine cereals and is the principal source of  
energy, protein, vitamins and minerals for mil-
lions of  the poorest people in these regions. It 
grows well in harsh environments with min-
imum inputs, where other crops yield poorly. 
The area of  sorghum production has declined 

globally over the past few decades, primarily due 
to susceptibility to biotic and abiotic factors and 
marginal economics. In this scenario, genetic 
enhancement of  grain and fodder yield is a 
major challenge to sorghum breeders. Due to 
the advances in sequencing, genotyping, pheno-
typing, QTL mapping, genetic transformation 
and tissue culture technologies, we are begin-
ning to visualize practical solutions for the gen-
etic enhancement of  sorghum through DNA 
marker-assisted breeding. At this point, it is es-
sential to look back and critically review the ad-
vancements made to date so that we can formu-
late suitable strategies for the future sorghum 
improvement programmes.

2.4.1  Sorghum genetics  
and classification

Sorghum is a diploid (2n = 2x = 20) crop classi-
fied into two groups, the wild and the cultivated 
sorghums (Ayana et al., 2000; Mofokeng et al., 
2017). The wild sorghums include Sorghum ha-
lepense, Sorghum propinquum, Sorghum bicolor 
ssp. drummondii and S. bicolor ssp. verticilli-
florum (Mofokeng et  al., 2017). The cultivated 
sorghum has been classified into five major 
races, bicolor, caudatum, durra, guinea and kafir, 
and ten intermediate races based on panicle 
morphology (Mofokeng et al., 2017). Due to the 
vast diversity in cultivated sorghum, breeders 
have developed an interest to exploit this diver-
sity and to develop improved varieties in their 
programmes using various breeding methods 
and technologies. To develop cultivars it is im-
portant to characterize the germplasm avail-
able to identify potential candidate genotypes 
for further improvement.

2.4.2  Characterization and analysis  
of genetic diversity in sorghum

The germplasm can be characterized morpho-
logically and genotypically using phenotypic de-
scriptors, biochemical and molecular markers 
(Mofokeng et al., 2017). The characterization of  
the genotypes gives descriptive information on 
the traits and aids in understanding the similar-
ities and differences among genotypes (Mofokeng 
et al., 2017).
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Morphological characterization

Morphological or phenotypic descriptors are 
used to distinguish one accession from another 
(Mofokeng et al., 2017). Most of  the character-
ization and evaluation has been based on the re-
cording of  either or both qualitative and quantita-
tive morphological characters (Mofokeng et  al., 
2017). Geleta and Labuschagne (2005) charac-
terized sorghum germplasm using qualitative 
traits that include leaf  midrib colour, grain colour, 
glume colour, endosperm texture, pericarp colour, 
leaf  trichomes, awns, pericarp thickness and pan-
icle compactness. On the other hand, the quanti-
tative traits are also useful for determination of  
genetic diversity among genotypes (Mofokeng 
et al., 2017). The quantitative traits include plant 
height, days to maturity, leaf  area, leaf  width, leaf  
length, number of  leaves, panicle length, grain 
yield per plant, grain size, 1000-grain weight, 
grain number per panicle, panicle width, number 
of  primary branches per panicle and panicle 
weight (Punitha et  al., 2010; Mofokeng et  al., 
2017). Morphological characterization is useful 
for the design of  future breeding programmes, to 
identify duplicates, study patterns of  genetic vari-
ation and establish the relationship between 
agronomic traits for direct and indirect selection 
(Mofokeng et al., 2017).

Although the agronomical and morpho-
logical characterization provides useful informa-
tion to breeders, the challenge is that they may 
be easily influenced by the environmental fac-
tors. This process/procedure may take a long 
time and the plants must be assessed during a 
fixed vegetative phase of  the crop (Mofokeng 
et  al., 2017). Of  late, breeders have resorted to 
the use of  molecular marker systems because 
they are not subject to environmental influ-
ences, have fixed plant developmental stages and 
have the potential to give results within a short 
time (Mofokeng et al., 2017).

Characterization using molecular markers  
as new technologies

The genetic improvement of  sorghum has been 
made accessible through the use of  easily assay-
able molecular genetics of  DNA markers that en-
able accurate identification of  genotype without 
the confounding effect of  environment, thereby 
increasing heritability (Mofokeng et  al., 2017). 

MAS in sorghum reduces the length of  time re-
quired for introgression of  characters, unlike 
with the use of  the pedigree breeding method 
(Mofokeng et  al., 2017). Also, the selection of  
progenies based on genetic values derived from 
molecular marker data substantially increases 
the rate of  genetic gain, particularly if  the num-
ber of  cycles of  evaluation or generations can be 
reduced (Meuwissen et  al., 2001; Mofokeng 
et  al., 2017). Various molecular markers that 
have been used in sorghum breeding include 
RAPD (Prakash et al., 2006), amplified fragment 
length polymorphism (AFLP) (Wu et al., 2006) 
and SSRs (Manzelli et  al., 2006), SNPs (Zeng 
et  al., 2011), microarrays (Buchanan et  al., 
2005) and DArT (Mace et al., 2009). The latter 
technique has been reported recently in several 
studies (Mofokeng et  al., 2017). These markers 
were mainly used for genetic diversity, cultivar 
identification, gene mapping and discovery, and 
gene pyramiding.

Molecular markers are useful for finger-
printing of  collections for identification and 
germplasm management in plant breeding 
(Mofokeng et al., 2017). They are also useful in a 
wide range of  applications including genetic 
mapping and genome analysis (Li et al., 2000), 
gene and QTL analysis (Blair and McCough, 
1997) and in marker-assisted breeding (Weising 
et al., 1998). For genotyping, SSRs were used in 
genetic diversity studies among elite sorghum in-
bred lines (Menz et  al., 2004; Mofokeng et  al., 
2017), among germplasm collections from dif-
ferent geographic locations (Muraya et al., 2011; 
Mofokeng et al., 2017) and in the assessment of  
population genetic structure and relatedness 
within or among landraces (Folkertsma et  al., 
2005). Wu and Huang (2006) used SSR for map-
ping the sorghum genome in comparison with 
the existing genetic linkage maps (Mofokeng 
et al., 2017). In addition, SSRs can be used in con-
junction with other molecular techniques (Geleta 
et al., 2006; Mofokeng et al., 2017).

2.5  Breeding Strategies  
to Enhance Abiotic Stress  

Tolerance in Crops

The recent progress in genomics permits to  
more efficiently assess and enhance diversity in 
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germplasm collections, introgress valuable traits 
from new sources and identify genes that control 
key traits. MAS helps to reduce the impact of  en-
vironment on breeder selection. Significant ad-
vances have been made in the development of  in 
vitro selection methods. The broader use of  traits 
from alien species and the manipulation of  het-
erosis and polyploidy create new perspectives for 
improving yield potential and adaptation to abi-
otic stresses.

2.5.1  Use of forward genetics  
to elucidate mechanisms of abiotic  

stress tolerance

The complexity of  plant stress adaptation makes 
breeding for abiotic stress tolerance, particularly 
for drought, complicated. Taking a reverse gen-
etics approach based on candidate genes to in-
crease the tolerance of  crop plants is also fraught 
with danger. Therefore, a more powerful ap-
proach is to identify naturally occurring vari-
ation of  abiotic stress tolerance in varieties, 
landraces and wild relatives of  crops and to 
study the traits that contribute to tolerance. The 
genetic loci determining these traits can then be 
discovered by correlating trait values with the 
genetic variation in a large mapping population 
derived from the parents in whom the trait was 
originally identified to differ. Once the molecular 
bases of  traits contributing to tolerance have 
been identified using this forward genetics ap-
proach, marker-assisted breeding and genetic 
modification (GM) technologies can be used to 
introduce these traits (genes) into current, 
high-yielding elite cultivars.

To undertake the above-mentioned pro-
cess, it is necessary to have well-defined genetic 
materials and reliable and accurate quantitative 
phenotyping techniques (Salekdeh et al., 2009; 
Berger et al., 2010). While some components of  
abiotic stress tolerance can be relatively easily 
measured, such as the accumulation of  Na+ in 
leaf  blades (Garthwaite et al., 2005; Genc et al., 
2010; Shavrukov et al., 2010), other traits are 
more difficult to measure, such as growth im-
mediately after application of  salt to obtain a 
measure of  the ‘osmotic’ component of  salinity 
stress (Reynolds and Tuberosa, 2008; Salekdeh 

et al., 2009). For traits where it is more difficult 
to control the onset of  the stress, such as 
drought tolerance, multiple measurements over 
time are also required both of  the plant and of  
the environment in which it is growing. To iden-
tify the abiotic stress resistances’ QTLs, a lot of  
work has been done by plant biologists but iden-
tified QTLs proved unstable across different en-
vironmental conditions due to their complex 
inheritance mechanism of  abiotic stress toler-
ance. Most of  the phenotypic variations in quan-
titative traits are due to few loci with great effect 
and less due to large loci with lower effect (Maki-
Tanila and Hill, 2014). Recently, QTLs detected 
on the basis of  high-density genetics maps have 
increased the understanding about the genetic 
control of  abiotic stresses in cereals and other 
agricultural crops. This approach helps to dis-
cover the resistance genes and to understand the 
mechanism of  plant adaptation under stress con-
ditions (Table 2.1).

2.5.2  Phenomics technologies assist  
the genetic analysis of abiotic stress 

tolerance

Conventional methods for phenotyping plants are 
frequently laborious and destructive, and often  
involve the removal of  plant biomass for analysis. 
Recent developments in high-throughput, non- 
destructive imaging technologies allow a re-
searcher to obtain multiple images of  the same 
plant at different time points and at different 
wavelengths, thereby offering new non-destructive 
methods for acquiring quantitative data on plant 
growth, health and water use under abiotic stress 
(Morison et  al., 2008; Jones et  al., 2009; Berger 
et  al., 2010). Some of  these technologies have  
already been used to quantify traits related to 
drought, salt and heat tolerances in a number of  
crop plants (Rajendran et al., 2009; Sirault et al., 
2009; Berger et al., 2010). The majority of  experi-
ments, though, have focused on shoot traits. 
Despite the likely importance of  tolerance mech-
anisms in roots, such as optimizing architecture 
to improve access to soil water, there have been 
few genetic studies of  roots due to difficulties in 
phenotyping roots (Fleury et al., 2010; Richards 
et al., 2010; Zhu et al., 2011).
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2.6  Conclusions

Plant genetic diversity and plant breeding are key 
elements in tackling climate change, and integra-
tion of  plant breeding in climate change strat-
egies is one of  the best paths to sustainable food 
production by developing climate-smart crops: 
that is, abiotic and biotic stress-resistant crop var-
ieties. Molecular breeding approaches, namely 
MAS, MABB, marker-assisted recurrent selection 
(MARS) and GS or genome-wide selection (GWS), 
offer opportunities for plant breeders to develop 
high-yielding crop cultivars with resilience to  

diseases precisely and in less time. For complex 
traits (mainly abiotic stresses) where multiple 
QTLs control the expression, new strategies like 
MARS and GS are employed to increase precision, 
reduce the cost of  phenotyping and shorten the 
time frame to achieve disease resilience.
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3.1  Introduction

Wheat (Triticum aestivum L.) is unique among 
recently domesticated species; after originating 
in the Fertile Crescent, it spread to all parts of  the 
world except Antarctica. Currently, wheat is among 
the three most important food crops including 
rice and maize. Wheat is cultivated on ~200 mil-
lion hectares worldwide, providing one-fifth of  
the total caloric input of  the global population 
(FAO, 2017). Estimates of  the global population 
are 9–10 billion by 2050 (FAO, 2017), mostly 
living in the currently developing countries 
(Africa and South Asia) where wheat products 
are the most consumed staple food commodities. 
Low progress in yield improvement ranging 
from 0.8 to 1.0% annually will make it impos-
sible to fulfil wheat production requirements by 
2050. Among the key challenges in wheat pro-
duction is elevating yield potential by increasing 
its ability to grow on marginal lands.

Soil salinity is a global problem that affects 
approximately 20% of  irrigated land and reduces 
crop yields significantly (Qadir et  al., 2014). 
High soil salinity is one of  the main agricultural 
challenges in the modern world (Rengasamy, 
2016). Salt stress affects the growth and devel-
opment of  plants, thus reducing their yield 

(Arzani and Ashraf, 2016). Global cultivated 
lands cover approximately 1.5 billion hectares, 
and an estimated 32 million hectares are currently 
damaged by salinity. Irrigated lands, having the 
highest productivity, comprise just 230 million 
hectares, of  which an estimated 20% have yields 
reduced by high soil salinity (Munns, 2005). 
However, little is known about the specific mech-
anisms through which wild wheat thrives in sa-
line soil. Salinity reduces plant growth for two 
main reasons: (i) an osmotic effect due to the salt 
outside the root; and (ii) a toxic effect if  the salt 
accumulates in leaves in excessive amounts 
(Munns, 2002).

Wheat is the most widely grown crop in the 
world. It is considered a moderately salt-tolerant 
and drought-tolerant crop, and, with barley, it is 
the preferred cereal in most arid and semi-arid 
agricultural regions. Much of  the world’s wheat 
is produced under irrigation; however, the area 
sown to rainfed wheat is very substantial and is 
expected to grow further as water for irrigation 
declines globally. As wheat is grown in many 
arid or semi-arid regions of  the world, it is likely 
to incur salinity, whether caused by irrigation, 
land clearing or natural processes. This is be-
cause of  large amounts of  salt in the soil profile, 
deposited there by weathering of  rocks or by 
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deposition of  oceanic salt by wind and rain. 
Bread wheat is moderately salt tolerant, com-
pared with other cereals. In a field where salinity 
rises to 10 dS/m (about 100 mM NaCl), rice 
(Oryza sativa L.) will die before maturity, while 
bread wheat will produce a reduced yield. Even 
barley (Hordeum vulgare L.), the most tolerant 
cereal, dies after extended periods at salt concen-
trations higher than 250 mM NaCl (equivalent to 
50% seawater). Durum wheat (Triticum tur-
gidum L. ssp. durum (Desf.); tetraploid, AABB), 
which is used for making pasta and couscous, is 
less salt tolerant than bread wheat (Maas and 
Hoffman, 1977; Munns et al., 2006). Bread wheat 
(T. aestivum), one of  the most important staple 
crops globally, provides most of  the calories for 
approximately 30% of  the world’s population 
(FAO, 2017). More than 800 million hectares (6%) 
of  arable land is affected by salinity worldwide 
(Munns and Tester, 2008). Soil salinity is a major 
constraint on wheat grain yield (Lobell et  al., 
2011). Therefore, understanding the mechanisms 
of  response and adaptation to salt stress and 
then improving salinity tolerance of  wheat are 
critical tasks for breeders and researchers alike. 
This chapter provides an outline of  the mechan-
isms of  wheat salinity tolerance and discusses 
the challenges of  several breeding programmes 
that are in progress with regard to durum and 
bread wheats using the integration of  trait-based 
and molecular selection for delivering improved 
wheat varieties adapted to saline conditions.

3.2  Key Mechanisms Controlling 
Salt Signalling Tolerance

The responses of  plants, and especially wheat, to 
salinity are often complex and multifaceted, 
which makes experiments difficult to design and 
interpret. Therefore, plant response is different 
due to the complex nature of  the stress, which 
leads to limitations in salinity tolerance breed-
ing. For these reasons, identification of  salinity 
tolerance mechanisms in wild wheat will facili-
tate the improvement of  salinity tolerance in 
current, elite wheat varieties. However, little is 
known about the specific mechanisms by which 
plants can thrive in saline soils.

In the past decades, several wheat genetic 
stocks have been developed showing all three 
types of  tolerance mechanism in plant salinity 

tolerance. These three interrelated concepts are 
classified into: (i) ion (Na+ or Cl−) exclusion; (ii) 
tolerance of  tissue to accumulated Na+ or Cl−; 
and (iii) osmotic stress tolerance (Munns and 
Tester, 2008; Mujeeb-Kazi et  al., 2019). As de-
scribed above, the exclusion of  Na+ from leaves is 
the main mechanism conferring salinity toler-
ance in wheat as it does not reach potentially 
toxic concentrations (Mujeeb-Kazi et al., 2019). 
The ability to exclude Na+ from the leaves is an 
important component for salinity tolerance and 
ensures that Na+ is not accumulated in toxic 
concentrations. The limitation of  Na+ accumu-
lation can be responsible for genotype differ-
ences in salinity tolerance in wheat. In fact, salt 
tolerance with both bread and durum wheat 
genotypes is associated with Na+ exclusion and 
enhanced K+:Na+ ratio in the leaves. The osmotic 
effect of  NaCl outside the roots causes growth 
reduction, at least in the early stages of  the salin-
ity response, with toxic effects of  the salt accu-
mulating in the older leaves (Munns et al., 2011). 
Our understanding of  the molecular basis for 
many of  the transport processes, including the 
role of  the high-affinity potassium transporter 
(HKT) family in Na+ exclusion from leaves, is in-
creasing (Munns and Tester, 2008). It has been 
shown that the long arm of  chromosome 4D of  
T. aestivum contains a gene which influences 
the ability of  wheat plants to discriminate 
between Na+ and K+. This discrimination most 
obviously affects transport from the roots to the 
shoots, in which less Na+ and more K+ accumu-
late in the plants (Gorham et al., 1990). In bread 
wheat (T. aestivum), this is conferred by the Kna1 
locus on chromosome 4D which controls K+ and 
Na+ accumulation in the shoot. The candidate 
gene is TaHKT1;5-D, an Na+ transporter which 
functions to remove Na+ from the transpiration 
stream flowing to the leaves and increases the 
K+:Na+ ratio. This gene explains the relative salt 
tolerance of  bread wheat compared with durum 
wheat (T. turgidum ssp. durum) lacking the D gen-
ome and homologues of  Kna1 on the A and B 
genomes (Mujeeb-Kazi et al., 2019).

To improve the salt tolerance of  durum 
wheat, many researchers have explored the nat-
ural diversity in shoot Na+ exclusion within an-
cestral wheat germplasm. A genetic analysis, 
based on a population derived from a cross be-
tween a standard durum wheat genotype and a 
line containing introgressions from the A genome 
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diploid ancestral wheat relative Triticum mono-
coccum showing high Na+ exclusion ability, re-
vealed that two loci, Nax1 and Nax2, were 
involved in excluding Na+ ions (Munns et  al., 
2000; Munns et  al., 2012). The study demon-
strated the role of  a gene in the Nax2 locus, Tm-
HKT1;5-A, which encodes an Na+-selective 
transporter located on the plasma membrane of  
root cells surrounding the xylem vessels. This 
transporter is therefore ideally localized to with-
draw Na+ from the xylem and reduce the trans-
port of  Na+ to the leaves. Field trials on saline 
soils demonstrated that TmHKT1;5-A presence 
significantly reduced leaf  Na+ concentration 
and increased durum wheat grain yield by 25% 
compared with near-isogenic lines without the 
Nax2 locus (Munns et  al., 2012). Several 
HKT1-encoding genes, including HKT1;1/2-like, 
HKT1;3-like, HKT1;4-like and HKT1;5-like, have 
been identified and mapped to wheat homoeolo-
gous chromosome groups 2, 6, 2 and 4, respect-
ively (Huang et al., 2008). Among these, Nax1 in 
chromosome arm 2AL co-segregated with so-
dium transporter gene HKT1;4-A2, which was 
shown to control Na+ unloading from xylem in 
roots and sheaths and therefore was proposed as 
the functional candidate (Huang et  al., 2006). 
Nax2 was mapped to the distal region of  chromo-
some 5AL that is homoeologous to a region on 
chromosome 4DL containing Kna1. Based on 
synteny and phylogeny analysis with Nax2, Tm-
HKT1;5-A was proposed to be the candidate of  
Nax2 (Wang and Xia, 2018).

In barley, leaves of  salt-tolerant crop culti-
vars tolerate high concentrations of  Na+ and Cl–, 
which means that this species is able to grow 
productively in soils with high NaCl content in 
the soil solution. This capacity of  organs to func-
tion while their tissues or cells contain high con-
centrations of  Na+ or Cl– is defined as ‘tissue 
tolerance’. Basically, intracellular compartmen-
talization of  Na+ and Cl– is a key mechanism for 
tissue tolerance, where most of  the ions are con-
tained in vacuoles and the concentrations in the 
cytoplasm remain relatively low. This mechan-
ism is also known as ‘cellular tolerance’ and is 
defined as the ability of  a cell to compartmental-
ize Na+ and Cl– in vacuoles at concentrations 
that would be toxic in the cytoplasm. Therefore, 
tissue tolerance is physiologically and genetically 
complex, and there is no evidence so far that any 
single gene or molecular marker is a quantitative 

predictor of  this complex trait (Munns et  al., 
2016; Mujeeb-Kazi et al., 2019).

For a plant growing or surviving in saline 
soil, osmotic stress tolerance is essential. The os-
motic effect on plant growth occurs instantly 
and causes reductions in growth rate. Conse-
quently, growing leaves and shoot growth are 
most affected. Osmotic stress not only has an im-
mediate effect on growth, but also has a greater 
effect on growth rates than the ionic stress that 
influences growth much later, especially at low 
to moderate salinity levels (Mujeeb-Kazi et  al., 
2019). Cell osmotic pressure increases to match 
the increase in the osmotic pressure of  the soil 
solution due to an increase in the solute content, 
not loss of  water, so turgor and volume are 
maintained. This increase could be generated by 
the synthesis of  organic solutes such as sugars 
that reach concentrations great enough to con-
tribute a significant osmotic pressure, but this 
would be at the expense of  growth as those sol-
utes are no longer available for cell-wall and pro-
tein synthesis (Munns et  al., 2016). However, 
metabolic costs are needed to synthesize organic 
solutes for osmotic adjustment. The number of  
moles of  ATP needed to use 1 mole of  NaCl as an 
osmoticum is approximately 4 in root cells, and 
7 in leaf  cells, whereas the number required to 
synthesize an organic compound is a magnitude 
of  higher order (Munns, 2002). Other physio-
logical components such as the maintenance of  
plant water status, transpiration and transpira-
tion-use efficiency, seed germination, produc-
tion of  antioxidants, early seedling growth and 
harvest index can affect salinity tolerance. How-
ever, these physiological components are still 
less studied, so further investigations are needed 
to understand the effects of  salinity on these 
processes (Negrão et al., 2017).

3.3  Conventional Breeding  
for Salt Tolerance in Wheat

Development of  crop plants tolerant to salt stress 
is very important to meet the growing global de-
mand for food. In the last decades conventional 
breeding has helped to improve yield potential 
and disease resistance in crops via knowledge of  
the physiological and biochemical phenomena 
related to a trait.
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In a comprehensive review, Ashraf  (1994) 
listed a few salt-tolerant lines/cultivars of  differ-
ent crops that had been developed through con-
ventional breeding and some of  them were tested 
under natural field conditions. For example, some 
lines/cultivars of  alfalfa (Medicago sativa L.) such 
as AZ-Germ Salt II (Dobrenz et  al., 1989), AZ-
90NDC-ST (Johnson et  al., 1991), AZ-97MEC 
and AZ-97MEC-ST (Al-Doss and Smith, 1998), 
ZS-9491 and ZS-9592 (Dobrenz, 1999) were 
tested under natural field conditions. Similarly, 
two salt-tolerant lines/cultivars of  bread wheat, 
namely S24 (Ashraf  and O’Leary, 1996) and 
KRL1-4 (Hollington, 2000), were evaluated on 
natural salt-affected soils. Besides, in India, 
Pakistan and Egypt, many experiments were 
conducted to increase salt tolerance in wheat us-
ing conventional breeding methods (Munns 
et  al., 2006). This work succeeded and many 
new wheat cultivars were created: the Indian 
KRL1-4, released by the Central Soil Salinity Re-
search Institute (CSSRI) at Karnal; the Pakistani 
LU26S and SARC-1, released by the Saline Agri-
culture Research Cell (SARC) at Faisalabad; and 
the Egyptian Sakha 8, released by the Agricul-
tural Research Centre at Giza. In India, almost 
all salt-tolerant wheat germplasm is derived 
from Kharchia 65 which is regarded as highly 
salt tolerant. CSSRI discharged KRL1-4 for 
saline areas, a cross between Kharchia 65 and 
WL711 (Hollington, 2000). KRL1-4 performed 
very well on saline soils in northern India, but 
not in Pakistan. This could be due to the heavier 
soils and greater problems of  waterlogging 
(Hollington, 2000). Another derivative line of  
Kharchia 65 was created in the UK by S.A. Quar-
rie and A. Mahmood: a doubled haploid line, 
KTDH 19, from a cross of  Kharchia 65 with a 
line identified with exceptional Na+ exclusion, 
TW161. This derivative worked well in Spain 
(Hollington et  al., 1994), but in India and 
Pakistan it was late to mature and produced very 
low yield (Hollington, 2000).

The cultivar LU26S was developed in Paki-
stan and gave a high yield on the saline soils of  
Pakistan (Qureshi et al., 1990). Also, LU26S was 
crossed with Kharchia and two salt-tolerant 
genotypes, S24 and S36, were selected (Ashraf  
and O’Leary, 1996). S24 presents a high salt toler-
ance, as high as Kharchia and SARC-1, possibly 
due to its low leaf  Na+ accumulation (Ashraf, 
2002).

Other scientists tried conventional breeding 
for salt tolerance in wheat by using a large col-
lection that was screened and grown in hydro-
ponic or sand culture (Colmer et  al., 2005). A 
study by Jafari-Shabestari et al. (1995) evaluated 
400 Iranian wheat varieties at one site in Cali-
fornia over two seasons, irrigated with water at 
three salinity levels (1, 5 and 8 dS/m). They 
identified several accessions that were consist-
ently high for grain yield in both low- and high-
salinity treatments, but no cultivar was developed 
as a consequence (Jafari-Shabestari et al., 1995). 
This could be due to the low correlation found 
between grain yield at high salinity and relative 
yield (yield in saline soil relative to non-saline 
soil), biomass or harvest index. In addition, 
Jafari-Shabestari et al. (1995) and Richards et al. 
(1987) noted a lack of  correlation between rela-
tive yield and absolute yield that allowed them to 
conclude that the most efficient way to increase 
yields at high salinity was to select the high-
est-yielding lines at low salinity. Moreover, other 
researchers like Colmer et  al. (2006) used wild 
relatives to improve salt tolerance of  wheat by 
hybridizing Aegilops tauschii (DD) with durum 
wheat (AABB) to produce synthetic hexaploid 
wheat (Schachtman et  al., 1992; Mujeeb-Kazi 
and Diaz de Leon, 2002). They concluded that 
the variation in salt tolerance in the D genome 
influenced the salt tolerance of  hexaploids too 
(Schachtman et al., 1992). In fact, to introduce 
salt tolerance into bread wheat, Farooq et  al. 
(1995) crossed Aegilops cylindrica (CCDD) with 
the Pakistani cultivars LU26 and Pak81. From 
the salinity tests conducted, the wheat lines 
WL1076 and WL41 were developed from the 
cross. These varieties were more salt and drought 
tolerant than their parents (Farooq et al., 1995; 
Farooq, 2004).

Additionally, very salt-tolerant species which 
are the tall wheat grasses (E or J genomes), at low 
to moderate salinity and even up to seawater 
concentrations, behave like barley with a similar 
decline in biomass and more tolerance compared 
with bread wheat varieties. So, a cross was done 
with bread wheat and the E genome species Lo-
phopyrum elongatum (syn. Agropyron elongatum 
and Elytrigia elongata) to improve salt tolerance 
of  bread wheat (summarized by Colmer et  al., 
2006). When testing the lines in the field, it was 
shown that the amphiploid had a higher salt tol-
erance but a lower yield than Chinese Spring, 
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and that chromosome 3E had a major effect on 
salt tolerance. Thinopyrum ponticum (decaploid, E 
genome), a ‘tall wheat grass’, is very salt tolerant 
and is commonly used as a forage crop in saline 
lands. Thus, somatic hybridization techniques 
were used to transfer T. ponticum chromosomes 
into bread wheat, and field experiments were 
conducted with F4 and F5 generation lines grown 
in a soil with moderately high salinity levels 
(Chen et al., 2004). The two hybrids produced a 
good yield whereas the parents died before ma-
turity. Hence, the salt tolerance of  T. ponticum ap-
pears to have been introduced into bread wheat, 
with the T. ponticum chromatin stably inherited 
(Chen et al., 2004).

Wang et al. (2003) used Thinopyrum junce-
um (hexaploid, mixed E and J genomes, J1J1J2J-
2EE) to produce recombinant lines of  wheat that 
have segments of  chromosome 5J. The data 
show that yield of  these lines fluctuated with 
moderate salinity and yield was equal to or bet-
ter than that of  Kharchia 65.

Despite this progress, however, conven-
tional breeding approaches as a whole are 
time-consuming and labour-intensive. Undesir-
able genes are often transferred in combination 
with desirable ones and reproductive barriers 
limit transfer of  favourable alleles from inter-
specific and intergeneric sources (Ashraf  and 
Akram, 2009).

3.4  Impact of High-Throughput 
Phenotyping and Genotyping  

in Salt Tolerance

Phenomics is a field of  science at the junction of  
biology and informatics and solves the problems 
of  rapid, accurate estimation of  the plant pheno-
type; it was developed rapidly because of  the 
need to analyse phenotypic characteristics in 
large-scale genetic and breeding experiments in 
plants. It is based on using the methods of  com-
puter image analysis and integration of  biological 
data. Owing to automation, new approaches 
make it possible to considerably accelerate the 
process of  estimating the characteristics of  a 
phenotype, increase its accuracy and remove 
subjectivism (inherent to humans).

High-throughput field phenotyping repre-
sents a bottleneck in conventional breeding, 

marker-assisted selection (MAS) or genomic se-
lection, where phenotyping is a key informant 
for establishing accuracy for statistical models 
(Desta and Ortiz, 2014). The main technologies 
of  high-throughput plant phenotyping can be 
done in both controlled and field conditions, and 
it is based on image analysis, satisfying a major-
ity of  the goals formulated by scientists like en-
hancing nutrition efficiency, abiotic stress tolerance 
and crop quality traits (Hairmansis et al., 2014). 
In addition, these technologies have been suc-
cessfully employed in plant breeding and give 
good results (Araus and Cairns, 2014; Tardieu 
et  al., 2017). They also provide solutions for 
screening the plant model (Arabidopsis thaliana) 
and even a complex morpho-physiological trait 
in crop plants such as rice and soybean (De Diego 
et al., 2017). Also, it successfully validates multi-
variate analysis of  rosette growth in different salt 
concentrations and the interaction with varying 
nutritional composition of  the growth medium 
(De Diego et al., 2017). In this context, Berger et al. 
(2012) used image acquisition technology for as-
sessing plant growth in response to salinity. With 
automated, high-throughput phenotyping facil-
ities, such as The Plant Accelerator in Adelaide, 
Australia, and in facilities hosted by other partners 
of  the International Plant Phenotyping Network 
(https://www.plant-phenotyping.org/, accessed  
4 February 2021), it is possible to obtain a daily esti-
mate of  plant biomass from the start of  an experi-
ment, before salt imposition, through to the end. 
Importantly, these measurements also allow as-
sessment of  the shoot’s ion-independent compo-
nent of  salt toxicity, which involves the inhibition 
of  shoot growth from the moment of  salt impos-
ition (Berger et  al., 2012), before salt has had 
time to accumulate in the shoot and signifi-
cantly affect the shoot’s function.

To date, a plethora of  imaging systems 
focus on shoot parameters (as recently reviewed 
by Fahlgren et al., 2015). These systems appear 
to be particularly robust and reliable to quantify 
shoot growth under controlled environments. 
Some studies have reported root imaging under 
natural conditions and without destructive har-
vesting, such as imaging of  roots using the 
Growth and Luminescence Observatory for 
Roots (GLO-Roots) system (Rellan-Alvarez et al., 
2015) or in a more artificial system using trans-
parent growth media (such as gel or glass beads) 
(Courtois et  al., 2013; Topp et  al., 2013). It is  

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.plant-phenotyping.org/


44	 I. Yacoubi et al.	

believed that these technologies will provide an 
important platform for change in salinity re-
search, especially when time resolution is in-
corporated to provide insights into the dynamic 
responses of  plants to salinity. Non-destructive 
analyses, such as imaging, allow the monitoring 
of  the same plant over multiple time points, such 
as before and after stress application, enabling 
the detection of  small and dynamic differences 
in growth parameters.

3.5  Wheat Breeding Challenge: 
Integration of Physiological-Trait 
Breeding and Molecular Breeding

Wheat is moderately tolerant to salt stress and is 
known to be more sensitive than barley but more 
tolerant than rice, maize and sorghum. It has 
long been known that tetraploid wheat is less 
salt tolerant than bread wheat (Rawson et  al., 
1988) and that a major factor behind this diffe-
rence is that bread wheat is able to maintain a 
higher K+:Na+ concentration ratio in the leaves 
(Gorham et  al., 1990). Although plants’ sensi-
tivity to salinity is higher during the early seed-
ling stage and reproductive stage, crops need to 
maintain functions at all stages of  their life cycle 
to increase their ability to maintain yield under 
high salinity. For instance, yield can be reduced 
during the vegetative stage by affecting param-
eters such as tiller number per plant in cereals 
such as rice (Zeng and Shannon, 2000) or wheat 
(Maas et al., 1994).

Breeding of  salt-tolerant wheat varieties 
has been slow, despite its importance as a food 
crop and the considerable losses inflicted by salt 
stress (Ismail and Hories, 2017). Salinity stress 
impacts many aspects of  a plant’s physiology, 
making breeding for salt tolerance difficult. 
Traditional crop improvement programmes by 
hybridization have played a significant role in 
wheat improvement during past decades but 
have led to only modest progress in the develop-
ment of  salt-tolerant wheat varieties in several 
countries, including India, Pakistan, Australia 
and Egypt (Ismail and Hories, 2017; Mujeeb-Ka-
zi et al., 2019).

Wheat breeders have exploited superior 
traits that increase yield in target environments. 
This traditional wheat improvement was dependent 

on selection of  traits without understanding the 
molecular mechanisms. Despite the slow pro-
gress of  wheat genome sequencing and the devel-
opment of  functional and comparative genomics, 
wheat genetic improvement efforts undoubtedly 
did not fulfil the food requirements of  the masses. 
More than these molecular–genetic approaches in 
terms of  breeding, more salt-tolerant varieties are 
a way of  ensuring sustainable production. It is 
more tractable to dissect the plant’s response into 
traits that are hypothesized to be involved in the 
overall tolerance of  the plant to salinity. However, 
it often can be difficult to identify the most import-
ant trait contributing to salinity tolerance in the 
given plant system and there are only a small 
number of  examples where trait-based ap-
proaches have been successful in breeding for 
improved yield under salt stress.

Salinity tolerance is best measured by the 
ability of  the plant to maintain yield in saline 
conditions relative to control conditions. Correl-
ation studies can give an indication of  which 
traits are the most important contributors to sal-
inity tolerance. It is noteworthy that the lack of  
correlation does not necessarily mean that a 
particular trait does not play a part in salinity 
tolerance. A strong correlation between the Na+ 
content in the third leaf  and salt tolerance index 
is observed in many studies indicating that this 
trait may be associated with salinity tolerance 
(Negrão et al., 2017).

Delivery of  improved crop varieties adapted 
to saline conditions has been lagging for several 
reasons, including the huge knowledge gap in 
understanding the genetic basis of  salinity toler-
ance in wheat and then applying the available 
knowledge to deliver salt-resilient crop varieties 
(Mujeeb-Kazi et al., 2019). Trait-based breeding 
approaches, which often utilize molecular mark-
ers to improve selection efficiency, are starting to 
deliver new and significant gains (Fig. 3.1). To 
target the most important traits, it is important 
to know how they will influence yield. The chal-
lenge for breeders will be to efficiently integrate 
trait-based and molecular methods to increase 
yield in dry and saline environments where 
trait-based approaches have been successful in 
breeding for improved yield under drought. 
Knowledge of  the target environment is very im-
portant in trait-based breeding as the benefit 
from a trait may be confined to specific environ-
ments. Salinity and drought have many traits in 
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common. Obvious examples are osmotic adjust-
ment and the production of  osmoprotectants in-
cluding compounds and enzymes that detoxify 
reactive oxygen species (Munns and Richards, 
2007). Less obvious traits are those for improved 
efficiency of  water use, such as early vigour, 
long coleoptiles and transpiration efficiency, as 
described above. Early vigour maximizes growth 
when conditions are favourable early in the sea-
son or when water is more available and salt 
concentrations are lower. Transpiration effi-
ciency optimizes water use when soil moisture is 
less available (Munns and Richards, 2007).

Two traits that are specific to salinity relate 
to the prevention of  Na+ toxicity in wheat: (i) 
Na+ exclusion by roots and the associated high 
discrimination for K+ over Na+ in leaves; and (ii) 
tolerance of  high internal Na+ concentrations in 
leaves. To date there have been no releases of  
salt-tolerant wheat based on a particular trait. 
Successes have come from empirical selection, as 
described above. However, several breeding pro-
grammes are in progress in durum and bread 
wheats using trait-based selection (Table 3.1) 
(Munns and Richards, 2007). Early biomass 
growth is a good example of  a trait that has a 
significant benefit in both dry and saline envir-
onments. A high transpiration efficiency, 

acknowledged as important in dry conditions, 
should also be important in saline soils. New se-
lection methods using carbon isotope discrimin-
ation have resulted in the release of  new wheat 
cultivars (Richards and Lukas, 2002) for dry 
conditions and should also be relevant for saline 
environments.

Dissecting the genetic basis of  salinity toler-
ance mechanisms through a genetic character-
ization and/or transcriptomic approach would 
facilitate the selection of  useful accessions as 
genetic sources for breeding salinity tolerance 
traits into commercial wheat.

It often can be difficult to identify which traits 
are the most important ones contributing to salin-
ity tolerance in the given plant system. To ease this 
difficulty, we suggest the generation of  graphs that 
show correlations between the proposed traits (e.g. 
leaf  Na content) and a measure of  salinity toler-
ance (e.g. salt tolerance index). Such correlations 
help to establish whether the measured traits are 
associated with each other (noting the limitation 
that a correlation cannot give definitive informa-
tion on cause-and-effect relationships) and the 
correlation coefficient can give an indication of  
which traits are the most important contributors 
to salinity tolerance (for the analysed plant in the 
analysed environment) (Negrão et al., 2017).

Salt tolerance
trait

Quantitative trait locus
(QTL) mapping

Gene × environment
interaction

Candidate genes
putative function

Gene expression patterns Expressed sequence tags

Cloned genes
Gene

locations

Allelic value
Enzymes,
regulators

Genetic diversity Metabolic pathways

Known
function

Fig. 3.1.  Schematic diagram showing strategies and techniques involved in the production of salt-tolerant 
wheat cultivars.
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Table 3.1.  QTLs and genes mapped in populations of wheat selected for salinity tolerance studies. QTLs, gene location and wheat homoeologous groups are 
listed, along with osmotic and ionic stress tolerance.

Process involved
Candidate gene 
or locus Trait measured

Salt tolerance 
mechanism Species Chromosome

Wheat 
homoeologous 

groups Reference

Shoot growth Tiller number Osmotic stress and 
ionic tolerance

Bread wheat 5A 5 Genc et al. (2010)

Shoot growth Dry matter production Osmotic stress and 
ionic tolerance

Bread wheat 1A, 3B 1, 3 Ma et al. (2007)

Shoot growth Dry matter production Osmotic stress and 
ionic tolerance

Bread wheat 2A, 4B, 5A, 5B,  
6A, 6D, 7A

2, 4, 5, 5, 6, 6, 7 Genc et al. (2010)

Photosynthesis ERA1, PP2C, 
AAPK, PKS3

Chlorophyll content Ionic and osmotic  
stress tolerance

Bread wheat 3D, 7A 3, 7 Ma et al. (2007)

Photosynthesis ERA1, PP2C, 
AAPK, PKS3

Chlorophyll content Ionic and osmotic  
stress tolerance

Bread wheat 5B 5 Genc et al. (2010)

Shoot Na+ 
accumulation

HKT (Nax2, 
SKC1), SOS1

Shoot Na+ 
accumulation

Ionic tolerance Durum wheat 2A 2 Lindsay et al. (2004)

Shoot Na+ 
accumulation

HKT (Nax2, 
SKC1), SOS1

Shoot Na+ 
accumulation

Ionic tolerance Bread wheat 7A 7 Shavrukov et al. 
(2011)

Shoot Na+ 
accumulation

HKT (Nax2, 
SKC1), SOS1

Shoot Na+ 
accumulation

Ionic tolerance Bread wheat 2A, 2B, 7A 2, 2, 7 Genc et al. (2010)

Shoot Na+ 
accumulation

HKT (Nax2, 
SKC1), SOS1

Shoot Na+ 
accumulation

Ionic tolerance Bread wheat 2A, 6A 2, 6 Genc et al. (2013)
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Salt stress affects many aspects of  plant 
growth such as biomass production, yield, photo-
synthesis and leaf  metabolites (Chinnusamy et al., 
2006; Munns and Tester, 2008; Munns and Gilli-
ham, 2015; Negrão et al., 2017). Hence, there are 
many traits that could be recorded and analysed to 
accurately assess salinity tolerance of  wheat. Total 
plant fresh mass, a measure of  growth mainten-
ance during salt stress, is the trait driving most of  
the variation across accessions. Growth mainten-
ance has been widely acknowledged to be a good 
estimate of  salinity tolerance (Genc et  al., 2007; 
Negrão et  al., 2017), especially at the seedling 
stage, since it is not possible to measure commer-
cially relevant traits such as yield in young plants. 
Maintenance of  growth, defined by an increase in 
mass, is one of  the most important mechanisms 
contributing to salinity tolerance. According to 
Munns and Termaat (1986), leaf  growth is more 
affected by salinity than root growth.

Molecular breeding, or MAS, refers to the 
technique of  using DNA markers that are tightly 
linked to phenotypic traits to assist in a selection 
scheme for a particular breeding objective. Mo-
lecular markers have been extensively used for 
gene mapping and gene introgression through 
MAS to improve salinity tolerance in wheat. 
However, limited progress has been made in 
developing salt-tolerant cultivars via MAS ap-
proaches (Ashraf  and Foolad, 2013). Arguably, 
the reasons for the limited progress in improving 
salt tolerance in wheat include: (i) the quantita-
tive and physiologically complex nature of  salt 
tolerance with an array of  interacting mechan-
isms; and (ii) the inherent variability associated 
with environmental cues that impact salt toler-
ance and results from a combination of  factors 
influencing ion exclusion, tissue tolerance to ele-
vated levels of  Na+ and Cl–, as well as osmotic ad-
justment. The complexity of  salt tolerance is 
underscored by the fact that quantitative trait 

loci (QTLs) for salt tolerance have reportedly been 
found in at least 16 of  the 21 wheat chromo-
somes. Among the different wheat species, it has 
been suggested that the D genome carries the 
gene Kna1 that controls the relative concentra-
tions of  K+ and Na+ in shoots of  plants grown in 
saline hydroponic culture (Wyn Jones, 1984; 
Gorham et al., 1987, 1990).

3.6  Conclusion and Perspectives

Further improvement of  salt tolerance in wheat 
and other important food crops will be critical to 
maintain production gains in lands that are pro-
gressively deteriorating, bringing marginal lands 
into production and keeping pace with increas-
ing food demand. More diversity studies focused 
on screening are needed within the cultivated 
and wild relatives of  both bread and durum 
wheats. This will help to identify additional loci 
and beneficial alleles associated with salt toler-
ance and Na+ exclusion, as well as aid dissection 
of  the salt tolerance phenotype into more ‘de-
fined/measurable’ other important traits, which 
can then be combined in new genotypes using 
molecular breeding tools to improve salt toler-
ance of  bread and durum wheats and deliver im-
proved crop varieties adapted to saline conditions. 
The challenge for breeders will be to efficiently 
integrate trait-based/physiological and molecu-
lar methods to increase yield in dry and saline 
environments.
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4.1  Introduction

Global warming is responsible for frequent 
drought spells worldwide due to decreased pre-
cipitation and increased evaporation. The in-
crease in temperature impacts water resources 
directly leading to drought incidence. Further, 
increase in air temperature, radiation stress, 
high levels of  CO2 and increase in the amount 
of  greenhouse gases increase the frequency of  
drought and heat stress (Nguyen, 2002; Atlin 
et al., 2017; Cassia et al., 2018). The assump-
tions of  climate change are becoming reality 
and it is predicted that there will be a 3–5°C in-
crease in temperature and a 4–27% decrease 
in annual precipitation in different parts of  
world (Flato et  al., 2013). The frequency of  
global drought is projected to expand by be-
yond 20% by the end of  this century, especially 
in regions like South America and Central and 
Western Europe (Prudhomme et  al., 2014). 
Similarly, water-stressed areas will increase all 
over the world by 2030, affecting 50 countries 
and about three billion people (Postel, 1999; 
Graham and Vance, 2003). Most crops are  

vulnerable to drought and suffer 50% or more 
losses in yield (Bray et al., 2000). As about 80% 
of  the global cereal cultivation is rainfed, the 
frequent occurrence of  droughts will affect 
worldwide food security (Rosegrant et  al., 
2002; Alexandratos and Bruinsma, 2012). Re-
current droughts and projections of  future in-
creases in dry spells and temperature have 
been reported from parts of  Australia, Russia, 
China and Africa (Challinor et  al., 2010; 
Dronin and Kirilenko, 2011; Turner et  al., 
2011; Hossain et  al., 2012; Spinoni et  al., 
2014). The reduction in world wheat produc-
tion of  5.5% since 1980 (Lobell et  al., 2011) 
has been attributed to recurring drought 
events (Li et  al., 2009; Mwadzingeni et  al., 
2016a). In 2013, worldwide, approximately 
65 million hectares of  wheat production were 
affected by drought stress (FAO, 2013). On the 
other hand, bread wheat, which is the world’s 
third most cultivated cereal crop covering 
>20% of  area and providing 20% of  calories 
globally (Godfray et al., 2010), needs a 70% in-
crease in production by 2050 to meet demand 
(Ray et al., 2012).
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4.2  Understanding the Complexity 
of Drought Tolerance in Wheat

The abiotic stresses, namely drought, salinity, 
excessive rainfall and high temperature, affect 
the development and growth of  the plant nega-
tively through metabolic and physiological 
changes. Drought is a complex phenomenon 
characterized by an intricate interplay of  limited 
water availability, lower rainfall, reducing 
groundwater level and increasing temperature. 
Measuring and developing drought stress- 
tolerant crop plants by conventional breeding 
methods are difficult due to low heritability and 
complex environmental interactions (Asfaw 
et  al., 2012; Cabrera-Bosquet et  al., 2012; Hill 
et al., 2013; Jha et al., 2014). Plants respond to 
drought or water stress in a very complex fashion 
that includes various adaptation strategies; mo-
lecular, physiological and biochemical alter-
ations. Water stress in plants is ameliorated by 
increasing water uptake and decreasing sto-
matal conductance (Jones, 1999). Drought is a 
complex trait; plant responses to drought are af-
fected by various factors including growth con-
ditions, physiology, genotype, developmental 
stage, drought severity and duration.

4.2.1  Morphological response

Morphological traits associated with drought 
tolerance in wheat affect stress tolerance under 
limited-moisture conditions and can be an indi-
cator for plant adaption to water stress 
(Nouri-Ganbalani et  al., 2009; Anjum et  al., 
2011). These traits have a major role in deter-
mining yield components and are also used in 
breeding programmes for enhancing grain yield 
of  wheat varieties (Mollasadeghi et  al., 2011). 
Further, the green tissues above the flag leaf  
node are the main contributor to the synthesis 
and production of  carbohydrates required to fill 
the grains (Kaul, 1974; Briggs and Aytenfisu, 
1980). There are reports that the flag leaves con-
tribute around 40% of  the carbohydrates at the 
time of  grain filling (Sharma et al., 2003). The 
relationship of  flag leaf  with grain yield ranges 
from strong (Singh and Singh, 1992) to 
non-existent (McNeal and Berg, 1977) or de-
pendent on the environment (Villegas et  al., 

2007). The stress susceptibility index (SSI) used 
to quantify drought tolerance by Fischer and 
Maurer (1978) is based on grain yield losses 
under stressed versus non-stressed environ-
ments. This index has been used in bread wheat 
(Cedola et al., 1994) and durum wheat (Moham-
madi, 2012). In order to get varieties with high 
grain yield and stable performance, morpho-
logical traits are known to be useful tools to se-
lect for low SSI. Abdelali et  al. (2019) reported 
that water regime significantly decreases grain 
yield per plant and that all morphological traits 
above flag leaf  increase the grain yield per plant, 
days from sowing to anthesis and grain-filling 
period. In contrast, decrease in flag leaf  length, 
area and peduncle length are observed and it 
has been reported that varieties with longer flag 
leaf  and peduncle would have more drought re-
sistance. Therefore, these traits merit attention 
in breeding programmes and can be used as se-
lection criteria for higher grain yield under rain-
fed conditions.

Leaf  waxiness and trichome density pro-
vide longer and lasting protection against water 
deficit stress (Richards et al., 1986; Vogelmann, 
1993; Grammatikopoulos and Manetas, 1994; 
Save et al., 2000) by decreasing the amount of  
water lost from the plant to the environment. 
Most plants will close their stomata to reduce the 
transpiration rate under water deficit and 
drought stress conditions. The pores of  stomata 
are responsible for the maximum loss of  water 
(95–99%) from plants in well-watered condi-
tions (Goodwin and Jenks, 2005). Leaf  waxiness 
minimizes water loss from the leaf  after stomatal 
closure, resulting in tolerance to drought and in-
creasing water-use efficiency (WUE) (Richards 
et al., 1986; Zhang et al., 2007). Some genotypes 
roll their leaves under stress whereas some may 
not show leaf  rolling (Izanloo et al., 2008), cat-
egorized stress tolerance and susceptible geno-
types, respectively. This process, mediated by the 
signalling molecule abscisic acid (ABA) pro-
duced in the roots, results in limiting transpir-
ation and slowing production of  reactive oxygen 
species (ROS) (Rizhsky et al., 2002; Mahajan and 
Tuteja, 2005; Monneveux et al., 2006). The pro-
cesses can cause DNA nicking, amino acid and 
protein oxidation and lipid peroxidation (Reddy 
et  al., 2004), resulting in disruption of  lipid  
bilayer structure and reducing the function of  
membrane-bound enzymes (Mahajan and 
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Tuteja, 2005; Miller et  al., 2010). Extended 
water deficit further causes changes in/loss of  
turgor and reduced cell growth (Steudle, 2000). 
However, plants experience a range of  molecular 
changes which enable them to better cope with 
the short-term effects of  water deficiency and 
allow more rapid response time. Osmotic adjust-
ment (OA) has been observed in crops such as 
barley (González et  al., 2008), canola (Norouzi 
et  al., 2008) and maize (Hajlaoui et  al., 2010), 
and may contribute to photosynthetic and 
stomatal adjustment mechanisms. Many com-
pounds like proline, polyols (mannitol and 
inositol) and quaternary ammonium compounds 
such as glycine betaine (Wang et  al., 2003; 
Yancey, 2005; Bartels and Phillips, 2010) are 
produced due to the OA. These OA compounds 
also surround the hydration shell around deli-
cate proteins which further prevents their deg-
radation under osmotic stress (Galinski, 1993).

4.2.2  Biochemical response

Drought stress is a well-known complex trait 
which hampers not only the physiological activ-
ities but also the biochemical processes in wheat 
and other crops. It is important to understand 
the drought-induced responses at various 
phenological phases of  wheat which ultimately 
affect the grain yield. From the biochemical 
perspective, when drought occurs, it results in 
oxidative stress. The ROS are produced via 
metabolic processes such as respiration and 
photosynthesis through mitochondria, chloro-
plasts and peroxisomes during evolution (Saini 
et al., 2018). Both these aerobic processes play a 
crucial role in plant growth and development. 
ROS cause the oxidation of  nucleic acids (DNA, 
RNA), lipids and amino acids, membrane disin-
tegration and enzyme inactivation, which fi-
nally leads to cell death (Bhattacharjee, 2005). 
Several factors, like genotype of  the plant, phen-
ology phase and duration, trigger many adverse 
effects during drought stress. In wheat, a higher 
content of  malondialdehyde (MDA) triggered 
by H

2O2 results in membrane disintegration, 
whereas a lower level of  MDA provides drought 
tolerance (Zhang et al., 2011). As a consequence 
of  oxidative stress, activities of  the Calvin cycle 
are hampered because of  an increased amount 
of  H2O2 (Hasanuzzaman et  al., 2013), which  

reduces reproductive growth and development. 
Reduced membrane stability is an indicator of  
the extent of  lipid peroxidation caused by ROS 
(Sharma et al., 2017) and also activates antioxi-
dant enzymes: superoxide dismutase (SOD), 
catalase (CAT), peroxidase (POX), ascorbate per-
oxidase (APX), monodehydroascorbate reduc-
tase (MDHAR), dehydroascorbate reductase 
(DHAR), glutathione reductase (GR) and guai-
acol peroxidase (GPX) (Ashraf  and Foolad, 2007; 
Singh et  al., 2015). Levels of  enzymatic and 
non-enzymatic antioxidant defence mechanisms 
play a major role during drought stress condition 
at different phenological stages of  wheat. 
Drought-tolerant genotypes showed a higher level 
of  enzymatic and non-enzymatic antioxidant 
defence systems and a lower level of  oxidative 
damage factors (Hasheminasab et  al., 2012). 
Similarly, Nikolaeva et  al. (2010) observed that 
GR and APX content increased in tolerant culti-
vars Ballada and Belchanka whereas no increase 
in GR and APX was observed after day 3 and day 
5 of  soil drought. In another study, Ourghi (a 
drought-tolerant wheat genotype) exhibited 
highest POX activity, phenolic content and lowest 
membrane damage, indicating greater stomatal 
closure than other genotypes (Outoukarte et al., 
2019). Under drought conditions, genes respon-
sible for the activity of  antioxidant enzymes have 
been observed in drought-tolerant wheat geno-
types (Dudziak et  al., 2019). Similar trends of  
ROS activity along with OA through soluble 
sugars, proline and increased enzymatic and 
non-enzymatic antioxidant activities were ob-
served at tillering and jointing stage during water 
stress. Complete recovery was observed for mod-
erately stressed plants and no recovery for  
severely stressed plants (Abid et al., 2018). This 
indicates the potential of  plants during drought 
for instant recovery upon watering during vege-
tative stage for maintaining yield productivity. 
Under drought stress condition, both hexaploid 
(C306 and Hira) and tetraploid wheat (HW13 
and A9-30-1) genotypes showed reduction in 
relative water content (RWC), chlorophyll and 
carotenoid content, nitrate reductase activity 
and membrane stability, whereas proline and 
ABA contents increased. From this it is clear that 
drought stress results not only because of  one 
physiological parameter, but as a cumulative  
effect of  all parameters/processes (Chandrasekar 
et al., 2000).
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4.2.3  Physiological response

Visible symptoms and attributes contributing to 
drought tolerance include leaf  rolling, stay-
green, stomatal closure, increased root length, 
WUE, epicuticular wax content, photochemical 
quenching, photoinhibition resistance, OA and 
membrane stability (Collins et al., 2008; Khazaei 
et  al., 2013). The physiological responses of  
plants to water stress include leaf  wilting, a re-
duction in leaf  area, leaf  abscission and the 
stimulation of  root growth by directing nutri-
ents to the underground parts of  the plant. The 
reproductive stages are more sensitive to drought 
as the plant’s resources are utilized to support 
root growth. Leaf  rolling reduces the transpir-
ation rate and canopy temperature (CT) and im-
proves WUE (Townley-Smith and Hurd, 1979; 
Clarke, 1986). Maintaining higher RWC under 
these conditions supports normal growth and 
yield (Lazacano-Ferrat and Lovat, 1999; Costa 
Franca et al., 2000; Beltrano et al., 2006). The 
roots which are in direct contact with the soil 
feel immediate effects of  reduced soil moisture 
content. Inhibition in the development of  lateral 
roots and elongation of  the main root are adap-
tive mechanisms to the moisture stress (Xiong 
et al., 2006).

Drought has a higher impact on the photo-
synthetic apparatus, as it disrupts all major com-
ponents which include electron transport, the 
carbon reduction cycle and stomatal control of  
the CO

2 supply, and also increases the accumula-
tion of  carbohydrates, peroxidative destruction 
of  lipids and water imbalance. The limitation in 
CO2 diffusion due to stomatal closure, reduced 
activity of  photosynthetic enzymes and bio-
chemical components and decreased photo-
chemical efficiency of  photosystem II (PS II) are 
the major effects on photosynthetic rate (Pandey 
and Shukla, 2015). The decreased photosyn-
thetic activity in wheat under drought stress due 
to stomatal or non-stomatal mechanisms is on 
record (Ahmadi, 1998; Del Blanco et al., 2000). 
As stomatal closure is one of  the first responses to 
avoid water loss, CO

2 availability is limited 
leading to decrease in photosynthetic carbon as-
similation and increase in photorespiration. 
Downregulation of  Rubisco (ribulose-1,5- 
bisphosphate carboxylase-oxygenase) large subunit 
has been observed in drought-susceptible wheat 
genotypes (Bota et  al., 2004; Demirevska et  al., 

2009). The probable reasons assigned to meta-
bolic distortions of  photosynthetic activity are 
imbalance between light capture and its utilization 
(Kingston‐Smith and Foyer, 2000), decrease in 
Rubisco activity, loss of  chloroplast membranes 
(Amirjani and Mahdiyeh, 2013), degradation of  
chloroplast structure and photosynthetic appar-
atus, chlorophyll photo-oxidation, destruction of  
chlorophyll substrate, inhibition of  chlorophyll 
biosynthesis and increase of  chlorophyllase 
activity (Kabiri et  al., 2014). Compared with 
stomatal limitations, the metabolic distortions 
are more complex (Rama et al., 2014).

The decrease in chlorophyll content under 
drought stress is the result of  pigment photo- 
oxidation and chlorophyll degradation. Both 
chlorophyll a and chlorophyll b are sensitive to 
soil moisture stress (Farooq et al., 2009). Geno-
types with high chlorophyll content gave higher 
seed yield under stress (Alaei, 2011). Positive 
correlations of  grain yield in wheat with chloro-
phyll content, grain-filling period and the number 
of  grains per spike were reported (Kilic and  
Yagbasanlar, 2010). The total chlorophyll at 
pre- and post-anthesis stages and stable photo-
synthetic rate were high in tolerant wheat culti-
vars (Dawood et al., 2019). Water content, RWC, 
water loss rate, excised-leaf  water retention 
(ELWR) and residual transpiration rate are some 
important characteristics that influence plant 
water relations. Leaf  relative water content 
(LRWC), leaf  water potential (LWP), stomatal 
conductance and rate of  transpiration are influ-
enced by leaf  and CT. Drought and high tem-
perature stress lead to higher vapour pressure 
deficits (VPD) and higher evapotranspiration. 
During reproductive and grain-filling phases, 
water is required for stem and peduncle elong-
ation; spike and floret development; fertilization; 
grain growth and filling. Water moves through 
membranes facilitated by aquaporins. High tem-
perature increases the hydraulic conductivity of  
membranes and plant tissues due to increased 
aquaporin activity, membrane fluidity and per-
meability (Martínez-Ballesta et al., 2009). How-
ever, increased permeability of  membranes may 
cause the developing organs to dehydrate. With 
increase in the rate of  transpiration there is an 
increase in the pH of  leaf  sap, which promotes 
ABA accumulation leading to reduction in sto-
matal conductance. But increased cytokinin 
concentration in the xylem sap favours stomatal 
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opening, decreasing the sensitivity of  stomata 
towards ABA (Wilkinson and Davies, 2002). 
RWC is a measure of  plant water status, re-
flecting the metabolic activity in tissues, and is 
used as the most meaningful index for dehydra-
tion tolerance. The change in water loss in terms 
of  excised-leaf  water loss may estimate the 
plant’s leaf  water relations, especially when 
comparing fully hydrated leaves with those 
under deficit irrigation, which gives an insight 
on cuticular thickness and cuticular transpir-
ation (Clarke and McCaig, 1982). It reflects the 
balance between water supply to the leaf  and 
transpiration rate. The drought-tolerant geno-
types have less excised-leaf  water loss and evapo-
transpiration water losses, and conserve their 
water content (Izanloo et  al., 2008). The en-
hanced ELWR, which is attributed to leaf  rolling 
and reduction in exposed leaf  area, could be a 
superior indirect selection criterion for drought 
tolerance leading to higher grain yield (Lonbani 
and Arzani, 2011). A significant positive correl-
ation between RWC and grain yield under 
drought stress during the reproductive stages in 
wheat and barley is reported. Epicuticular 
waxes, the organic compounds of  the cuticle, 
cover the plant surface to control the water loss 
through epidermal conductance (Ahmed et  al., 
2012). These studies revealed that water stress 
results in damage to the oxygen-evolving com-
plex of  PS II (Scotnica et al., 2000) and to the PS 
II reaction centres associated with the degrad-
ation of  D1 protein (Murata et al., 2007; Zlatev, 
2009). When photosynthesis decreases, the 
light excitation energy is in excess, which causes 
photo-oxidative damage through accumulation 
of  ROS and oxidative stress (Chaves et al., 2009; 
Nishiyama et al., 2011).

ABA production can affect drought adapta-
tion through both dehydration avoidance and 
dehydration tolerance (Thompson et al., 2007). 
ABA is known as a major chemical root-to-shoot 
stress signal (Schachtman and Goodger, 2018) 
which induces leaf  expansion inhibition and 
stomatal closure. Moreover, ABA in wheat acts 
as a promotor for root growth which has a sig-
nificant correlation with yield under drought 
stress (Xu et al., 2013). It regulates tissue water 
content through stomatal oscillations and induces 
the expression of  genes encoding proteins that 
control cellular dehydration tolerance (Zhu, 2002). 
Under drought conditions, ABA is synthesized in 

xylem and then transported to reproductive organs 
where it influences grain filling by modulating 
the expression of  genes involved in carbohydrate  
metabolism and cell division. Accumulation of  
ABA in leaves and stem or root exudates increases 
with simultaneous reductions in leaf  cytokinin 
content (Yang et al., 2004). Reduced ethylene and 
1-aminocyclopropane-1-carboxylic acid (ACC) 
concentrations and increased ABA concentration 
in developing wheat grains under mild drought 
increased the grain-filling rate. However, under 
severe drought, ethylene, ACC and ABA concen-
trations reached very high levels to maintain the 
grain-filling rate (Yang et al., 2007).

4.2.4  Molecular response

Breeding for drought tolerance is complicated, 
largely due to the quantitative nature and sig-
nificant genotype-by-environment interactions 
associated with drought tolerance. An alterna-
tive strategy, involving selection for less complex 
physiological traits that are associated with yield 
in water stress environments (leaf  rolling, stay-
green, canopy temperature depression (CTD), 
OA, water-soluble carbohydrates (WSC), deep 
roots and glaucousness), has been suggested as a 
more useful approach (Gupta et  al., 2017). 
Quantitative trait loci (QTLs) in large number 
have already been reported in wheat for several 
traits including coleoptile length, carbon isotope 
discrimination (CID) or Δ13C, WSC, root system, 
grain yield and related traits recorded under 
water stress (Gupta et al., 2012).

Recent advancements in wheat genomics 
has deciphered many potential key genes, 
genomic regions and transcription regulators 
associated with morpho-physiological traits. 
Several approaches such as QTL mapping, 
genome-wide association mapping (GWAM) and 
marker-assisted backcross breeding (MABB) 
from wild gene pools are being used to identify 
new genes for genetic improvement of  wheat 
under drought conditions (Mwadzingeni et  al., 
2017). For drought and heat tolerance, meta-
QTL (MQTL) analysis in wheat identified several 
QTLs for physiological traits, namely photo-
synthesis (17 MQTLs), soluble carbohydrates 
(24 MQTLs), water status (18 MQTLs), CID (nine 
MQTLs), CT (ten MQTLs), coleoptile vigour 
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(18 MQTLs) and stay-green (34 MQTLs) (Acuna- 
Galindo et al., 2015). Several drought-responsive 
genes have been identified using RNA-seq tech-
nology (Liu et  al., 2015). Another RNA-seq 
study identified 309 differentially expressed 
genes in wheat that are involved in many critical 
processes including floral development, photo-
synthetic activity and stomatal development 
during reproductive stages in drought under 
field conditions (Ma et al., 2017). A number of  
genomic regions/QTLs have been identified for 
yield-contributing traits, but a limited number 
of  studies have focused on physiological traits 
such as leaf  green area, leaf  water content and 
WSC. Some of  the efficient physiological traits 
associated with drought stress tolerance are 
examined next.

Photosynthesis process

Photosynthesis consists of  several components, 
including the photosystems and photosynthetic 
pigments, the electron transport system and CO

2 
reduction pathways. It has been reported that 
yield progress is associated with increase in 
photosynthesis in terms of  greater radiation-use 
efficiency (RUE) and increased stomatal con-
ductance in wheat. In a recent association 
mapping study, common single-nucleotide poly-
morphism (SNP) markers have been identified 
for grain yield, biomass and RUE on chromo-
somes 5A and 7A using a 35K wheat breeders’ 
array (Molero et al., 2019). Under abiotic stress 
(heat, drought and salinity), photosynthetic effi-
ciency and transpiration rates are decreased 
(Zandalinas et al., 2016). Decrease in net photo-
synthetic rate is associated with stomatal 
closure, resulting in increased WUE (net CO

2  
assimilation rate/transpiration) (Ruggiero et al., 
2017). Several QTLs for physiological traits such 
as ground cover (GC), chlorophyll content, nor-
malized difference in vegetation index (NDVI) 
and CT have been identified using bi-parental 
populations under drought conditions in wheat 
(Pinto and Reynolds, 2015). In a recent study 
using high-density Illumina Select 90K SNPs, 
24 QTLs for GC, NDVI and CTD were identified 
on 12 chromosomes, explaining 3.4–14.6% of  the 
phenotypic variance. Out of  these, five stable QTLs, 
namely QGC-W.caas-7AL, QNDVI-S.caas-7AL, 
QGC-S.caas-3AS, QCTD-A.caas-5BS and QCTD-10.
caas-5BS, were identified in three environments 

for the physiological traits in the mapping popu-
lation (Gao et al., 2016). Glaucousness has been 
found responsible for providing tolerance against 
abiotic stresses, in particular to heat and drought 
stress. Previous studies in wheat reported two 
loci for Wax production, termed W1 (chromo-
some 2B) and W2 (chromosome 2D), and two 
Inhibitor of  wax loci, Iw1 (chromosome 2B) and 
Iw2 (chromosome 2D), that inhibit glaucous-
ness (Tsunewaki and Ebana, 1999).

Water-related traits

OA maintains water absorption and cell turgor 
pressure of  a plant under drought. It can be a 
potential selection criterion for drought toler-
ance in wheat (Cattivelli et  al., 2008). It has 
been reported that the wheat genotypes which 
contribute resources in the development of  
deep roots are able to extract the residual mois-
ture during water stress conditions in the 
field (Lopes and Reynolds, 2010). A deep 
root  system architecture (RSA) (i.e. seminal 
root number; nodal root number; primary root 
diameter, length and weight; adventitious sem-
inal root weight) with higher root density in-
creases the adaptability of  plants under water 
stress conditions. Root length, density and root 
depth are the major components of  RSA af-
fecting water extraction in deep soils (Carvalho 
et  al., 2014). In a durum wheat study, the 
deep-rooted genotypes enhanced grain size by 
16 to 35% under moisture stress and had grain 
yield advantage of  37 to 38% under low mois-
ture stress when compared with the shallowest 
root types (El Hassouni et  al., 2018). In ter-
minal drought, narrow root growth angle pro-
moting deeper root growth is often associated 
with improved access to water and nutrients in 
deep soils. In a recent genome-wide association 
study (GWAS), Alahmad et al. (2019) identified 
seven marker–trait associations (MTAs) on 
chromosome 6A for seminal root angle (SRA) 
and this major quantitative trait locus 
(qSRA-6A) annotates loci related to gravit-
ropism, polar growth and hormonal signalling.

CT is a trait which can be used as surrogate 
for the root development analysis. In wheat, 
genotypes with cooler temperature in the 
canopy showed 30% more yield associated with 
an increase of  40% in root dry weight at a depth 
of  60–120 cm (Lopes and Reynolds, 2010). 
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Pinto et al. (2010) identified five consistent QTLs 
on chromosomes 1Ba, 2Ba, 3Bb, 4Aa and 7Aa 
for cooler canopy explaining phenotypic vari-
ance from 7 to 14% under drought and heat 
stresses, respectively. The involvement of  roots 
was inferred since cooler canopies are a result of  
higher transpiration rates which require suffi-
cient access to water.

CID, or ∆13C, is a heritable trait and is under 
genetic control. ∆13C in the kernel has been iden-
tified as a potential criterion for selecting high-
WUE genotypes (Condon et al., 2004). Only a few 
studies have been carried out to dissect the genetic 
control of  this important trait. In an association 
mapping study, Mora et  al. (2015) identified 
chromosomes 1A, 3A, 4A and 5A as being asso-
ciated with the Δ13C trait, which could be used as 
an indirect tool for increasing WUE in wheat.

Besides being a major contributor of  carbon 
resources for grain yield, WSC also contributes 
to osmotic regulation as the osmolyte. WSC mo-
bilization under well-watered conditions con-
tributes 10–20% of  grain yield and up to 
30–50% of  grain dry matter under drought 
stress during the grain-filling stage (Rebetzke 
et  al., 2008). GWAS detected associations of  
markers on chromosomes 1A, 1B, 1D, 2D, and 
4A with WSC measured in water-limited condi-
tions (Ovenden et  al., 2017). Two KASP (com-
petitive allele-specific PCR) markers were also 
developed for the TaSST-D1 and TaSST-A1 genes 
underpinning WSC, out of  which TaSST-A1 
showed good association with high WSC content 
in a synthetic derivatives (SYN-DER) diversity 
panel (Khalid et al., 2019).

4.3  Breeding for Drought Tolerance 
in Wheat

Drought tolerance is a combinatorial trait that 
results from several genes influenced by various 
environmental elements (Kumar et  al., 2018). 
Selection for drought tolerance is hampered due 
to difficulty in precise phenotyping of  associated 
potential traits under water-limited conditions 
(Reynold et al., 2005). It is very difficult to screen 
a single trait index which indicates about both 
yield potential and drought tolerance (Chen 
et  al., 2012). Screening for identification of  
yield-contributing traits has been extensively 
done under drought tolerance in wheat 

(Mwadzingeni et al., 2016b). Drought response 
is a morpho-physio-biochemical phenomenon 
wherein three mechanisms are well known: (i) 
drought escape; (ii) drought avoidance; and (iii) 
drought tolerance (Levitt, 1980). Crop plants 
use these mechanisms in combination to cope 
against water stress at particular phenological 
phases (Zhang et al., 2012; Cheng et al., 2016). 
These mechanisms are governed by many asso-
ciated traits; morphological, physiological or 
biochemical (Tiwari et  al., 2017). During the 
drought escape situation, crop plants sense the 
occurrence of  water stress and adjust the pheno-
logical phase to complete their life cycle early so 
that by the time water stress arrives, physio-
logical activities will not be hampered that 
much. In the avoidance mechanism, crop plants 
attempt to avoid stress by reduction in leaf  area, 
increased pubescence, leaf  rolling, leaf  reflect-
ance, etc. Meanwhile, in the tolerance situation, 
the plant adjusts itself  to withstand water stress 
through several adaptive features like maintaining 
RWC, deep root system, cell-membrane integrity, 
accumulation of  osmolytes, presence of  awns, 
assimilation of  photosynthates and other associ-
ated traits. Thus, selection of  the parental lines 
to breed for the development of  improved 
high-yielding cultivars with drought tolerance 
should focus on the combination of  different 
relevant traits rather than a single trait as selec-
tion criteria. Genetic improvement for drought 
tolerance of  wheat can be done by introgression/
incorporation of  alleles with the existing allelic 
loci through conventional breeding, which could 
be further extended by the aid of  molecular 
breeding tools. In wheat, development of  high- 
yielding drought-adapted varieties is considered 
a key mitigation strategy against climate change. 
Further, the wild relatives and landraces offer an 
opportunity for utilization of  untapped natural 
variation not only for drought, but also for other 
biotic and abiotic stresses through both conven-
tional as well as genomics-assisted breeding 
(GAB) approaches.

4.3.1  Traditional breeding approaches

Concentrated efforts have been made towards 
the development of  drought-tolerant wheat  
cultivars by the International Maize and Wheat 
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Improvement Center (CIMMYT), Mexico, 
through collaborative research. But the en-
hancement in yield is too low compared with 
that projected by the scientific community as 
needed to feed the global population by 2050. 
For achieving the required 70% increase in yield 
above that of  the present scenario, the breeding 
material should be tested under water-limited 
conditions as the climate is changing at a rapid 
pace (Mwadzingeni et al., 2016a). Identification 
of  suitable genotypes for targeted growing envir-
onments and minimization of  confounding ef-
fects of  other abiotic stresses will be helpful for 
making effective selection for drought tolerance 
in wheat. For this, knowledge of  phenotypic 
drought-associated traits is indispensable for a 
better understanding of  drought tolerance 
mechanisms. Also, efficient utilization of  wheat 
genetic resources is a prerequisite, as genetic re-
sources are the key for unlocking the potential 
genetic variation left untapped due to the do-
mestication bottleneck.

Utilization of wheat genetic resources  
for development of drought resistance

The emergence of  modern Triticum aestivum oc-
curred due to agriculture. Thanks to nature for 
growing its ancestor (emmer) in an area with 
spontaneous occurrence of  Aegilops tauschii, the 
interspecific hybridization that generated this 
species occurred (Dubcovsky and Dvorak, 
2007). Domestication, centuries of  cultivation 
and modern breeding have further restricted the 
genetic variability of  several cultivated species, 
and wheat is not an exception (Reif  et al., 2005; 
Fu and Somers, 2009; Mir et al., 2012; Voss-Fels 
et  al., 2015). It is important to remember that 
wheat was one of  the first species to be domesti-
cated and cultivated, further decreasing its vari-
ability due to constant selection cycles since 
then (Lev-Yadun et  al., 2000; Charmet, 2011; 
Riehl et  al., 2013). Among all crop species, 
wheat is probably the one in which most  
research has been invested regarding the use  
of  wild and cultivated relatives as a source of  
variability for its improvement (Eduardo et  al., 
2019). Another strategy in this field is the  
development of  synthetic wheat, repeating the 
interspecific crosses that occurred in nature that 
led to the formation of  hexaploid wheat (Liu 
et al., 2006; Yang et al., 2009). In this method, 

different accessions of  the species Triticum mono-
coccum, Triticum turgidum and Ae. tauschii can be 
used for the formation of  new genetic constitu-
tions of  wheat, greatly increasing the genetic 
variability of  the primary gene pool (Mujeeb-
Kazi et  al., 2008). Numerous synthetic wheat 
germplasm pools have been developed by 
CIMMYT (Yang et al., 2009). This illustrates an 
advantage that wheat possesses, as an allohexa-
ploid, compared with diploid species. To produce 
new drought-resistant cultivars, plant breeders 
must identify germplasm with increased drought 
resistance. One opportunity is presented by the 
exploitation of  wild germplasm of  wheat. Triti-
cum dicoccoides is an important source of  
drought-related genes and is highly suitable as a 
donor for improving drought resistance in culti-
vated wheat species (Peleg et  al., 2008; Peng 
et al., 2013). Several drought tolerance genes of  
T. dicoccoides have been identified and character-
ized (Lucas et  al., 2011a,b; Kuzuoglu-Ozturk 
et  al., 2012). Interspecies variations are more 
profound than intraspecies variations. For ex-
ample, Ae. tauschii is more drought tolerant than 
Triticum and wild emmer wheat (Ashraf  et  al., 
2009; Nevo and Chen, 2010). Wheat alien 
chromosome addition lines, created with indi-
vidual chromosomes derived from wild ger-
mplasm, have been used to study the effect of  in-
dividual chromosomes. By studying a set of  
wheat–rye disomic addition lines, Mohammadi 
et al. (2003) found that most of  the genes control-
ling drought tolerance were located on chromo-
somes 7R, 5R and 3R. A wheat translocation line 
with an alien chromosome segment (7DL) from 
Agropyron elongatum was found to have improved 
water stress adaptation and higher root and shoot 
biomass compared with the control genotypes 
(Placido et  al., 2013). The presence of  the 1RS 
translocation in spring cultivar ‘Pavon’ increased 
root biomass and was more tolerant to field envir-
onmental stresses than Pavon (Ehdaie et  al., 
2003). These studies indicate that alien chromo-
some addition lines are promising sources of  
drought-related genes that could be used in wheat 
improvement programmes.

Prediction of  grain yield in wheat could be 
done by measuring traits such as NDVI, CT, 
chlorophyll content, 1000-grain weight, spike 
length and number of  grains per spike under 
stress (Babar et al., 2006; Teal et al., 2006; Jain 
et al., 2014; Ramya et al., 2015). There is genetic 
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variation for drought tolerance in wheat culti-
vars (Rai et  al., 2018). The donor line HI1500 
was selected on the basis of  the presence of  a 
positive allele for Qchl/ct associated with 
Xbarc68-101, Qndvi associated with Xgdm93 
and Qyield associated with Xgwm165 (Jain et al., 
2014; Ramya et  al., 2015). A popular widely 
grown but drought-susceptible Indian bread 
wheat variety, HD2733, was improved by trans-
ferring QTLs linked to traits like chlorophyll con-
tent, CT, NDVI and grain yield under drought 
stress from a known drought-tolerant variety, 
HI1500, and 20 lines in BC

2F3 and nine lines in 
BC1F4 (with an average yield of  265.39 g/plot) 
were selected on the basis of  their superior per-
formance against parental genotypes HD2733 
(242.31 g/plot) and HI1500 (253.74 g/plot) 
(Rai et  al., 2018). Root dry weight, shoot dry 
weight, root length and RWC are suitable traits 
that can be used for screening of  wheat lines for 
drought tolerance at early growth stage (Bansal 
et  al., 2016). Based on different morphological 
and physiological parameters and drought 
susceptibility index, IC333095, IC615005, 
Dharwad Dry and C306 were considered drought- 
tolerant genotypes (Bansal et  al., 2016). Plant 
height, grain number per spike, grain weight per 
spike, 1000-grain weight, grain plumpness, 
NDVI and CT could be recommended as indica-
tors of  drought tolerance improvement in spring 
wheat (Zhang et al., 2019).

The membership function value of  drought 
resistance (MFVD), which integrated the 
drought tolerance coefficients of  different traits, 
could be used to evaluate drought resistance 
(Chen et al., 2012). Through the MFVD analysis 
with the selected traits, Ag. elongatum 3E add-
ition line was identified with super-high drought 
resistance; and 25 wheat addition lines were 
identified as high drought resistance germplasm 
(Liu et al., 2015). These high drought-resistant 
wheat addition lines could be used in crossing 
with high-yield but drought-sensitive lines to 
generate lines being both high in drought resist-
ance and yield. Two addition lines with Aegilops 
peregrina 4SV and Ae. peregrina 3UV chromo-
somes were identified with high drought resist-
ance, and another eight lines were identified 
with relatively high drought resistance (Liu 
et al., 2015). The MFVD analysis and drought re-
sistance index (DI) under the two water regimes 
identified six SHW lines (SHW1, SHW3, SHW10, 

SHW16, SHW21 and SHW34) with higher 
drought resistance (Song et  al., 2017). The ex-
ploitation and utilization of  drought-resistant 
germplasm is of  great importance to meet the 
challenges of  wheat production under changing 
climatic conditions. Previous works have indicated 
that plant height, number of  effective tillers, 
grains per spike and grain weight are affected by 
water stress; similarly, biomass-related traits are 
significantly correlated with grain yield under 
water stress and have been considered as evalu-
ation parameters of  drought resistance (Duggan 
et  al., 2000; Blum, 2005; Nouri-Ganbalani 
et  al., 2009). Drought resistance is a quantita-
tive character controlled by multiple genes (Shi-
nozaki and Yamaguchi-Shinozaki, 2007). Large 
genetic variation exists in the primary gene pool 
of  Ae. tauschii, which is an important resource 
for broadening the genetic diversity of  common 
hexaploid wheat (Song et  al., 2017). The com-
prehensive evaluation of  MFVD and DI showed 
six SHWs identified with high drought resist-
ance (Song et al., 2017).

4.3.2  Genomics-assisted breeding  
for drought tolerance in wheat

Genomics is the study of  the structure and func-
tion of  the entire genome of  a living organism. 
The genome together with the environment in-
fluences the phenome of  the crop plant. There-
fore, selection based upon the phenome creates 
bias for selecting the desirable traits. But with 
the gene revolution, DNA-based molecular 
markers have become available for making selec-
tions at the gene level, which enhances the effi-
ciency of  selection of  desirable genotypes. 
Among cereals, wheat is an important crop 
having a large number of  genomic resources for 
different traits; morphological, physiological 
and biochemical features. GAB utilizes genomic 
resources with breeding practices for the devel-
opment of  superior cultivars with improvement 
in yield, quality and resistance to biotic and  
abiotic stresses. Assessment of  correlations be-
tween genotype and phenotype for breed culti-
vars is the major objective of  GAB. GAB includes 
genomics, transcriptomics, proteomics, metabo-
lomics and ionomics approaches for identifica-
tion of  DNA markers associated with the trait of  
interest, which helps breeders to identify the 
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phenotype of  the genotype. But in wheat GAB 
has not contributed that much to drought toler-
ance. This may be due to the polygenic nature 
and complexity of  drought tolerance. Attempts 
have been made by researchers to successfully 
utilize the variation present among the wheat 
genetic resources to develop improved cultivars 
using genomics approaches. However, the wheat 
genome sequence offers opportunities to wheat 
scientists to mine the sequences responsible for 
drought tolerance. The various GAB approaches 
such as marker-assisted breeding, genome-wide 
selection, association mapping, linkage map-
ping, transgenic technologies and genome 
editing provide an advantage for dissection of  
drought tolerance.

DNA markers associated  
with drought tolerance

DNA-based molecular markers – such as restric-
tion fragment length polymorphism (RFLP), 
amplified fragment length polymorphism 
(AFLP), randomly amplified polymorphic DNA 
(RAPD), simple sequence repeat (SSR), cleaved 
amplified polymorphic sequence (CAPS), sequence- 
characterized amplified region (SCAR), Diversity 
Arrays Technology (DArT) and SNP – serve as 
important tools for wheat breeders that enable 
better understanding of  the complexity and dis-
section of  the genes responsible for traits associ-
ated with drought tolerance using different 
kinds of  marker-aided selection schemes – such 
as MABB, marker-assisted recurrent selection 
(MARS) and marker-assisted gene pyramiding 
(MAGP) – for the development of  cultivars with 
drought tolerance. DNA markers are helpful in 
precise study of  drought stress. Further, these 
markers could be employed for genetic tagging 
and mapping as DNA markers can track the 
presence of  QTLs for drought tolerance in wheat. 
Also, they can be utilized for the development of  
drought-tolerant wheat lines. MAS is the most 
suitable approach for the development of  
drought tolerance via genetic linkage maps. 
RFLP markers were found to be associated with 
yield and other morpho-physiological traits such 
as LWP, CT, inhibition of  chlorophyll synthesis 
and proline content in durum wheat for drought 
tolerance (Nachit et al., 1993). QTLs for flag leaf  
senescence (FLS) have been detected and 
mapped on to chromosome 2D utilizing RFLP 

and SSR markers under normal as well as water-
stressed conditions in doubled haploid (DH) 
populations of  photoperiod-sensitive variety 
Beaver and photoperiod-insensitive variety Sois-
sons (Verma et al., 2004). In a DH population de-
rived from the cross between Chinese Spring and 
SQ1 (a high ABA-expressing line), RFLP, AFLP 
and SSR markers were utilized for tagging of  
drought stress QTLs (Quarrie et  al., 2005). 
Twelve wheat genotypes were screened with 
RAPD and inter-simple sequence repeat (ISSR) 
markers under drought stress and polymorphic 
linked markers were identified that could be ap-
plied in MAS for drought tolerance in wheat 
(Barakat et  al., 2010). In another study, Milad 
et al. (2011) reported a correlation of  FLS gene 
under water deficit condition with RAPD and 
ISSR markers. A DH population (CSDH) of  94 in-
dividuals was evaluated for additive and epistatic 
gene effects on total phenolic content, grain 
yield of  the main stem, grain number per plant, 
1000-grain weight and dry weight per plant for 
8 years by drought combinations (moderate and 
severe drought stress). A total of  21 DArT 
markers exhibited significant additive effect and 
were located on chromosomes 1A, 1B, 2A, 2B, 
2D, 3A, 3B, 3D, 4A and 4D. A subtle effect for 
total phenolic content on chromosome 4AL was 
noted (Czyczyło-Mysza et  al., 2019). Regarding 
drought-stress signalling, various markers have 
been documented. Molecular markers have also 
been found to be linked with transcription fac-
tors responsible for drought tolerance in wheat. 
Nowadays, sequence-based SNP markers have 
been found to be associated with transcription 
factors responsible for drought tolerance in 
wheat (Table 4.1).

Quantitative trait loci responsible  
for drought tolerance

The locus governing the phenome of  a quantita-
tive trait in an environment is referred to as a 
quantitative trait locus. Drought is a complex 
trait as it is a combination of  several morpho-
physio-biochemical traits. For understanding of  
the genetic landscape of  drought tolerance in 
wheat, intensive and integrative genetic, gen-
omic and molecular research is compulsory for 
the assessment of  genes and mechanisms under-
lying drought tolerance. The identification and 
introgression of  QTLs is an appropriate approach 
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for improvement in yield of  elite cultivars with 
drought tolerance (Qaseem et  al., 2019) using 
MAS (Hamada et al., 2012). Dozens of  QTLs as-
sociated with drought tolerance have been 
identified in wheat using bi-parental linkage 
mapping. For such type of  mapping, evaluation 
of  different mapping populations in different 
environments/seasons is a prerequisite. Dif-
ferent types of  mapping populations, such as 
recombinant inbred lines (RILs), DH, chromo-
some substitution lines (CSSLs), backcross 
populations (BCs) and multi-parent advanced 
generation inter-cross (MAGIC), are available in 
wheat (Kalladan et  al., 2013). Induction of  
drought during the reproductive phase severely 
affects the grain yield. In wheat, QTLs for 
drought tolerance in wheat have been identified 
through yield and yield-contributing traits 
under water stress conditions (Quarrie et  al., 
2006; Kirigwi et al., 2007; Salem et al., 2007; 
Yang et  al., 2007; Maccaferri et  al., 2008; 
Mathews et  al., 2008; von Korff  et  al., 2008; 
McIntyre et al., 2009; Peleg et al., 2009; Pinto 
et al., 2010). For stay-green in wheat three QTLs 
(QSg.bhu-1A, QSg.bhu-3B and QSg.bhu-7D) were 
identified in a Chirya3/Sonalika RIL population 
and these QTLs explained 38.7% of  the pheno-
typic variation (Kumar et al., 2010). Water def-
icit affects seed germination, vigour and seed-
ling development and QTL mapping has been 
done for seed germination in wheat (Czyczyło- 
Mysza et al., 2014). Using a DH population of  96 
individuals derived from Chinese Spring/SQ1 

evaluated under drought conditions, three QTLs 
for stress susceptibility (SSI) on chromosomes 
4B, 6B and 7A, two QTLs for mean productivity 
index (MP) on chromosomes 5A and 5B and one 
QTL each for stress tolerance index (STI), geo-
metric mean productivity (GMP) and tolerance 
index (TOI) were detected. These QTLs accounted 
for 13–36% of  the phenotypic variation (Dashti 
et al., 2007). Stomatal density and size of  stomata 
play a crucial role in WUE during physiological 
processes like photosynthesis and transpiration 
which ultimately affect the grain yield. About 
20 QTLs with additive effects and 19 QTLs 
having epistatic effects were detected under 
drought stress in a DH population of  Hanxuan 
10 (H10) and Lumai 14 (L14) which explained 
more than 10% of  the phenotypic variation 
present on 5A and 2D chromosomes (Wang 
et  al., 2016). In another study under irrigated 
and rainfed conditions of  a DH population 
developed from Kukri/Excalibur at four different 
locations over 3 years, 32 QTLs for nine drought- 
responsive traits (germination percentage, days 
to anthesis, days to maturity, grain-filling dur-
ation, plant height, productive tillers per square 
metre, 1000-grain weight and grain yield per 
plot) were found (Gahlaut et  al., 2017). Using 
composite interval mapping (CIM), ten QTLs 
were identified in water-limited condition for 
root length, shoot length and dry shoot weight 
in a RIL population derived from synthetic wheat 
(W7984)/Opata (SynOpRIL) (Khalid et  al., 
2018). Various QTLs with respect to agronomic, 

Table 4.1.  DNA markers associated with drought signalling genes in wheat. (From Budak et al., 2015.)

Marker Chromosome location/Nearest marker Drought signalling gene Reference

SNP 3A and 3BL DREB1 Wei et al. (2009)
SNP S770 Xfbb117–Xmwg818
SNP 3D
RAPD 3A Huseynova and 

Rustamova (2010)
SNP U16709.1 DREB1 Mondini et al. (2012)

DQ323885.1 WRKY1
AF303376.1 HKT-1
3A DREB1A Edae et al. (2013)
3A, 3B, 3D ERA1-B
– ERA1-D
6A 1-FEH-A
– 1-FEH-B
5A TaSnRK2.8 Zhang et al. (2013)
– DREB2 and DREB3 Mondini et al. (2015)
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physiological and metabolic traits have been 
identified in wheat (Tables 4.2 and 4.3).

Genome-wide analysis of drought  
tolerance

Genome-wide analysis includes GWAS and gen-
omic selection (GS). The GWAS approach is a 
form of  association mapping that is helpful in 
identification of  allelic diversity of  a particular 
trait, whereas GS is also a variant of  MAS that is 
employed for the detection of  minor QTLs with 
cumulative effect. Both these approaches utilize 
linkage disequilibrium (LD) and need appropriate 
statistical simulation models for precise identifi-

cation of  QTLs for the trait of  interest. These ap-
proaches are advantageous over the bi-parental 
linkage mapping and MAS approaches (i.e. 
MABB and MARS) because of  high resolution 
power, high precision and enhancement in gen-
etic gain efficiency. In wheat also, these ap-
proaches showed potential for identification of  
QTLs for yield and yield attributes related with 
drought tolerance and for predicting genotype 
performance for breeding drought tolerance 
under water stress condition. The North 
American spring wheat diversity panel of  250 
genotypes was scanned using 19,967 SNPs and 
identified 51 QTLs on ten chromosomes for 
drought resistance and yield attributes (Gizaw, 

Table 4.2.  QTLs identified for agronomic, physiological and metabolic traits in wheat using bi-parental 
linkage mapping. (From Sallam et al., 2019.)

Trait Chromosome Reference

Agronomic traits
Grain yield 1B, 1D, 3B, 4A, 6D, 7D Tahmasebi et al. (2017)
Grain weight per spike 1B, 1D Xu et al. (2017)
1000-Grain weight 1B, 1D, 2A, 2B, 3A, 3B, 4A, 4D, 

6A, 6D, 7B, 7D
Peleg et al. (2009); Xu et al. (2017)

Grain number per square metre 1B, 5A, 5B, 7D Tahmasebi et al. (2017)
Grain number per spike 1A, 2A, 2B, 3A, 6B Peleg et al. (2009); Xu et al. (2017)
Harvest index 1B, 2D, 4BS, 5A Xu et al. (2017)
Spike number per plant 1A, 2A, 2B, 2D, 4B, 5A, 7B Xu et al. (2017)
Spikelet compactness 1A, 1B, 2B, 5A, 5B, 6A, 6B, 7A Peleg et al. (2009); Xu et al. (2017)
Spikelet number per spike 1B, 1D, 2B, 3B, 4B, 5A, 6B, 7D Peleg et al. (2009); Xu et al. (2017)
Sterile spikelet number per spike 7A Xu et al. (2017)
Fertile spikelet per spike 2A Xu et al. (2017)
Spike length 2B, 7A, 7B Xu et al. (2017)
Biomass 1B Xu et al. (2017)
Shoot biomass 4B Kadam et al. (2012)
Plant height 1B, 4B, 7D Peleg et al. (2009); Xu et al. (2017)
Physiological traits
Leaf area, growth rate, 

transpiration efficiency, WUE
2A, 2D, 3A, 4B, 6A Parent et al. (2015)

Carbon isotope ratio, osmotic 
potential, chlorophyll content, 
flag-leaf rolling index

2B, 4A, 5A, 7B Peleg and Blumwald (2011)

WSC 1A, 1D, 2D, 4A, 6B, 7B, 7D Yang et al. (2007)
Stomatal density index, aperture 

area, length; guard-cell area  
and length

2B, 4AS, 5AS, 7AL, 7BL, 1BL, 
4BS, 5BS, 7AS

Shahinnia et al. (2016)

Stomatal conductance, net 
photosynthetic rate

5A, 6B Xu et al. (2017)

Root length 2D, 4B, 5D, 6B Kadam et al. (2012)
Root biomass 2D, 4BS Kadam et al. (2012)
Metabolic traits
ABA 1B, 2A, 3A, 4D, 5A, 6D, 7B Iehisa et al. (2014)
Jasmonic acid, salicylic acid, 

ethylene
6A Castro et al. (2008)
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2015). Sukumaran et  al. (2018) phenotyped a 
panel of  208 durum wheat lines for grain yield, 
drought stress and heat stress, identifying 6211 
DArT-seq SNPs. GWAS was performed and 
several common markers for stress indices were 
detected in drought and heat stress on chromo-
some 2B and 7A, respectively. A diverse panel of  
94 bread wheat genotypes was phenotyped for 
grain yield and associated traits as well as arbus-
cular mycorrhizal fungus symbiosis under 
drought and watered conditions and subjected 

to GWAS utilizing 15511 SNP markers. Drought 
tolerance was found to be improved in the pres-
ence of  mycorrhizae rather than its absence and 
chromosomes 3D and 7D have regions associ-
ated with mycorrhizae with drought stress toler-
ance (Lehnert et al., 2018). GWAS conducted by 
Bhatta et al. (2018) revealed the presence of  90 
novel MTAs on all three genomes (45 on A, 11 
on B and 34 on D) linked with grain yield, 
yield-contributing traits and root traits under 
water stress condition. In another study, drought 

Table 4.3.  Putative QTLs identified for drought tolerance in wheat. (From Mwadzingeni et al., 2016a.)

Chromosome
Trait associated with 
putative QTL Mapping population Reference

2A RWC, awn length, grain 
weight, coleoptile 
length, shoot length 
and extrusion length

Core Collection Ahmad et al. (2014)

1B, 4A, 4B, 7A, 7D 1000-Grain weight Core Collection Nezhad et al. (2012)
1A, 1D, 2B, 3A, 3B, 4B, 

4D, 5B, 6A
Potential quantum 

efficiency of PS II, 
chlorophyll content, 
flag-leaf temperature, 
grain yield

RIL of C306/HUW206 Kumar et al. (2012)

1D, 2A, 2B, 2D, 3A, 4A, 
4B, 5B, 5D, 6D, 7A, 7D

Root diameter, volume, 
surface area, 
crossings, forks and 
tips

Advanced backcross 
population of Devon/
Syn084

Ibrahim et al. (2012)

1D, 2B, 3A, 3B, 4A, 4B, 
5A, 5B, 6A, 6D, 7A, 7B

Grain yield RIL of Dharwar Dry/Sitta Alexander et al. (2012)

3BL Grain yield DH population of 
RAC875/Kukri

Bennett et al. (2012)

1B, 2B, 3B, 5B, 7B, 7A Grain weight, grain weight 
per spike, grain number 
per spike, spike per 
square metre, spike 
weight, spike harvest 
index and harvest index

RIL of Oste-Gata/
Massara-1

Golabadi et al. (2011)

All chromosomes except 
1D and 6A

Grain yield, number of 
grains per ear and 
chlorophyll a 
fluorescence

DH lines of Chinese 
Spring/SQ1

Czyczyło-Mysza et al. 
(2011)

All chromosomes except 
2A, 2D, 3D, 5D, 6D

Agronomic, phenological 
and physiological traits

RIL lines of Seri M82/
Babax

Pinto et al. (2010)

1A, 3D, 7B Stay-green RILs of Chirya 3/Sonalika Kumar et al. (2010)
2B, 4A, 5A, 7B Crop productivity, 

morpho-physiological 
and phenological traits

RILs of Langdon/G18-16 Peleg et al. (2009)

1B, 1D, 2B, 3A, 4A, 4B, 
4D, 5A, 5B, 6A, 6B, 
7A, 7B

Yield, anthesis and 
height

RILs of Seri M82/Babax Mathews et al. (2008)

6A Coleoptiles, seedling 
vigour and plant height

RILs of Chuanmai 18/
Vigour 18

Spielmeyer et al. 
(2007)
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tolerance indices were assessed based upon 
grain yield-associated traits in 384 cultivars and 
advanced lines. Using GWAS, 175 SNPs showed 
association with at least one drought tolerance 
index and most of  the associations were found 
on 4A chromosome, which revealed that 4A 
chromosome can play a crucial role in drought 
tolerance in wheat breeding programmes (Ball-
esta et  al., 2019). A total of  100 bread wheat 
genotypes were screened for yield and yield com-
ponents and the same panel was genotyped 
using 15,600 SNP markers. Of  these, 75 MTAs 
were identified and among these a further 37 
MTA were obtained for drought stress condition. 
Most of  the associations were found on B genome 
(Mathew et al., 2019). An association panel of  
320 diverse spring wheat accessions was geno-
typed with 9626 SNPs. The panel was pheno-
typed for yield and yield traits under watered 
and rainfed conditions and 19 MTAs were ob-
served in rainfed condition (Gahlaut et  al., 
2019). A consensus QTL locus which showed 
drought tolerance, designated as QTL locus.4B.1, 
further revealed the presence of  two minor 
haplotypes associated with drought tolerance 
and plant stature in durum wheat accessions 
(Wang et  al., 2019). A set of  645 wheat land-
races were evaluated for 16 seedling traits (root 
and shoot growth and water content under 
normal and water-limited conditions). The 
GWAS was performed using 52,118 DArT-seq 
markers. A total of  57 QTLs and 29 QTLs for 
seven and eight traits under normal and 
water-limited conditions were detected. Further, 
candidate genes under both conditions were 
identified and validated, which extends their 
scope for further utilization in genetic improve-
ment programmes for drought tolerance in 
wheat (Lin et al., 2019). Roots and shoots play 
an important role in the transportation of  water 
from roots to other parts of  the plant for utiliza-
tion in various physiological processes like 
photosynthesis, transpiration, etc. A GWAS was 
performed among 323 wheat genotypes’ root 
and shoot traits with a wheat 660K SNP array 
and 96 significantly associated loci were de-
tected using a mixed linear model approach (Li 
et  al., 2019). SNP-assisted GWAS and haplo-
type-assisted GWAS were performed in a diverse 
panel of  240 wheat accessions comprising 171 
SYN-DER and 69 modern cultivars and ad-
vanced lines, and 30 selection loci on the D 

genome that influence tolerance were identified 
(Afzal et  al., 2019). From 2018 onwards re-
searchers have conducted GWAS routinely, 
which has rewarded them with several genomic 
regions associated with yield, yield-contributing 
traits and drought tolerance under drought con-
dition across the world; this seems to be a main 
step towards development of  improved cultivars 
with drought tolerance in the future. GS has 
emerged as an important molecular approach 
which predicts superior genotype based upon the 
breeding value estimated at genomic level, 
namely genomic estimated breeding value 
(GEBV). In wheat GS has been applied for various 
economic traits like grain yield, plant height, 
heading date (i.e. days to heading), lodging, pre-
harvest sprouting (PHS), flour yield, flour pro-
tein, softness, and solvent retention capacity 
(SRC) for sucrose (SucSRC), water (H2O-SRC), 
lactic acid (LA-SRC) and sodium carbonate 
(NaCO-SRC) (Heffner et  al., 2011), as well as 
grain yield (Poland et  al., 2012; Rutkoski et  al., 
2016), adult plant stem rust resistance (Rutkoski 
et  al., 2014), genotype-by-environment inter-
action and trait stability (Lopez-Cruz et al., 2015; 
Huang et  al., 2016). In a study by Jafarzadeh 
et  al. (2016), estimated GEBV for grain yield 
varied from 0.40 to 0.50 under drought stress 
condition. GS has not been utilized for drought 
tolerance improvement in wheat so far. However, 
initial results indicate an opportunity for wheat 
breeders to practise GS for drought tolerance for 
the development of  superior wheat cultivars 
having better GEBV.

Transgenic technology for enhancing 
drought signalling

Transgenic technology has emerged as an al-
ternative approach to traditional breeding 
which involves the isolation, introduction, inte-
gration and expression of  a foreign gene in a 
host plant (Saini et al., 2020). It is very useful 
for the development of  crop cultivars with en-
hancement of  biotic and abiotic stress resist-
ance/tolerance, quality and yield traits. Bt 
cotton with resistance against Helicoverpa 
armigera is the most remarkable product of  this 
technology which proves its worthiness. In 
wheat, researchers have used this technology 
for the improvement of  drought tolerance 
(Table 4.4).
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Table 4.4.  Genetic transformation of drought tolerance genes/transcription factors in wheat from other 
crops and wheat. (From Budak et al., 2015; Khan et al., 2019.)

Source Transgene Improved traits Reference

From other crops
Barley HVA1 ABA signalling, produces LEA3 for 

cell-membrane integrity, higher 
biomass production, WUE and RWC, 
drought and salt tolerance

Sivamani et al. (2000); 
Bahieldin et al. (2005)

Soybean GmDREB AIS, drought and salt tolerance Shiqing et al. (2005)
AIS, twofold higher proline production, 

stay-green, SURV, drought tolerance
Wang et al. (2006)

Cotton GhDREB AIS, higher soluble sugars and 
chlorophyll production, improved 
drought, salt and freezing tolerance

Gao et al. (2009)

Arabidopsis 
thaliana

DREB1A Higher SURV, WUE and yield under 
drought tolerance

Pierre et al. (2012)

AtWRKY30 Higher biomass, photosynthesis, RWC, 
proline, soluble proteins, soluble 
sugars and antioxidant enzyme 
activities

El-Esawi et al. (2019)

AtHDG11 More yield, higher proline content and 
photosynthesis, lower stomatal 
density, lower water loss rate, 
increased antioxidant enzymes CAT 
and SOD activity

Li et al. (2016)

OTS1 Delayed senescence, higher RWC, 
photosynthesis and antioxidants

DREB High proline content Wang et al. (2006)
Rice SNAC1 Activation of sucrose phosphate synthase, 

type 2C protein phosphatases and 
1-phosphatidylinositol-3-phosphate-5-
kinase genes for ABA signalling, high 
RWC, chlorophyll content and biomass, 
enhanced salinity and drought tolerance

Saad et al. (2013)

Alfalfa Alfalfa aldose 
reductase 
(MsALR)

Antioxidant defence, ABA signalling, 
detoxification of aldehyde substrate, 
green biomass production, drought 
tolerance

Feher-Juhasz et al. 
(2014)

Escherichia 
coli

Mannitol-1-
phosphate 
dehydrogenase 
(mtlD)

Improved biomass, mannitol 
accumulation

Abebe et al. (2003)

Beta encoding 
choline 
dehydrogenase

Accumulation of glycine betaine He et al. (2011)

ScCspA Higher proline, grain weight and grain 
yield, less reduction in chlorophyll, low 
MDA content

Yu et al. (2017)

CspA and CspB Lower water loss rate and MDA content, 
higher chlorophyll, proline and yield

Atriplex 
hortensis

BADH Higher BADH activity Guo et al. (2000)
Accumulation of glycine betaine Wang et al. (2010a)
Decreased PS II photoinhibition Wang et al. (2010b)

Continued
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Omics approaches for drought tolerance

The recent advancement in genomics facilitates 
the rapid and accurate genome analysis in crop 
plants for the identification of  gene(s) respon-
sible for a specific effect. The RNA-seq and micro-
array approaches have been utilized for better 
understanding of  the drought tolerance in 
wheat. The omics-based approaches such as 
transcriptomics, proteomics and metabolomics 
have revolutionized the functional genomics 
because these approaches are very helpful for 
determining the differential gene expression at 
different crop phenological stages during abiotic 

stress like drought, salinity, heat and cold. In 
wheat these functional genomics approaches 
have been used extensively for the identification 
of  candidate genes for drought tolerance. A 
summary of  candidate drought tolerance genes 
identified is presented in Table 4.5.

4.4  Conclusion and Future  
Perspectives

It is well known that drought is a complex, poly-
genic trait. It is not possible to measure drought 

Source Transgene Improved traits Reference

Vigna 
aconitifolia

P5CS Proline biosynthesis Vendruscolo et al. (2007)

Brachypodium 
distachyon

SBPase SBPase gene promoter fully drives the 
GUS expression

Alotaibi et al. (2019)

Sunflower HaHB4 Increased yield and WUE González et al. (2019)
Maize PEPC Higher proline, soluble sugars and WUE Qin et al. (2015)
From wheat
Xifengo20 

(drought-
tolerant 
wheat 
cultivar)

TaWRKY2 High survival rate, proline, soluble sugars 
and chlorophyll

Gao et al. (2018)

Xiaobaimai 
cultivar

CIPK23 High survival rate, increased osmolytes, 
induction of stomatal closure, 
enhanced ABA sensitivity

Cui et al. (2018)

Triticum 
aestivum

P5cs Proline accumulation Pavei et al. (2016)

TAM107 TaFER-5B Improved leaf Fe content and ROS, 
enhanced drought and temperature 
tolerance

Zhang et al. (2014)

TaPEPKR2 Enhanced drought tolerance, higher root 
length

Zang et al. (2018)

Australian 
drought-
tolerant 
genotype 
RAC875

TaSHN1 Lower stomatal density and leaf water 
loss, improved recovery after severe 
drought

Bi et al. (2018)

TaNF-YB4 More spikes Yadav et al. (2015)

RAC785 DREB/CBF gene 
TaRAP2.1Lmut

Enhanced ability to survive frost and 
drought

Amalraj et al. (2016)

T. aestivum TaNAC69 More root biomass, longer roots Xue et al. (2011)
RAC875 TabZIP2 Fewer spikes and seeds, increased 

single-seed weight
Luang et al. (2018)

Langdon DREB Improved survival, slow growth, delayed 
flowering, less grain yield

Morran et al. (2011)

LEA3, late embryogenesis abundant 3; AIS, ABA-independent signalling; SURV, survival and recovery under severe 
drought; BADH, betaine aldehyde dehydrogenase; SBPase, sedoheptulose-1,7-bisphosphatase; GUS, β-glucuronidase.

Table 4.4.  Continued.
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Table 4.5.  Candidate genes identified through functional genomics in wheat.

Transcriptomics/Proteomics/
Genetic manipulation studies Gene regulation Reference

Silicon application for drought 
tolerance enhancement

Upregulation of antioxidant, ascorbate–
glutathione and phenylpropanoid 
pathway genes

Ma et al. (2016)

Overexpression of the wheat 
expansin gene TaEXPA2 for 
improved drought tolerance

Overexpression in tobacco Chen et al. (2016)

Dehydration and rehydration 
proteomic analysis

Induction of pathways related to 
carbohydrate and amino acid 
metabolism, antioxidants and defence, 
and ATP synthesis

Cheng et al. (2016)

Overexpression of TaWRKY1 Overexpression in tobacco Ding et al. (2016)
Aegilops longissima substitution 

lines in Chinese Spring
Increased expression of ascorbate 

peroxidase, serpin-Z2B α-amylase genes 
under drought stress

Zhou et al. (2016)

Succinate dehydrogenase 
inhibitor (SHI) fungicide spray 
under drought stress

Cell-wall expansion, wax and defence 
genes

Ajigboye et al. (2017)

Pre-treatment of wheat seedlings 
with NaHS (sodium 
hydrosulfide) under drought

SOD, transport, CDPK, ABA, auxin, 
ribosome biogenesis

Li et al. (2017)

Durum wheat micro-RNA targets Target genes of micro-RNAs under  
drought stress: ARFs, HD-Zip, SOD, 
ROS, HSPs

Liu, H. et al. (2017)

Drought response genes in 
developing wheat glumes

Enhanced expression of phenylpropanoid 
biosynthesis pathway genes in wheat 
glumes

Liu, C. et al. (2017)

Splice variation in wheat as an 
effect of drought

HSFA1FD, HSFA6B, HSP DnaJ 
alternatively spliced

Liu, Z. et al. (2017)

Wheat transcriptome changes 
under drought stress

LTPL38 and α-Amylase3 genes Ma et al. (2017)

Response of He–Ne laser-
pretreated wheat seedlings to 
drought stress

Altered expression of genes related 
to photosynthesis, nutrient uptake and 
transport

Qiu et al. (2017)

DEGs Upregulation of osmoprotectants, ROS 
scavengers, biomass and energy

Hu et al. (2018)

DEGs Upregulation of genes mostly involved  
in oxidation–reduction process, 
secondary metabolite biosynthesis, 
abiotic stress response, transferase 
activity and HSPs

Chaichi et al. (2019)

Response of wheat roots to 
drought

Gene regulatory networks showed  
69 hub-genes integrating ABA- 
dependent and -independent pathways 
controlling sensing of drought, root 
growth, uptake regulation, purine 
metabolism, thiamine metabolism and 
antibiotics pathways, stomatal closure 
and senescence

Iquebal et al. (2019)

Drought-responsive DEGs Genes enhancing upregulation of 
carotenoid biosynthesis pathway

Galvez et al. (2019)

DEG, differentially expressed gene; CDPK, calcium-dependent protein kinase; ARF, auxin-response factor; HD-Zip, 
homeodomain-leucine zipper; HSP, heat-shock protein.
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from a single trait index because of  its combina-
torial features. Traditional breeding involves 
utilization of  genetic resources for significant 
gain in yield under diverse environments. Identi-
fication of  suitable genotypes that can with-
stand water-limited conditions is a challenging 
task for wheat breeders. For a better under-
standing, precise phenotyping of  drought 
tolerance-associated traits is necessary. Precise 
phenotyping helps breeders in selecting diverse 
genotypes which can be utilized for developing 
mapping populations such as RILs, DH, CSSLs 
and near-isogenic lines (NILs). These popula-
tions provide an opportunity to breeders for 
studying the nature of  drought tolerance in 
wheat and further mapping the loci responsible 
for drought tolerance through bi-parental 

linkage mapping. Before wheat genome sequen-
cing, it was very difficult to dissect drought toler-
ance genomic regions because of  large genome 
size and repetitive sequences. But with the avail-
ability of  sequencing approaches, a large 
number of  genomic resources has become avail-
able which extend the scope of  utilization of  ad-
vanced genomics approaches such as GWAM 
and GS, MutMap+, etc. A new genome editing 
approach, the clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system, can also be 
utilized for enhancement of  drought tolerance 
in wheat. Therefore, integration of  genomic ap-
proaches with precise phenotyping is the need of  
the hour for improving drought tolerance in 
wheat.

References

Abdelali, B., Hassan El, S., Mohamed El, Y. and Yahia, R. (2019) Morphological traits associated with 
drought stress tolerance in six Moroccan durum wheat varieties released between 1984 and 2007. 
Journal of Crop Science and Biotechnology 22, 345–353.

Abebe, T., Guenzi, A.A., Martin, B. and Cushman, J.C. (2003) Tolerance of mannitol-accumulating trans-
genic wheat to water stress and salinity. Plant Physiology 131, 1748–1755.

Abid, M., Ali, S., Qi, L.K., Zahoor, R., Tian, Z. et al. (2018) Physiological and biochemical changes during 
drought and recovery periods at tillering and jointing stages in wheat (Triticum aestivum L.). Scientific 
Reports 8, 4615.

Acuna-Galindo, M.A., Mason, R.E., Subramanian, N.K. and Hays, D.B. (2015) Meta-analysis of wheat qtl 
regions associated with adaptation to drought and heat stress. Crop Science 55, 477–492.

Afzal, F., Li, H., Gul, A., Subhani, A., Ali, A. et al. (2019) Genome-wide analyses reveal footprints of divergent 
selection and drought adaptive traits in synthetic-derived wheats. G3: Genes, Genomes, Genetics 9(6), 
1957–1973.

Ahmad, M.Q., Khan, S.H., Khan, A.S., Kazi, A.M. and Basra, S. (2014) Identification of QTLs for drought 
tolerance traits on wheat chromosome 2A using association mapping. International Journal of Agricul-
ture and Biology 16, 862–870.

Ahmadi, A.A. (1998) Effect of post-anthesis water stress on yield regulating processes in wheat (Triticum 
aestivum L.). PhD thesis, University of London, Ashford, UK.

Ahmed, M., Asif, M. and Goyal, A. (2012) Silicon the non-essential beneficial plant nutrient to enhanced 
drought tolerance in wheat. In: Goyal, A. (ed.) Crop Plant. IntechOpen, London. Available at: https://
doi.org/10.5772/45647

Ajigboye, O.O., Lu, C., Murchie, E.H., Schlatter, C., Swart, G. and Ray, R.V. (2017) Altered gene expression 
by sedaxane increases PSII efficiency, photosynthesis and growth and improves tolerance to drought 
in wheat seedlings. Pesticide Biochemistry and Physiology 137, 49–61.

Alaei, Y. (2011) The effect of amino acids on leaf chlorophyll content in bread wheat genotypes under 
drought stress conditions. Middle-East Journal of Science and Research 10, 99–101.

Alahmad, S., El Hassouni, K., Bassi, F.M., Dinglasan, E., Youssef, C. et al. (2019) A major root architecture 
QTL responding to water limitation in durum wheat. Frontiers in Plant Science 10, 436.

Alexander, L.M., Kirigwi, F.M., Fritz, A.K. and Fellers, J.P. (2012) Mapping and quantitative trait loci analysis 
of drought tolerance in a spring wheat population using amplified fragment length polymorphism and 
Diversity Array Technology markers. Crop Science 52, 253–261.

Alexandratos, N. and Bruinsma J. (2012) World Agriculture Towards 2030/2050: The 2012 Revision. ESA 
Working Paper No. 12-03. Food and Agriculture Organization of the United Nations, Rome.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.5772/45647
https://doi.org/10.5772/45647


	 Genomics and Molecular Physiology for Improvement of Drought Tolerance in Wheat	 69

Alotaibi, S., Alyasi, H., El-Shehawi, A., Gaber, A., Hassan, M., Simkin, B.A.A. and Raines, C. (2019) Func-
tional analysis of SBPase gene promoter in transgenic wheat under abiotic stresses. Biotechnology 
18, 15–23.

Amalraj, A., Luang, S., Kumar, M.M., Sornaraj, P., Eini, O. et al. (2016) Change of function of the wheat 
stress-responsive transcriptional repressor Ta RAP 2.1 L by repressor motif modification. Plant Bio-
technology Journal 14, 820–832.

Amirjani, M.R. and Mahdiyeh, M. (2013) Antioxidative and biochemical responses of wheat. Journal of 
Agriculture and Biological Science 8, 291–301.

Anjum, S.A., Xie, X., Wang, L., Saleem, M.F., Man, C. and Lei, W. (2011) Morphological, physiological and 
biochemical responses of plants to drought stress. African Journal of Agriculture 6, 2026–2032.

Asfaw, A., Blair, M.W. and Struik, P. (2012) Multienvironment quantitative trait loci analysis of photosyn-
thate acquisition, accumulation, and remobilization traits in common bean under drought stress. G3: 
Genes, Genomes, Genetics 5, 579–595.

Ashraf, M. and Foolad, M.R. (2007) Roles of glycine betaine and proline in improving plant abiotic stress 
resistance. Environmental and Experimental Botany 59, 206–216.

Ashraf, M., Ozturk, M. and Athar, H.R. (2009) Salinity and Water Stress: Improving Crop Efficiency. 
Springer, New York.

Atlin, G.N., Cairns, J.E. and Das, B. (2017) Rapid breeding and varietal replacement are critical to 
adaptation of cropping systems in the developing world to climate change. Global Food Security 
12, 31–37.

Babar, M.A., Reynolds, M.P., Van Ginkel, M., Klatt, A.R., Raun, W.R. and Stone, M.L. (2006) Spectral re-
flectance to estimate genetic variation for in-season biomass, leaf chlorophyll and canopy tempera-
ture in wheat. Crop Science 46, 1046–1057.

Bahieldin, A., Mahfouz, H.T., Eissa, H.F., Saleh, O.M., Ramadan, A.M. et al. (2005) Field evaluation of 
transgenic wheat plants stably expressing the HVA1 gene for drought tolerance. Physiologia Plantar-
um 123, 421–427. Available at: https://doi.org/10.1111/j.1399-3054.2005.00470.x

Ballesta, P., Mora, F. and Pozo, A.D. (2019) Association mapping of drought tolerance indices in wheat: 
QTL-rich regions on chromosome 4A. Scientia Agricola 77, e20180153.

Bansal, R., Pradheep, K., Kumari, J., Kumar, S., Yadav, M.C. et al. (2016) Physiological and biochemical 
evaluation for drought tolerance in wheat germplasm collected from arid western plains of India. 
Indian Journal of Biochemistry & Biophysics 53, 212–217.

Barakat, M.N., Al-Doss, A.A., Moustafa, K.A., Ahmed, E.I. and Elshafei, A.A. (2010) Morphological and 
molecular characterization of Saudi wheat genotypes under drought stress. Journal of Food, Agricul-
ture and Environment 8, 220–228.

Bartels, D. and Phillips, J. (2010) Drought stress tolerance. In: Kempken, F. and Jung, C. (eds) Genetic 
Modification of Plants. Springer, Berlin/Heidelberg, Germany, pp. 139–157.

Beltrano, J., Ronco, M.G. and Arango, A.C. (2006) Soil drying and rewatering applied at three grain devel-
opmental stages affect differentially growth and grain protein deposition in wheat (Triticum aestivum L.). 
Brazilian Journal of Plant Physiology 18, 341–350.

Bennett, D., Reynolds, M., Mullan, D., Izanloo, A., Kuchel, H., Langridge, P. and Schnurbusch, T. (2012) 
Detection of two major grain yield QTLs in bread wheat (Triticum aestivum L.) under heat, drought and 
high yield potential environments. Theoretical and Applied Genetics 125, 1473–1485.

Bhatta, M., Morgounov, A., Belamkar, V. and Baenziger, P.S. (2018) Genome-wide association study re-
veals novel genomic regions for grain yield and yield-related traits in drought-stressed synthetic hexa-
ploid wheat. International Journal of Molecular Sciences 19, 3011.

Bhattacharjee, S. (2005) Reactive oxygen species and oxidative burst: roles in stress, senescence and 
signal transduction in plants. Current Science 89, 1112–1121.

Bi, H., Shi, J., Kovalchuk, N., Luang, S., Bazanova, N. et al. (2018) Overexpression of the TaSHN1 tran-
scription factor in bread wheat leads to leaf surface modifications, improved drought tolerance, and 
no yield penalty under controlled growth conditions. Plant, Cell & Environment 41(11), 2549–2566.

Blum, A. (2005) Drought resistance, water-use efficiency, and yield potential – are they compatible, disson-
ant, or mutually exclusive? Australian Journal of Agricultural Research 56, 1159–1168.

Bota, J., Flexas, J. and Medrano, H. (2004) Is photosynthesis limited by decreased Rubisco activity and 
RuBP content under progressive water stress? New Phytopathology 162, 671–681.

Bray, E.A., Bailey-Serres, J. and Weretilnyk, E. (2000) Responses to abiotic stresses. In: Gruissem, W., 
Buchannan, B. and Jones, R. (eds) Biochemistry and Molecular Biology of Plants. American Society 
of Plant Physiologists, Rockville, Maryland, pp. 1158–1249.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1111/j.1399-3054.2005.00470.x


70	 S. Sareen et al.	

Briggs, K. and Aytenfisu, A. (1980) Relationships between morphological characters above the flag leaf 
node and grain yield in spring wheats. Crop Science 20, 350–354.

Budak, H., Hussain, B., Khan, Z., Ozturk, N.Z. and Ullah, N. (2015) From genetics to functional genomics: 
improvement in drought signaling and tolerance in wheat. Frontiers in Plant Science 6, 1012.

Cabrera-Bosquet, L., Crossa, J., Von Zitzewitz, J., Dolors Serret, M. and Araus, J.L. (2012) High-throughput 
phenotyping and genomic selection: the frontiers of crop breeding converge. Journal of Integrated 
Plant Biology 54, 312–320.

Carvalho, P., Azam-Ali, S. and Foulkes, M.J. (2014) Quantifying relationships between rooting traits and 
water uptake under drought in Mediterranean barley and durum wheat. Journal of Integrated Plant 
Biology 56, 455–469.

Cassia, R., Nocioni, M., Correa-Aragunde, N. and Lamattina, L. (2018) Climate change and the impact of green-
house gases: CO2 and NO, friends and foes of plant oxidative stress. Frontiers in Plant Science 9, 273.

Castro, A.M., Tacaliti, M.S., Gimenez, D., Tocho, E., Dobrovolskaya, O. et al. (2008) Mapping quantitative 
trait loci for growth responses to exogenously applied stress induced hormones in wheat. Euphytica 
164, 719–727.

Cattivelli, L., Rizza, F., Badeck, F.W., Mazzucotelli, E., Mastrangelo, A.M. et al. (2008) Drought tolerance 
improvement in crop plants: an integrated view from breeding to genomics. Field Crops Research 
105(1–2), 1–14.

Cedola, M.C., Scalfati, G., Soprano, M., Rascio, A. and Iannucci, A. (1994) Leaf morpho-physiological 
parameters as screening techniques for drought stress tolerance in Triticum durum Desf. Journal of 
Genetics and Genome Research 48, 229–236.

Chaichi, M., Sanjarian, F., Razavi, K. and Gonzalez-Hernandez, J.L. (2019) Analysis of transcriptional re-
sponses in root tissue of bread wheat landrace (Triticum aestivum L.) reveals drought avoidance 
mechanisms under water scarcity. PLoS One 14, e0212671.

Challinor, A.J., Simelton, E.S., Fraser, E.D., Hemming, D. and Collins, M. (2010) Increased crop failure due 
to climate change: assessing adaptation options using models and socioeconomic data for wheat in 
China. Environmental Research Letters 5, 034012.

Chandrasekar, V., Sairam, R.K. and Srivastava, G.C. (2000) Physiological and biochemical responses of hexa-
ploid and tetraploid wheat to drought stress. Journal of Agronomy and Crop Science 185, 219–227.

Charmet, G. (2011) Wheat domestication: lessons for the future. Comptes Rendus Biologies 334, 212–220.
Chaves, M.M., Flexas, J. and Pinheiro, C. (2009) Photosynthesis under drought and salt stress-regulation 

mechanisms from whole plant to cell. Annals of Botany 103, 551–560.
Chen, X., Min, D., Yasir, T.A. and Hu, Y.G. (2012) Evaluation of 14 morphological, yield-related and physio-

logical traits as indicators of drought tolerance in Chinese winter bread wheat revealed by analysis of 
the membership function value of drought tolerance (MFVD). Field Crops Research 137, 195–201.

Chen, Y., Han, Y., Zhang, M., Zhou, S., Kong, X. and Wang, W. (2016) Over expression of the wheat expan-
sin gene TaEXPA2 improved seed production and drought tolerance in transgenic tobacco plants. 
PLoS One 11, e0153494.

Cheng, L.X., Wang, Y.P., He, Q., Li, H.J., Zhang, X.J. and Zhang, F. (2016) Comparative proteomics illus-
trates the complexity of drought resistance mechanisms in two wheat (Triticum aestivum L.) cultivars 
under dehydration and rehydration. BMC Plant Biology 16, 188–210.

Clarke, J.M. (1986) Effect of leaf rolling on leaf water loss in Triticum spp. Canadian Journal of Plant Sci-
ence 66, 885–891.

Clarke, J.M. and McCaig, T.N. (1982) Evaluation of techniques for screening for drought resistance in 
wheat. Crop Science 22, 503.

Collins, N.C., Tardieu, F. and Tuberosa, R. (2008) Quantitative trait loci and crop performance under abiotic 
stress: where do we stand? Plant Physiology 147, 469–486.

Condon, A.G., Richards, R.A., Rebetzke, G.J. and Farquhar, G.D. (2004) Breeding for high water-use effi-
ciency. Journal of Experimental Botany 55, 2447–2460.

Costa Franca, M.G., Pham-Thi, A.T., Pimentel, C., Pereyra Rossiello, R.O., Zuily-Fodil, Y. and Laffray, D. 
(2000) Differences in growth and water relations among Phaseolus vulgaris cultivars in response to 
induced drought stress. Environmental and Experimental Botany 43, 227–237.

Cui, X.X., Du, Y.Y., Fu, J.J., Yu, T.T., Wang, C.C. et al. (2018) Wheat CBL-interacting protein kinase 23 posi-
tively regulates drought stress and ABA responses. BMC Plant Biology 18, 93.
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5.1  Introduction

Wheat (Triticum aestivum L., AABBDD) is one of  
the earliest domesticated food crops. It has been 
the basic staple food of  civilizations in Europe, 
West Asia and North Africa for about 10,000 years 
(Eckardt, 2010). According to the latest data by 
the Food and Agriculture Organization of  the 
United Nations (http://www.fao.org/, accessed 8 
February 2021), wheat is the second most product-
ive crop in the world after maize (FAO, 2020) 
and it is cultivated from 67°N in Scandinavia 
and Russia to 45°S in Argentina, including ele-
vated regions in the tropics and subtropics (Shewry 
and Hey, 2015). As a temperate-season crop, 
wheat has as an optimal daytime growing tem-
perature of  20 to 24°C during reproductive de-
velopment (Farooq et al., 2011). Recent studies 
have shown that wheat yields will decline by 4.1 
to 6.4% for each increase of  1°C due to climate 
change while global surface temperature at the 
end of  the 21st century will be 1.5°C higher 
than it is now, which will significantly intensify 
the growing demands on food supply (Liu et al., 
2016; IPCC, 2018).

To cope with climate change and ensure 
food security, scientists have studied the heat tol-
erance mechanism of  model plants and crops, 

including wheat, for a long time. It is suggested 
that high temperature stress often results in an 
accumulation of  reactive oxygen species (ROS), 
leading to oxidative stress, DNA damage, irre-
versible oxidation of  proteins and lipids, and 
thylakoid membrane damage in cells (Mittler 
et  al., 2004; Suzuki et  al., 2012; Narayanan 
et  al., 2015). A previous study indicated that 
pre-flowering and flowering are the stages most 
sensitive to high temperature during wheat de-
velopment (Cossani and Reynolds, 2012). Short-
term high temperature in pre-flowering and 
flowering stages can reduce the number of  
grains per ear, which can be attributed to a re-
duction in the ability of  pollen germination and 
the growth rate of  the pollen tube (Feng et  al., 
2014). In addition, high temperature not only 
causes damage to yield-related traits, but also 
causes deterioration of  wheat quality. After 
thousands of  years of  evolution and domestica-
tion to protect itself  from heat stress, wheat has 
evolved complex systems to enhance its toler-
ance to climate change. Therefore, understand-
ing the complex response of  wheat to heat stress, 
as well as potential new technologies, will shed 
light on important strategies for the develop-
ment of  new varieties to adapt to temperature 
changes (Ni et al., 2018).
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5.2  Wheat Responses to Heat Stress

5.2.1  Morphological and growth  
responses

Heat stress can affect plant growth and devel-
opment, leading to morphological and growth 
changes in wheat plants, hindering develop-
ment processes and eventually resulting in loss 
of  quantity and yield (Rahman et  al., 2009). 
Gupta et al. (2013) applied heat stress at 45°C 
for 2 h on 7-day-old wheat seedlings and re-
vealed that heat stress reduced length and dry 
mass of  shoot and root; it also decreased mem-
brane stability index and reduced chlorophyll 
content by up to 18.52%. Heat stress at 
grain-filling stage can also reduce maximum 
quantum yield of  photosystem II, grain weight 
and yield (Pradhan and Prasad, 2015). Be-
sides, Lobell et  al. (2012) detected a statistic-
ally significant acceleration of  senescence 
from extreme heat stress, above and beyond 
the effects of  increased average temperatures, 
indicating that heat stress presents an even 
greater challenge to wheat than implied by 
previous modelling studies. The response of  
wheat to heat stress at different developmental 
stages was also different. Liu et al. (2011) ap-
plied heat stress to wheat for a 3-day period at 
different times after flowering and found that 
heat treatment at 6–8 days after flowering had 
the greatest effect on starch accumulation. 
The contents of  amylose and amylopectin de-
creased significantly in response to heat stress, 
and the decrease of  amylopectin content was 
more serious than that of  amylose (Liu et  al., 
2011). It is reported that heat stress signifi-
cantly decreased the expression level of  starch 
biosynthesis-related genes, such as those 
encoding ADP-glucose pyrophosphorylase, starch 
synthase I, II and III, granule-bound starch 
synthase and starch-branching enzyme I and 
II, which may directly lead to the decrease of  
starch content in wheat after heat stress 
(Hurkman et  al., 2003). Besides, a systematic 
study of  101 cultivars with varied geographic 
origin showed that the duration and timing of  
heat stress significantly influenced 1000- 
kernel weight and reproductive tiller number, 
explaining 51.6% of  its phenotypic variance 
(Balla et al., 2019).

5.2.2  Cellular structure  
and physiological response

High temperature induces a series of  physiological 
effects on plants, including cellular structure de-
struction, tissue dehydration, damage of  photo-
systems, affecting respiration etc., to limit plant 
growth and development. Denaturation of  pro-
teins and increased levels of  unsaturated fatty 
acids caused by heat shock disrupt water, ion and 
organic solute movement across membranes, 
leading to increased cell-membrane permeability 
and, in turn, inhibition of  cellular function (Ni 
et  al., 2018). ROS accumulation associated with 
heat stress also damages membranes (Moham-
med and Tarpley, 2009). It is reported that photo-
synthesis is quite sensitive to high temperature, 
whereas thylakoid membranes and photosystem 
II are the most heat-sensitive cell components 
(Ristic et al., 2007). Heat stress can lead to a phys-
ical separation of  the chlorophyll light-harvesting 
complex II from the photosystem II core complex 
and disruption of  photosystem II-mediated elec-
tron transfer, and finally result in the decrease of  
photosynthetic rate under heat stress (Ristic 
et  al., 2008). Heat stress also accelerated leaf  
senescence during wheat maturity, causing loss 
of  chloroplast integrity and rapid decline of  
photosystem II-mediated electron transport 
(Haque et al., 2014). In addition, the increase of  
non-photorespiratory processes and the accu-
mulation of  ROS caused by heat stress may lead 
to the inactivation of  chloroplast enzymes, 
which in turn reduces the net photosynthetic 
rate of  leaves (Ainsworth and Ort, 2010). There-
fore, the detoxification by antioxidant systems is 
of  great significance to protect plant cells from 
heat stress injury.

5.3  Molecular-Genetic Bases of Heat 
Response in Wheat

5.3.1  Multi-omics research  
on heat stress response

The transcriptome of  wheat has undergone great 
changes in response to heat stress, although its 
regulatory mechanisms are not fully understood. 
In a pioneering study, Qin et  al. (2018) applied 
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heat stress at 40°C on wheat seedlings, resulting 
in differential expression of  about 10.7% of  the 
transcriptome probe sets detected by microarray. 
Except for heat-shock protein (HSP) and heat-shock 
factor (HSF) encoding genes, those putative heat-
responsive genes encoding proteins involved in 
phytohormone biosynthesis/signalling, calcium 
and sugar signalling pathways, ribosomal pro-
teins, primary and secondary metabolisms were 
also up- or downregulated. Of  these, 313 probes sets 
were differentially expressed in a heat-tolerant 
cultivar (TAM107) and a heat-sensitive cultivar 
(CS) after heat stress (Qin et  al., 2008). Kumar 
et  al. (2015) identified 1525 differentially 
expressed transcripts under heat stress using 
RNA-seq analysis and recorded that metabolic 
processes, protein phosphorylation and oxidation–
reduction processes were significantly influenced. 
Bread wheat is an allohexaploid containing three 
subgenomes (A, B and D) and exhibits stronger 
abiotic stress tolerance than its progenitors. Liu 
et al. (2018) reported that about 68.4% of  wheat 
homoeologous genes are expressed differently 
under heat stress condition. Moreover, alterna-
tive splicing (AS) might also contribute to heat 
tolerance in wheat; besides, the patterns of  a sub-
set of  genes were changed in response to heat 
stress and AS events occurred more in B subge-
nome than in A and D subgenomes. Comparison 
of  genes regulated at AS and transcriptional 
levels showed that about 40% of  heat stress-induced 
AS genes were subjected to transcriptional regu-
lation, suggesting that both expression variation 
and AS changes play an important role in the 
heat stress response of  bread wheat (Liu et  al., 
2015, 2018).

Wheat responses to heat stress are not only 
at transcriptional level but also at translational 
level. The flag leaves of  heat-tolerant wheat var-
iety GW451 and heat-susceptible wheat variety 
WH147 were analysed by two-dimensional elec-
trophoresis. It was found that there were more 
low-molecular-weight proteins in WH147 after 
heat treatment than before (Nandha et  al., 
2018). Lu et  al. (2017) carried out a daytime 
high temperature stress test on wheat at grain-
filling stage. It was revealed that the expression 
levels of  proteins related to chlorophyll synthe-
sis, carbon fixation, protein turnover and redox 
regulation were significantly changed (Lu et al., 
2017). Zhang et al. (2017) used isobaric tags for 
relative and absolute quantitation (iTRAQ) methods 

to investigate the changes of  protein expression 
profiles in the grain of  wheat variety Jing411 
under high stress condition, finding that 256 
proteins were differentially expressed, among 
which 126 proteins were upregulated and 130 
proteins were downregulated. Gene ontology 
enrichment analysis showed that these differen-
tially expressed proteins were mainly involved in 
stimulus response, abiotic stress response and 
stress response, kinase activity and transferase 
activity (Zhang et al., 2017).

Epigenetic modification contributes to the 
rapid and effective regulation of  gene expression 
and ultimately improves plant stress tolerance. 
DNA methylation, microRNAs (miRNAs) and 
long non-coding RNAs (LncRNAs) have been 
proved to be important components of  regulating 
heat tolerance in wheat. Gardiner et al. (2015) as-
sayed 293,076 cytosine residues across the wheat 
genome in seedling samples at 12 and 27°C and 
found 0.1% of  sites showing differential DNA 
methylation between the two temperatures. Al-
though only minor differences in methylation 
patterns were observed between wheat at 12 and 
27°C conditions, the authors confirmed that DNA 
methylation was associated with small changes in 
gene expression which have a temperature- 
dependent expression profile, including heat shock 
and stress-related genes (Gardiner et al., 2015).

miRNAs are a class of  20–24 nt small RNAs 
which regulate gene expression by splicing tar-
geted transcripts or by inhibiting translation and 
might play a role in regulating heat response in 
wheat (Xin et al., 2010; Ragupathy et al., 2016). 
Wang et  al. (2012) found that wheat miR159 
can bind to target genes TaGAMYB1 and TaGA-
MYB2 and directed their cleavage. Overexpression 
of  wheat miR159 in rice leads to a heat-sensitive 
phenotype compared with wild type, indicating 
a contribution to the heat response (Wang et al., 
2012). In addition, Xin et al. (2011) found that 
LncRNA also participated in the heat response 
of  wheat. LncRNA may act as a long transcript 
or by producing small interfering RNAs (siRNAs) 
or miRNAs. For example, TahlnRNA27 may be 
the precursor of  micro2010. Its expression level 
in heat-tolerant variety TAM107 was upregulat-
ed an hour after heat treatment. Interestingly, 
H

3K9 acetylation may be involved in the heat 
stress response in wheat by regulating the ex-
pression of  non-coding RNA (Xin et al., 2011). 
Ravichandran et al. (2019) found that a total of  
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36 mature miRNAs were differentially expressed 
before and after heat stress in wheat, and paral-
lel analysis of  RNA ends (PARE) (degradome) se-
quencing validated that these responsive miRNAs 
targeted superoxide dismutases and an array of  
homeobox leucine-zipper proteins, F-box proteins 
and protein kinases (Ravichandran et al., 2019).

5.3.2  Mapping quantitative trait loci 
related to heat tolerance

Heat tolerance is a quantitative trait controlled 
by many loci/genes (Bohnert et al., 2006). Many 
efforts have been undertaken to elucidate the 
genetic basis of  heat tolerance in wheat. Sun 
and Quick (1991) mapped heat tolerance-related 
genes on chromosomes 3A, 3B, 4A, 4B and 5A 
in durum wheat (Langdon) using chromosome 
substitution lines in terms of  membrane thermal 
stability. Xu et  al. (1996) then reported that 
chromosomes 3A, 3B and 3D were also associ-
ated with heat tolerance in wheat cultivar Hope.

With the rapid development of  molecular 
marker technology, many heat tolerance-related 
quantitative trait loci (QTLs) have been identified 
on different chromosomes of  wheat by using 
physiological and heat-sensitive indicators. For 
example, Pinto et  al. (2010) located 16 QTLs 
closely related to high temperature using 167 
recombinant inbred lines of  Seri/Babax and took 
canopy temperature at the vegetative stage as a 
heat tolerance index, which accounted for 28% 
of  phenotypic variation. They also found that 
the QTLs located at chromosomes 4A and 3B 
contributed to both heat and drought stress 
(Pinto et al., 2010). In addition, using the num-
ber of  grains per panicle and grain weight as 
heat sensitivity indicators, Mason et  al. (2011) 
identified 14 QTLs on chromosomes 1B, 5A and 
6D using 121 wheat recombinant inbred lines 
(Halberd × Karl92) that could explain 4.5 to 
19.3% of  phenotypic variation, respectively. Pal-
iwal et  al. (2012) identified four heat toler-
ance-related QTLs on chromosomes 2B, 7B and 
7D with 1000-grain weight, filling time and 
heat-sensitive index of  yield as indicators, which 
could explain 7.21–25.39% of  phenotypic vari-
ation. By exploring Fv/Fm (maximum quantum 
efficiency of  photosystem II) as a heat sensitivity 
indicator, Sharma et  al. (2017) identified three 

important heat stress QTLs in wheat, two on 
chromosomes 3B and one on 1D, using 34,955 
DArT-seq (Diversity Arrays Technology) and 27 
SSR (simple sequence repeat) markers.

Although many heat tolerance-related QTLs 
have been mapped, no genes have been cloned, 
thus there is still a long way to go to understand 
the underlying molecular mechanisms in 
response to heat stress in wheat. However, with 
release of  a wheat reference genome sequence, 
development of  high-throughput sequencing 
and molecular marker technology, it is believed 
that the cloning of  heat tolerance genes will be 
an important area for dissecting the genetic 
basis of  wheat heat tolerance in the future.

5.3.3  Functional genes  
in response to heat stress

Heat shock rapidly changes the expression pat-
terns of  heat-related genes in plants (Bita and 
Gerats, 2013; Zhuang et  al., 2014). In recent 
years, many heat tolerance-related genes have 
been identified using reverse genetic methods in-
cluding transcriptomics, proteomics and metabo-
lomics, which help us to understand mechanisms 
at the molecular level and improve heat tolerance 
in wheat during breeding programmes.

HSPs are a set of  stress genes induced rapidly 
under heat stress conditions. The proteins act as 
molecular chaperones in organisms to protect pro-
teins from unpleasant folding in cells in response to 
heat stress (Vierling, 1991). Rampino et al. (2009) 
measured the acquired thermo-tolerance of  
different varieties of  durum wheat in terms of  cell- 
membrane stability and found that the accumula-
tion of  HSP transcripts was related to the duration 
of  heat stress and significantly affected heat toler-
ance of  durum wheat. HSF genes also play a cen-
tral regulatory role in acquired thermo-tolerance. 
Bioinformatic and phylogenetic analyses identified 
56 HSF members in wheat, which are classified 
into A, B and C classes. Upon heat stress, the tran-
script levels of  A2- and A6-type HSF members were 
highly expressed, indicating an important regula-
tory role during heat stress (Xue et al., 2014).

In addition to HSP and HSF genes, Zang et al. 
(2017) found a ferritin gene TaFER on chromo-
some 5B contributing to heat tolerance based on 
the transcriptome analysis. Moreover, TaFER 
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transgenic plants showed improved heat toler-
ance in Arabidopsis associated to ROS accumula-
tion (Zang et  al., 2017). In addition, Geng et  al. 
(2018) found that upregulation and unconven-
tional splicing of  TabZIP60 occurred in wheat 
seedlings in response to heat stress. Constitutive 
expression of  the spliced form of  TabZIP60 (Tab-
ZIP60s) enhanced heat tolerance in Arabidopsis, 
but overexpression of  the unspliced form (Tab-
ZIP60u) did not. RNA-seq analysis revealed that 
unconventional splicing of  TabZIP60 could con-
tribute to heat tolerance in transgenic plants by 
modulating the expression of  stress-related genes 
in the endoplasmic reticulum (Geng et al., 2018).

As important signal molecules in cells, phy-
tohormones are involved in the regulation of  vari-
ous physiological processes of  plant growth and 
development, including heat tolerance (Ahammed 
et  al., 2016). Growing evidence shows that the 
plant hormone abscisic acid (ABA) is likely an im-
portant contributor in the regulation of  heat toler-
ance in wheat. A wheat ABA-insensitive genetic 
variant had higher kernel weight and yield com-
pared with its parental line, and it grew faster and 
lasted longer in leaf  area under stressed condi-
tions. Selecting an ABA-insensitive genotype may 
be an effective way to improve heat tolerance and 
drought resistance of  wheat (Lu et al., 1989). Ex-
ogenous ABA application improved grain yield by 
increasing the grain sink capacity and grain- 
filling rate through regulating endogenous hormone 
contents to promote endosperm cell division and 
photosynthetic accumulation under both normal 
and high temperature stress conditions (Ni et al., 
2018). In addition, ethylene is also reported to link 
with a yield penalty under heat stress that lowers 
ethylene content in the spike and was strongly  
associated with high grain yield (Valluru et  al., 
2017). Moreover, Tian et al. (2020) reported that 
heat stress induces upregulation of  the gene encod-
ing 12-oxo-phytodienoic acid reductase (TaOPR3), 
which is involved in jasmonate biosynthesis. Wheat 
TaOPR3 knockdown lines showed enhanced heat 
sensitivity, whereas overexpression lines exhibited 
improved heat tolerance (Tian et al., 2020).

5.3.4  Improving heat tolerance of wheat 
by comprehensive strategies

High temperature adversely affects plant growth 
and causes severe crop yield losses worldwide, 

especially for chimonophilous wheat. Utilization 
of  excellent genetic diversity is a priority for im-
provement of  heat tolerance in wheat breeding 
programmes. More than 1200 wheat landraces 
collected from different heat-stressed areas were 
analysed; a highly significant correlation be-
tween chlorophyll content in leaves and 
1000-grain weight was observed and a group of  
excellent germplasms was identified (Hede et al., 
1999). Based on the study of  chlorophyll fluor-
escence, wheat heat tolerance has additive and 
cytoplasmic effects, and recurrent selection is an 
effective way to accumulate wheat heat toler-
ance-related genes (Moffatt et  al., 1990). Add-
itionally, heat tolerance variations were ob-
served in Aegilops speltoides, Aegilops longissima 
and Aegilops searsii (Pradhan et  al., 2012; Ni 
et al., 2018). Only a few genetic materials in heat 
tolerance have been utilized due to the limitations 
of  conventional breeding methods. However, 
marker-assisted selection (MAS) is an option for 
improving heat tolerance in wheat since more 
and more heat tolerance-related QTLs/genes 
have been reported. Besides, genetic modifica-
tion can also be used to improve wheat heat toler-
ance. For example, overexpression of  maize 
phosphoenolpyruvate carboxylase gene ZmPEPC 
in wheat enhanced photochemical and antioxi-
dant enzyme activities, delayed chlorophyll deg-
radation, altered contents of  proline and other 
metabolites, and ultimately improved heat toler-
ance (Qi et  al., 2017). In addition, transgenic 
wheat with constitutive expression of  maize 
EFTu1 gene also exhibited enhanced heat toler-
ance (Fu et al., 2008). It is worth noticing that 
the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9) system has been explored in 
wheat, which might be an efficient tool to im-
prove heat tolerance in future studies.

5.4  Conclusion

Heat stress has become one of  the limiting factors 
affecting wheat production. Genetic improve-
ment of  heat tolerance is a major scientific prob-
lem. However, researchers are still far from fully 
understanding the genetic and molecular basis 
because heat tolerance is a quantitative trait and 
controlled by many genes of  minor effect, and the 
regulating network is also complicated. This 
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chapter has focused on the recent studies of  gen-
etic and genomic research in response to heat 
stress in wheat, which needs further investigation 
in the future. However, it is believed that with the 

emphasis on genetic resource exploration and 
with better understanding of  the molecular basis, 
heat tolerance will be improved during wheat 
breeding programmes in the future.
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Fu, J., Momčilović, I., Clemente, T.E., Nersesian, N., Trick, H.N. and Ristic, Z. (2008) Heterologous expres-
sion of a plastid EF-Tu reduces protein thermal aggregation and enhances CO2 fixation in wheat 
(Triticum aestivum) following heat stress. Plant Molecular Biology 68, 277–288.

Gardiner, L.J., Quinton-Tulloch, M., Olohan, L., Price, J., Hall, N. and Hall, A. (2015) A genome-wide survey 
of DNA methylation in hexaploid wheat. Genome Biology 16, 273.

Geng, X., Zang, X., Li, H., Liu, Z., Zhao, A. et al. (2018) Unconventional splicing of wheat TabZIP60 confers 
heat tolerance in transgenic Arabidopsis. Plant Science 274, 252–260.

Gupta, N.K., Agarwal, S., Agarwal, V.P., Nathawat, N.S., Gupta, S. and Singh, G. (2013) Effect of short-term 
heat stress on growth, physiology and antioxidative defence system in wheat seedlings. Acta Physio-
logiae Plantarum 35, 1837–1842.

Haque, M.S., Kjaer, K.H., Rosenqvist, E., Sharma, D.K. and Ottosen, C.O. (2014) Heat stress and recovery 
of photosystem II efficiency in wheat (Triticum aestivum L.) cultivars acclimated to different growth 
temperatures. Environmental and Experimental Botany 99, 1–8.

Hede, A.R., Skovmand, B., Reynolds, M.P., Crossa, J., Vilhelmsen, A.L. and Stølen, O. (1999) Evaluating 
genetic diversity for heat tolerance traits in Mexican wheat landraces. Genetic Resources and Crop 
Evolution 46, 37–45.

Hurkman, W.J., McCue, K.F., Altenbach, S.B., Korn, A., Tanaka, C.K. et al. (2003) Effect of temperature on 
expression of genes encoding enzymes for starch biosynthesis in developing wheat endosperm. Plant 
Science 164, 873–881.

IPCC (2018) Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C 
above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context 
of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, 
and Efforts to Eradicate Poverty (Masson-Delmotte, V., Zhai, P., Pörtner, H.O., Roberts, D., Skea, J. 
et al., eds). Intergovernmental Panel on Climate Change, Geneva, Switzerland, pp. 1–26.

Kumar, R.R., Goswami, S., Sharma, S.K., Kala, Y.K., Rai, G.K. et al. (2015) Harnessing next generation 
sequencing in climate change: RNA-Seq analysis of heat stress-responsive genes in wheat (Triticum 
aestivum L.). Omics 19, 632–647.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



88	 K. Yu et al.	

Liu, B., Asseng, S., Müller, C., Ewert, F., Elliott, J. et al. (2016) Similar estimates of temperature impacts on 
global wheat yield by three independent methods. Nature Climate Change 6, 1130–1136.

Liu, P., Guo, W., Jiang, Z., Pu, H., Feng, C. et al. (2011) Effects of high temperature after anthesis on starch gran-
ules in grains of wheat (Triticum aestivum L.). The Journal of Agricultural Science 149, 159–169.

Liu, Z., Xin, M., Qin, J., Peng, H., Ni, Z., Yao, Y. and Sun, Q. (2015) Temporal transcriptome profiling reveals 
expression partitioning of homeologous genes contributing to heat and drought acclimation in wheat 
(Triticum aestivum L.). BMC Plant Biology 15, 152.

Liu, Z., Qin, J., Tian, X., Xu, S., Wang, Y. et al. (2018) Global profiling of alternative splicing landscape re-
sponsive to drought, heat and their combination in wheat (Triticum aestivum L.). Plant Biotechnology 
Journal 16, 714–726.

Lobell, D.B., Sibley, A. and Ortiz-Monasterio, J.I. (2012) Extreme heat effects on wheat senescence in 
India. Nature Climate Change 2, 186–189.

Lu, D.B., Sears, R.G. and Paulsen, G.M. (1989) Increasing stress resistance by in vitro selection for abscisic 
acid insensitivity in wheat. Crop Science 29, 939–943.

Lu, Y., Li, R., Wang, R., Wang, X., Zheng, W. et al. (2017) Comparative proteomic analysis of flag leaves 
reveals new insight into wheat heat adaptation. Frontiers in Plant Science 8, 1086.

Mason, E.R., Mondal, S., Beecher, F.W. and Hays, D.B. (2011) Genetic loci linking improved heat toler-
ance in wheat (Triticum aestivum L.) to lower leaf and spike temperatures under controlled conditions. 
Euphytica 180, 181–194.

Mittler, R., Vanderauwera, S., Gollery, M. and Van Breusegem, F. (2004) Reactive oxygen gene network 
of plants. Trends in Plant Science 9, 490–498.

Moffatt, J., Sears, R., Cox, T. and Paulsen, G. (1990) Wheat high temperature tolerance during reproduct-
ive growth: II. Genetic analysis of chlorophyll fluorescence. Crop Science 30, 886–889.

Mohammed, A.R. and Tarpley, L. (2009) Impact of high nighttime temperature on respiration, membrane 
stability, antioxidant capacity, and yield of rice plants. Crop Science 49, 313–322.

Nandha, A.K., Mehta, D.R., Tulsani, N.J., Umretiya, N. and Delvadiya, N. (2018) Proteomic analysis in 
wheat to study the effect of heat stress on flag leaf. International Journal of Current Microbiology and 
Applied Sciences 7, 3432–3439.

Narayanan, S., Prasad, P.V.V., Fritz, A.K., Boyle, D.L. and Gill, B.S. (2015) Impact of high night-time and high 
daytime temperature stress on winter wheat. Journal of Agronomy and Crop Science 201, 206–218.

Ni, Z., Li, H., Zhao, Y., Peng, H., Hu, Z., Xin, M. and Sun, Q. (2018) Genetic improvement of heat tolerance 
in wheat: recent progress in understanding the underlying molecular mechanisms. The Crop Journal 
6, 32–41.

Paliwal, R., Roder, M.S., Kumar, U., Srivastava, J.P. and Joshi, A.K. (2012) QTL mapping of terminal heat 
tolerance in hexaploid wheat (T. aestivum L.). Theoretical and Applied Genetics 125, 561–575.

Pinto, R.S., Reynolds, M.P., Mathews, K.L., McIntyre, C.L., Olivares-Villegas, J.J. and Chapman, S.C. 
(2010) Heat and drought adaptive QTL in a wheat population designed to minimize confounding agro-
nomic effects. Theoretical and Applied Genetics 121, 1001–1021.

Pradhan, G.P. and Prasad, P.V. (2015) Evaluation of wheat chromosome translocation lines for high tem-
perature stress tolerance at grain filling stage. PLoS One 10, e0116620.

Pradhan, G.P., Prasad, P.V.V., Fritz, A.K., Kirkham, M.B. and Gill, B.S. (2012) High temperature tolerance 
in species and its potential transfer to wheat. Crop Science 52, 292–304.

Qi, X., Xu, W., Zhang, J., Guo, R., Zhao, M. et al. (2017) Physiological characteristics and metabolomics of 
transgenic wheat containing the maize C4 phosphoenolpyruvate carboxylase (PEPC) gene under high 
temperature stress. Protoplasma 254, 1017–1030.

Qin, D., Wu, H., Peng, H., Yao, Y., Ni, Z. et al. (2008) Heat stress-responsive transcriptome analysis in heat 
susceptible and tolerant wheat (Triticum aestivum L.) by using wheat genome array. BMC Genomics 
9, 432.

Ragupathy, R., Ravichandran, S., Mahdi, M.S., Huang, D., Reimer, E., Domaratzki, M. and Cloutier, S. 
(2016) Deep sequencing of wheat sRNA transcriptome reveals distinct temporal expression pattern 
of miRNAs in response to heat, light and UV. Scientific Reports 6, 39373.

Rahman, M., Chikushi, J., Yoshida, S. and Karim, A. (2009) Growth and yield components of wheat geno-
types exposed to high temperature stress under control environment. Bangladesh Journal of Agricul-
tural Research 34, 361–372.

Rampino, P., Mita, G., Pataleo, S., De Pascali, M., Di Fonzo, N. and Perrotta, C. (2009) Acquisition of 
thermotolerance and HSP gene expression in durum wheat (Triticum durum Desf.) cultivars. Environ-
mental and Experimental Botany 66, 257–264.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Molecular Breeding for Improving Heat Stress Tolerance in Wheat	 89

Ravichandran, S., Ragupathy, R., Edwards, T., Domaratzki, M. and Cloutier, S. (2019) MicroRNA-guided 
regulation of heat stress response in wheat. BMC Genomics 20, 488–488.

Ristic, Z., Bukovnik, U. and Prasad, P.V.V. (2007) Correlation between heat stability of thylakoid mem-
branes and loss of chlorophyll in winter wheat under heat stress. Crop Science 47, 2067–2073.

Ristic, Z., Bukovnik, U., Momcilovic, I., Fu, J. and Vara Prasad, P.V. (2008) Heat-induced accumulation of 
chloroplast protein synthesis elongation factor, EF-Tu, in winter wheat. Plant Physiology 165, 192–202.

Sharma, D.K., Torp, A.M., Rosenqvist, E., Ottosen, C.O. and Andersen, S.B. (2017) QTLs and potential 
candidate genes for heat stress tolerance identified from the mapping populations specifically segre-
gating for F(v)/F(m) in wheat. Frontiers in Plant Science 8, 1668.

Shewry, P.R. and Hey, S.J. (2015) The contribution of wheat to human diet and health. Food Energy Se-
curity 4, 178–202.

Sun, Q.X. and Quick, J.S. (1991) Chromosomal locations of genes for heat tolerance in tetraploid wheat. 
Cereal Research Communications 19, 431–437.

Suzuki, N., Koussevitzky, S., Mittler, R. and Miller, G. (2012) ROS and redox signalling in the response of 
plants to abiotic stress. Plant, Cell & Environment 35, 259–270.

Tian, X., Wang, F., Zhao, Y., Lan, T., Yu, K. et al. (2020) Heat shock transcription factor A1b regulates heat 
tolerance in wheat and Arabidopsis through OPR3 and jasmonate signalling pathway. Plant Biotech-
nology Journal 18, 1109–1111.

Valluru, R., Reynolds, M.P., Davies, W.J. and Sukumaran, S. (2017) Phenotypic and genome-wide asso-
ciation analysis of spike ethylene in diverse wheat genotypes under heat stress. New Phytologist 214, 
271–283.

Vierling, E. (1991) The roles of heat shock proteins in plants. Annual Review of Plant Physiology and Plant 
Molecular Biology 42, 579–620.

Wang, Y., Sun, F., Cao, H., Peng, H., Ni, Z., Sun, Q. and Yao, Y. (2012) TamiR159 directed wheat TaGA-
MYB cleavage and its involvement in anther development and heat response. PLoS One 7, e48445.

Xin, M., Wang, Y., Yao, Y., Xie, C., Peng, H., Ni, Z. and Sun, Q. (2010) Diverse set of microRNAs are 
responsive to powdery mildew infection and heat stress in wheat (Triticum aestivum L.). BMC Plant 
Biology 10, 123.

Xin, M., Wang, Y., Yao, Y., Song, N., Hu, Z. et al. (2011) Identification and characterization of wheat long 
non-protein coding RNAs responsive to powdery mildew infection and heat stress by using microarray 
analysis and SBS sequencing. BMC Plant Biology 11, 61.

Xu, R., Sun, Q. and Zhang, S. (1996) Chromosomal location of genes for heat tolerance as measured by 
membrane thermostability of common wheat cv. Hope. Yi Chuan = Hereditas 18, 1–3.

Xue, G.P., Sadat, S., Drenth, J. and McIntyre, C.L. (2014) The heat shock factor family from Triticum aes-
tivum in response to heat and other major abiotic stresses and their role in regulation of heat shock 
protein genes. Journal of Experimental Botany 65, 539–557.

Zang, X., Geng, X., Wang, F., Liu, Z., Zhang, L. et al. (2017) Overexpression of wheat ferritin gene TaFER-5B 
enhances tolerance to heat stress and other abiotic stresses associated with the ROS scavenging. 
BMC Plant Biology 17, 14.

Zhang, Y., Pan, J., Huang, X., Guo, D., Lou, H. et al. (2017) Differential effects of a post-anthesis heat stress 
on wheat (Triticum aestivum L.) grain proteome determined by iTRAQ. Scientific Reports 7, 3468.

Zhuang, J., Zhang, J., Hou, X.L., Wang, F. and Xiong, A.S. (2014) Transcriptomic, proteomic, metabolomic 
and functional genomic approaches for the study of abiotic stress in vegetable crops. Critical Reviews 
in Plant Sciences 33, 225–237.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



© CAB International 2021. Molecular Breeding in Wheat, Maize and Sorghum: Strategies for 
Improving Abiotic Stress Tolerance and Yield (eds M.A. Hossain et al.) 

90� DOI: 10.1079/9781789245431.0006

6  Molecular Breeding for Improving 
Waterlogging Tolerance in Wheat

R. Esten Mason1*, Trenton L. Roberts2, Richard Boyles3, Andrea Acuna2, 
Maria N. Arguello4, Diana Ballesteros2, and Nithya Subramanian5

1Colorado State University, Fort Collins, Colorado, USA; 2University of Arkansas, 
Fayetteville, Arkansas, USA; 3Clemson University, Florence, South Carolina,  

USA; 4Ohio State University, Wooster, Ohio, USA; 5Texas A&M University,  
College Station, Texas, USA

6.1  Introduction

Waterlogging negatively impacts 25% of  worldwide 
area planted to wheat (Triticum aestivum L.) 
(Powell et al., 2012) and as a non-aquatic species 
wheat is generally susceptible to yield loss or 
plant death from prolonged saturated soil condi-
tions. Studies have shown genetic variation 
within some wheat germplasm pools and in wild 
relatives that could be exploited for increased 
tolerance to waterlogged soils, although molecu-
lar tools to do this are lacking (Boru et al., 2001; 
McDonald et al., 2001b; St Burgos et al., 2001; 
Collaku and Harrison, 2002; Arguello et  al., 
2016). Periodic flooding, drought and high tem-
perature events already explain 35% or more of  
the variation in wheat yield globally and this is 
likely to increase with global climate change 
(Howden et al., 2007). As such, more rapid de-
velopment of  waterlogging-tolerant cultivars is 
necessary to minimize losses in grain yield and 
maximize producer return.

Soils prone to waterlogging, such as the 
alluvial soils present in the southern span of  the 
Mississippi River Delta region of  the USA, have 
distinct physical characteristics, including restrict-
ive soil layers known as fragipans which result in 

low infiltration rates. Soil waterlogging causes 
hypoxia followed by anoxia, which influences 
mineral nutrition and macro- and micronutrient 
accumulation resulting from chemical and 
biochemical reactions that occur when O

2 is 
depleted (Sairam et  al., 2008). Soil nutrient 
dynamic changes resulting from modification of  
soil pH and redox potential propitiate an inad-
equate nutritional status (Setter et  al., 2009). 
This often results in elemental toxicities for Mn, 
Fe (Shabala, 2011) and Al (Khabaz-Saberi et al., 
2012), in addition to possible deficiencies in N, P, 
K, Mg, Cu, Zn and others (Steffens et al., 2005; 
Setter et al., 2009).

Our current understanding of  the genetic 
control of  waterlogging tolerance in wheat is 
limited and a lack of  molecular tools to comple-
ment or replace expensive and time-consuming 
phenotyping methods is a constraint to breed-
ers. Reports of  genetic loci associated with 
waterlogging tolerance are particularly limited 
when compared with other important crop spe-
cies. In rice (Oryza sativa L.), for example, studies 
have been successful at identifying major quan-
titative trait loci (QTLs) for tolerance to hypoxia, 
with map-based cloning of  several genes helping 
to confirm the importance of  the ethylene signalling 
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pathway (Xu et al., 2006; Hattori et al., 2009). 
Studies in maize (Zea mays L.) have reported the 
fine mapping of  QTLs involved in aerenchyma 
formation (Mano and Omori, 2009) and work in 
barley (Hordeum vulgare L.) has been successful in 
using a comparative mapping approach to con-
firm waterlogging tolerance QTLs across popula-
tions (Li et al., 2008).

The success seen in other crops, despite the 
complexity of  the stress itself  and the tolerance 
mechanisms, shows the power of  a combined 
phenotypic and molecular approach – and there 
is the potential for similar success in wheat. For 
example, enhanced elemental toxicity and 
deficiency tolerance are adaptive traits often associ-
ated with improved tolerance to soil waterlog-
ging, although their genetic control is extremely 
understudied. Khabaz-Saberi et al. (2012) found 
wheat genotypes tolerant to high concentra-
tions of  Al3+ had improved early root and shoot 
growth under waterlogging stress compared 
with susceptible genotypes. Increased tolerance 
to Al can be attributed to external mechanisms, 
such as Al-chelating organic acids that are ex-
uded from the roots, and although major genes 
are known for dryland situations (Schnurbusch 
et al., 2007; Cai et al., 2008), current research is 
lacking to elucidate a similar mechanism to 
respond to waterlogging stress. In terms of  mo-
lecular tools, genomic selection (GS) is an emer-
ging form of  marker-assisted selection (MAS) 
which aims to predict the performance (breeding 
values) of  individuals using genome-wide marker 
data through training and validation of  a pre-
diction model (Meuwissen et  al., 2001). The 
training population consists of  lines within the 
germplasm of  a breeding programme having 
both phenotypic (i.e. response to waterlogging) 
and genotypic data and is used to estimate all 
marker effects simultaneously (Rutkoski et  al., 
2011; Huang et  al., 2016). The genomic esti-
mated breeding values (GEBVs) of  individuals 
related to the training population can then be 
subsequently calculated using the respective GS 
model once the population is trained (Meuwis-
sen et al., 2001). Selection and advancement are 
carried out based at least in part on those lines 
predicted to have the highest GEBVs (Desta and 
Ortiz, 2014). While the pioneering GS studies fo-
cused on animal breeding (Meuwissen et  al., 
2001; Hayes et  al., 2009), it has emerged as a 
valuable breeding tool for quantitative trait 

improvement in crops. In wheat, GS has been 
conducted for durable stem rust (Puccinia graminis) 
resistance (Rutkoski et al., 2011), quality traits 
and grain yield (Huang et al., 2016; Michel et al., 
2016), Fusarium head blight resistance (Arruda 
et al., 2016) and other quantitative traits, but is 
limited in its use targeting tolerance to abiotic 
stresses including soil waterlogging.

In this chapter, the current understanding 
of  the response of  wheat to waterlogging stress, 
the genetic control of  uptake and transport of  
macro- and micronutrients, and the QTLs and 
genes associated with tolerance mechanisms are 
summarized. Potential targets for molecular 
breeding through MAS and the potential for GS 
are discussed. This will provide a better under-
standing of  the biology and genes underlying soil 
waterlogging tolerance, as well as clarity and dir-
ection for breeders for future molecular breeding 
targets to expedite cultivar development.

6.2  Soil Waterlogging Reduces 
Wheat Grain Yield

Crop production faces many constraints, includ-
ing both biotic and abiotic factors (Spiertz, 2012). 
Waterlogging impacts 12% of  agricultural land 
in the USA, 30% in France, 38% of  the Indus 
Basin in Pakistan, as well as large areas in south-
ern Australia and India (Boyer, 1982; Boru et al., 
2001; Kahlown and Azam, 2002; Jiang et  al., 
2008). Soil waterlogging alters plant physiology 
and metabolism, resulting in reduced biomass 
but accelerated development, ultimately lower-
ing grain yield and individual yield components. 
Waterlogging can impact wheat growth and de-
velopment and grain yield if  present at any 
growth stage and for any duration of  time. Over-
all, mean grain yield losses of  7 to 45% have 
been reported (Belford, 1981; Cannell et  al., 
1984; Musgrave and Ding, 1998; Collaku and 
Harrison, 2002; Arguello et al., 2016). Cannell 
et  al. (1984) reported reductions in grain yield 
and grain number per spike of  16 and 17%, re-
spectively, when waterlogging occurred before 
emergence. Malik et  al. (2001) reported shoot 
dry weight reductions between 67 and 72% in 
3-week-old winter wheat plants subjected to wa-
terlogging for 14 days, which also decreased 
seminal root growth threefold. Araki et  al. 
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(2012a) reported reductions in 1000-kernel 
weight of  22 and 29% for plants subject to wa-
terlogging stress during jointing and anthesis, 
respectively, the result of  a shortened grain- 
filling duration and a decline in carbohydrate 
translocation. Robertson et al. (2009) observed a 
50% reduction in tiller number after a 14-day 
waterlogging treatment and 71% lower shoot 
dry weight. Shao et al. (2013) reported a signifi-
cant decrease in root length, root mass and 
root:shoot ratio when waterlogging occurred at 
the tillering or booting stage and an overall 
reduction in grain yield of  7.1 to 11.2%. Measure-
ments of  transpiration rate, stomatal conduct-
ance and net photosynthetic rate (P

N) were also 
affected, with PN decreased by 12 to 14% due to 
stomatal closure. The study concluded that a re-
duction in photosynthesis and thus grain yield 
could be explained by lower leaf  turgor pressure 
and stomatal conductance due to decreased hy-
draulic conductivity, leading to a CO2 deficit and 
a shortage of  assimilate accumulation.

Collaku and Harrison (2002) reported mean 
grain yield reductions of  41% in US soft red win-
ter wheat due to reductions in spike density and 
kernel number of  41 and 20%, respectively. A 
follow-up study showed kernel weight, chloro-
phyll content and tiller number to have moder-
ately high heritability ranging from H2 = 0.31 to 
0.47, which was greater than for grain yield at H2 
= 0.25 (Collaku and Harrison, 2005). Similar re-
sults were reported in more modern soft red win-
ter wheat germplasm evaluated in the field (Ar-
guello et al., 2016). While there are few reports of  
successful breeding strategies, Collaku and Harri-
son (2005) suggested that a selection index in-
corporating grain yield, kernel weight and tiller 
number could increase total grain yield by 17%.

6.3  Effect of Waterlogging  
on the Soil Environment

To understand the genetic response to soil water-
logging and identify potential targets for molecu-
lar breeding, it is important to understand the 
stress itself. There are two primary factors that 
inhibit plant growth when soils remain saturated 
for extended periods of  time: (i) low ATP produc-
tion resulting from a decrease in root respiration; 
and (ii) increase in trace element availability 

resulting in elemental toxicity or deficiency. In 
combination, these two abiotic factors can have 
large impacts on wheat yield resulting from poor 
root development, decreased stand and biomass, 
and senescence. An underdeveloped root system 
can also reduce tolerance to late-season heat and 
drought stress which require a vigorous root sys-
tem for soil moisture exploitation.

Variation in site deposition has resulted in di-
verse and fertile soils in many crop production 
areas that are also lowly permeable and prone to 
soil waterlogging (Scott et al., 1998; Snipes et al., 
2005). The biological shift in the soil environment 
resulting from prolonged saturation has a consid-
erable impact on the chemistry of  the soil. As O

2 
depletion occurs there is a progression in the ter-
minal electron acceptors utilized by soil microbes 
under hypoxic or anoxic conditions and will gen-
erally result in a net increase in Fe2+, Mn2+ and 
Al3+, which are all highly available for plant up-
take (Westerman, 1987; Stevenson and Cole, 
1999). Phytotoxicity of  Mn and Al have twofold 
effects as they negatively influence root growth 
and inhibit uptake of  other essential elements 
such as Ca, Mg and K, causing deficiencies (Taylor 
and Foy, 1985; Carver and Ownby, 1995).

Soil texture is an important factor deter-
mining soil water content, water movement and 
water distribution through the root zone as well 
as the ability to cope with waterlogging stress 
(Evett, 2007). For example, in duplex soils water 
retention will start from the lower region and 
move towards the top of  the soil profile. This re-
sults in seminal roots being exposed to hypoxia 
stress as soon as the soil water level rises, result-
ing in increased severity. In contrast, in sodic 
and heavy clay soils the waterlogging effect will 
move from the top to bottom of  the soil profile, 
first affecting adventitious roots located in the 
upper profile (Setter and Waters, 2003). Cannell 
et al. (1984) reported that barley grown in a clay 
soil spent more time under anaerobic conditions 
compared with a sandy loam and thus needed a 
greater recovery time post waterlogging.

6.4  Effects of Anaerobic Conditions 
on Plant Metabolism

Waterlogging conditions alter the diffusion rate 
of  O2, reducing its availability by 320,000 times 
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(Armstrong, 1980; Lee et al., 2006). A decrease 
in root O2 availability leads to hypoxia under par-
tial submergence or soil waterlogging and anoxia 
under complete. Under waterlogging, roots may 
be completely submerged (hypoxia) while the 
shoot remains above water level (Ahmed et  al., 
2013). Hypoxia results in an energy crisis where 
the production of  ATP can be reduced by 65 to 
90% in affected tissues (Greenway and Gibbs, 
2003). As oxygen is the main electron acceptor in 
the oxidative phosphorylation pathway (Dennis 
et  al. 2000), a lack of  it will inhibit photosyn-
thesis, respiration and carbohydrate metabolism 
which are fundamental processes for energy pro-
duction (Drew, 1997). Araki et  al. (2012b) re-
ported an increase in root respiration in wheat 
genotypes under waterlogging stress, which was 
related to a decrease in root growth and lower 
sugar metabolism in root cells. Lee et al. (2007) 
showed several ATP production processes includ-
ing the enzymes NADH dehydrogenase and 
NADH ubiquinone oxidoreductase to be down-
regulated under hypoxic conditions in order to 
maintain ATP production and subserve aeren-
chyma formation. Alteration of  ATP and NAD+ 
cofactor limits coenzyme synthesis for the glycoly-
sis cycle and redox reactions (Dennis et al., 2000). 
Under normal conditions, plants will produce 2 
moles of  CO2, 2 moles of  H2O and 38 moles of  
ATP through the glucose pathway. In contrast, 
only 2 moles each of  CO2, C2H5OH and ATP are 
produced under anaerobic conditions, reducing 
energy production by as much as 95% (Barrett- 
Lennard, 2003).

6.5  Plant Adaptations to Soil 
Waterlogging and Flooding

There are two classical responses to waterlogging 
or flooding in plants: (i) the low oxygen escape 
syndrome (LOES); and (ii) the quiescence strat-
egy. The LOES strategy is an avoidance mechan-
ism characterized by aerenchyma formation and 
shoot elongation in response to low O2 following 
submergence (Bailey-Serres and Voesenek, 
2008). The quiescence strategy involves the in-
hibition of  growth through the downregulation 
of  carbohydrate metabolism until re-emergence 
occurs (Xu et al., 2006). Both the LOES and qui-
escence strategies have been well characterized 

in rice. Low O2 triggers a stress pathway involv-
ing a gene family of  ethylene-response factors 
(ERFs) that react to changes in redox, reactive 
oxygen species (ROS) and ATP supply (Limami 
et al., 2014). In lowland rice, tolerance is charac-
terized by a quiescence strategy in which the ERF 
SUB1A inhibits stem elongation and depletion of  
carbohydrates until flooding has subsided (Xu 
et  al., 2006). In deep-water rice the genetic 
haplotype is such that SUB1A is non-functional 
or slightly modified resulting in an LOES strategy 
where stem elongation promoted by gibberellic 
acid allows for escape from flooding if  carbohy-
drate reserves are adequate (Hattori et al., 2009). 
Internode elongation produces hollow stem 
structures that allow for adequate atmospheric 
gas exchange. Similar mechanisms in wheat 
have not been well characterized although early 
vigour may play a role in tolerance.

Under conditions of  soil waterlogging wheat 
employs a combination of  LOES and quiescence 
strategies. Root aerenchyma has been shown to form 
as early as 24 h post waterlogging, with well-defined 
aerenchyma present after 120 h (Jiang et al., 2010). 
Depending on the mechanism by which it develops, 
aerenchyma can be schizogenous or lysigenous. For-
mation of  lysigenous aerenchyma is found in wheat, 
barley, rice and maize (Evans, 2003) and can be trig-
gered by abiotic stresses such as mineral deficiency, 
waterlogging and low O

2 (Drew and Lynch, 1980). 
In wheat, the development of  aerenchyma tissue 
(Armstrong, 1980) and metabolic changes to 
modify energy production under low O2 (Braen-
dle and Crawford, 1987) are two of  the principal 
adaptations involved in the waterlogging stress 
tolerance (Setter and Waters, 2003).

Root aerenchyma tissues allow for faster dif-
fusion of  O2 for respiration and adequate 
production of  ATP, resulting in less damage to cel-
lular components. Both the phytohormone ethyl-
ene and H2O2 have been shown to regulate the 
programmed cell death involved in the develop-
ment of  aerenchyma and this adaptation is also 
known to play a role in tolerance to other abiotic 
factors such as salt and drought stresses. This is 
often accompanied by inhibition of  seminal root 
growth and formation of  lateral adventitious 
roots (Akhtar et al., 1998; Malik et al., 2001). Tol-
erant wheat varieties develop more adventitious 
roots containing more aerenchyma (Huang et al., 
1994b) and are more responsive to ethylene 
(Huang et al., 1997). Boru et al. (2003) showed 
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that tolerant spring wheats, Ducula, Prl/Sara and 
Vee/Myna, had greater root porosity compared 
with susceptible cultivars and this root porosity 
can lead to increased rooting depth in the water-
logged soil (Malik et  al., 2001). Ballesteros et  al. 
(2015) found significant genotype-by-treatment 
interaction for root and shoot biomass production 
in response to waterlogging in a recombinant in-
bred line (RIL) population, indicating a possible 
adaptive mechanism. A successful quiescence 
strategy requires that normal growth and devel-
opment be resumed following drainage of  the soil 
and some variation for recovery of  stomatal con-
ductance and seminal root growth following wa-
terlogging has been shown (Huang et al., 1994b). 
Studies have shown carbon metabolism to be in-
hibited during waterlogging and to be preferen-
tially allocated to root growth during recovery 
(Malik et  al., 2001). Collectively, both response 
strategies result in a stay-green phenotype and 
more biomass for subsequent yield production.

6.6  Genetic Control of Macronutrient 
Uptake and Transport

The solubility and availability of  macronutrients 
become a concern with the changes in redox po-
tential and soil pH that accompany soil waterlog-
ging. There are six essential macronutrients in 
plants, including N, P, K and S, which are gener-
ally applied as commercial fertilizers to wheat, as 
well as Ca and Mg. For most macronutrients, there 
are established guidelines for critically low and op-
timal concentration ranges for growth and devel-
opment (Table 6.1) and for the genes involved in 
nutrient uptake and transport (Table 6.2), although 
less is known about the genetic mechanisms of  
uptake to prevent potential nutrient deficiency or 
toxicity under waterlogging stress.

6.6.1  Nitrogen

N is the most thoroughly characterized nutrient 
in terms of  the genetic control of  uptake, trans-
port and mobilization. Buchner and Hawkesford 
(2014) found complex expression patterns asso-
ciated with 16 nitrate (NO

3-N) transporter genes 
in wheat that were homologous to those in 
Arabidopsis thaliana and responsible for uptake 
and distribution of  NO3-N within the plant. Tis-
sue specificity and variation due to NO3-N avail-
ability and senescence were observed. The 
source–sink relationship that drives remobiliza-
tion of  NO3-N for grain fill is linked in large part 
to leaf  senescence (Kong et  al., 2016). Both 
NAC-domain and WRKY transcription factors 
are upregulated during senescence and early 
grain-fill in wheat (Gregersen and Holm, 2007; 
Gregersen et  al., 2013) and are involved in the 
transition from early grain-fill to beginning of  
maturation in barley (Kohl et  al., 2015). The 
NAC transcription factor Gpc-B1 was recently 
introduced into common wheat from ancestral 
wheat and transformed genotypes yielded 
higher grain protein content through acceler-
ated leaf  senescence and increased nutrient re-
mobilization to the grain (Uauy et al., 2006).

Low O
2 impacts both N uptake and reduc-

tion of  NO3-N to ammonium (NH4-N) within the 
plant and waterlogging often results in N defi-
ciency for wheat, which reduces shoot growth 
and tillering (Robertson et  al., 2009). Not only 
do prolonged waterlogged soil conditions influ-
ence the ability of  wheat to uptake and assimi-
late N from the soil profile, they also significantly 
increase the N loss pathways by promoting 
leaching and denitrification, which are net 
losses from the soil system (Stevenson and Cole, 
1999). While variation for shoot growth has 
been reported, the mechanism is not well under-
stood (Huang et al., 1994b). In tolerant species, 

Table 6.1.  Recommended macro- and micronutrient concentrations for wheat. (From Plank and 
Donohue, 2000).

Macronutrients (%) Micronutrients (ppm)

Statistic N P K Ca Mg S B Cu Fe Mn Zn

Lower limit 4.0 0.20 2.50 0.22 0.14 0.15 1.5 4.5 30.0 20 18
Upper limit 5.0 0.50 5.00 1.00 1.00 0.65 4.0 15.0 200.0 150 70
Critically low 3.0 0.15 2.00 0.15 0.10 0.10 1.0 3.0 25.0 15 15
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Table 6.2.  Important elements in wheat, their associated availability, function and known loci involved in uptake and transport.

Element Average soil availability
Key changes under 
hypoxia stress

Key interaction with 
other nutrients Major function of nutrient Known genes/QTLs Reference

N Low, commercially 
applied

Often deficient Directly impacts 
absorption of  
P and S

Major component of 
chlorophyll and amino 
acids

NPF gene family Buchner and 
Hawkesford (2014)

P Low, commercially 
applied

Availability increases High P can result in 
deficiencies in Fe 
and Zn

Component of DNA and 
ATP

PHT1 gene family Teng et al. (2017)

K Generally low, 
commercially applied

Root K decreases 
and inhibits root 
growth

Impacts N uptake 
when deficient, 
antagonistic to 
absorption of Ca 
and Mg

K+ involved in nearly all 
plant processes, but 
essential for plant water 
regulation

Fageria (2001)

S Medium, lower 
availability in sandy 
soils

Critical for S-containing 
amino acids, important 
for nitrate reductase

Fageria (2001)

Ca Medium, decreases in 
low-pH soils

With Mg and P 
neutralizes organic 
acids

Enzyme activation, 
neutralizes organic 
acids and cell-wall 
structure

Fageria (2001)

Mg Medium, decreases in 
low-pH soils

Often deficient Carrier of P in the 
plant and activates 
kinase enzymes, 
decreases uptake of 
K and Ca

Essential component of 
chlorophyll

Fageria (2001)

Na Low unless sodic or 
salt-affected soil

Will replace K when K 
levels are low in the 
soil, but will not 
substitute for K in 
metabolic 
processes

Na/K signalling processes Nax1 James et al. (2011)

Continued
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Element Average soil availability
Key changes under 
hypoxia stress

Key interaction with 
other nutrients Major function of nutrient Known genes/QTLs Reference

Al High, increases when 
pH < 5

Availability of Al3+ 
can result in 
toxicity

Deficiency of mineral 
nutrients and 
decreased water 
uptake due to 
inhibition of root 
elongation

Impairs DNA synthesis 
and root growth

Alt1 Kinraide (1988); 
Delhaize et al. 
(1993a); Rout et al. 
(2001); Ma et al. 
(2005)

B Medium Positive interactions 
with Ca

Cell-wall biosynthesis, 
reproductive growth

Bo1 Schnurbusch et al. 
(2007)

Cl Medium Photosynthesis, stomatal 
regulation

Fageria (2001)

Cu Low Enzyme activation, 
photosynthesis, 
respiration

4BL/5RL Graham et al. (1987)

Fe High Availability of Fe2+ 
can result in 
toxicity

In excess inhibits root 
growth and reduces 
uptake of N, P, K, 
Mg and other 
nutrients

Chlorophyll development, 
abiotic stress regulation

NAM-B1 Uauy et al. (2006)

Mn Medium Availability of Mn2+ 
can result in 
toxicity

Enzyme activation, 
photosynthesis, 
respiration

CAX2 Hirschi et al. (2000); 
Delhaize et al. (2003)

Mo Low Catalyses nitrate 
reductase for 
available N

Frost tolerance, N 
metabolism

Cbf14 Al-Issawi et al. (2013)

Zn Medium Often deficient Can reduce effects of 
B toxicity

Heat tolerance, membrane 
integrity, protection 
against ROS

NAM-B1 Torun et al. (2000); 
Hacisalihoglu and 
Kochian (2003); 
Cakmak (2008); Peck 
and McDonald (2010)

Table 6.2.  Continued.
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the enzyme nitrate reductase is more active com-
pared with nitrite reductase, which can alleviate 
stress by regenerating NAD+ from NADH (Bailey- 
Serres and Voesenek, 2008). The production of  
NO by nitrate reductase is required for the 
formation of  ethylene-induced lysigenous root 
aerenchyma in response to hypoxia (Wany et al., 
2017). It has also been shown that the applica-
tion of  exogenous N will remedy some negative 
effects of  soil waterlogging in wheat and barley 
(Wu et al., 2014; Simpson et al., 2016).

6.6.2  Phosphorus

P is a limiting factor for barley grain yield under 
waterlogging stress (Ylivainio et  al., 2018) and 
in production systems where wheat follows 
flooded rice (Saleque et  al., 2006). Inorganic 
phosphate is taken up by the root hairs and low 
P can trigger changes in root anatomy, similar to 
the response to soil waterlogging and flooding. 
P uptake and in vivo remobilization are mediated 
by the PHT1 gene family (Teng et al., 2017), of  
which there are 14 in wheat. The expression of  
some PHT1 genes (TaPHT1.1/1.9, 1.2 and 1.10) 
is root specific and is involved in P uptake during 
flowering (Teng et al., 2017). Wheat lines over-
expressing PHR1-A1 had higher grain number 
per spike and grain yield in field trials. The PHT1 
family is known to be upregulated when P is 
limiting and during salt stress, although gener-
ally independent of  changes in root anatomy (Li 
et al., 2019; Roch et al., 2019). The PHT1 genes 
may also be developmentally or growth stage 
specific (Grun et al., 2018). Low P triggers aer-
enchyma formation and root growth in rice 
plants grown in solution (Lu et  al., 1999). As 
stated by Roch et al. (2019), very little is known 
about PHT1 genes in wheat compared with 
other species including rice, although given that 
P can be limiting during waterlogging stress, 
they may play a key role in tolerance.

6.6.3  Potassium

Plants deficient in K often have decreased leaf  
number and size, which has negative effects on 
yield performance (Pettigrew, 2008). Most K up-
take in wheat occurs during the rapid vegetative 

growth phase (commonly referred to as ‘green-
up’). K is often deficient in wheat–rice cropping 
systems (Panaullah et al., 2006) and a decrease 
in K can be seen in wheat seedlings even after 
short periods of  hypoxia. The role of  K in tolerance 
to hypoxia may be attributed to maintaining 
K along with sugars in the roots for membrane 
integrity and subsequent translocation to the 
shoot (Greenway et al., 1992; Colmer and Green-
way, 2011). Imbalance of  K is often associated 
with salt stress due to lower K:Na. Leakage of  K 
from roots occurs as early as within 24 h of  an-
oxia and increases significantly after 48 to 72 h. 
Genotypes differ in their ability recover root K 
concentrations which correlates with resump-
tion of  seminal root growth following anoxia 
(Goggin and Colmer, 2007). Cuin et  al. (2009) 
reported a decrease in total shoot K under salt 
stress but an increase in shoot sap K concentra-
tion, which may contribute to osmotic adjust-
ment. Waterlogging also decreases the concen-
tration of  K and lowers K:Na in wheat leaves 
(Saqib et al., 2004b). In their review, Rengel and 
Damon (2008) highlight previous studies dem-
onstrating that genotypic differences exist for K 
uptake and utilization. The genetic basis of  
K-use efficiency appears to be highly quantita-
tive according to a QTL mapping study by Kong 
et  al. (2013), who identified 29 QTLs for K-use 
efficiency under natural field conditions.

6.7  Genetic Control of Micronutrient 
and Plant Non-Essential Element 

Uptake and Transport

Under waterlogging stress, micronutrient con-
centrations can reach toxic levels in the plant, 
negatively influencing wheat growth and yield, 
and resulting in plant death (Colmer and Vo-
esenek, 2009; Shabala, 2011; Khabaz-Saberi 
et al., 2012). Ding and Musgrave (1995) evalu-
ated the elemental concentration of  11 elem-
ents, including B, Ca, Cu, K, Mg, Na, S, Zn, Fe, 
Mn and P, in 14 wheat genotypes during a 3-year 
experiment. Root samples were evaluated using 
inductively coupled plasma spectroscopy (ICP) 
and significant increases of  Fe, Mn and P were 
observed along with grain yield reductions of  
between 28 to 49%. Khabaz-Saberi et al. (2005) 
also reported an increase in soil Fe and Na 
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concentrations up to tenfold while evaluating 
six different wheat genotypes under waterlog-
ging conditions on acidic soil.

6.7.1  Aluminium

Al is present in all soils and in concentrations up 
to 300,000 mg Al/kg, although much of  this is 
not available to the plant at soil pH above 5.0 
(Lindsay, 1979). The concentration of  Al in-
creases in low-pH or acidic soils and can result in 
toxicity (Rout et  al., 2001). Al can be found in 
almost all plants but is not a plant essential ele-
ment and most often will have net negative ef-
fects associated with toxicity if  soil conditions 
such as low soil pH favour high Al availability in 
the soil solution (Havlin et  al., 2014). The pri-
mary effects of  Al toxicity are root related and 
result in severely stunted, shallow root systems 
(Taylor, 1989). In severe cases, Al toxicity will 
disrupt DNA synthesis and alter cell-membrane 
potential (Wallace and Anderson, 1984; Kinraide, 
1988). There are several mechanisms used by 
plants for protection from Al toxicity. First is the 
capacity of  the plant to either eliminate the toxins 
generated by Al or tolerate Al (Taylor, 1991; Tice 
et al., 1992). Second is the ability to prevent the 
entrance of  Al to the symplasm (exclusion) by im-
mobilization of  Al or production of  chelating lig-
ands (Taylor, 1991; Delhaize et  al., 1993b). The 
third mechanism is to defend cell-wall and mem-
brane function and structure from lesions through 
variations in the apoplastic pathway (Tice et  al., 
1992). Wheat has been shown to mostly use an 
exclusion mechanism to avoid toxicity from Al ra-
ther than internal tolerance mechanisms (Carver 
and Ownby, 1995). For example, Al-tolerant 
wheat genotypes excreted five to ten times more 
malic acid from roots than susceptible wheat 
plants (Delhaize et al., 1993b). Malic acid is an or-
ganic acid which chelates Al and protects the root 
apex from high levels of  bioavailable Al in the soil 
(Ma et al., 2001). A major QTL for Al tolerance has 
been shown to localize to chromosome 4DL and 
an Al-activated malate transporter gene (ALTM1) 
was identified in this same region (Ma et al., 2005). 
Gene-based markers for ALTM1 have since been 
widely used for MAS of  Al tolerance, with tolerant 
genotypes having greater root growth in low-pH 
and high-Al soil conditions.

6.7.2  Iron

Similar to Al, flooded soils can accumulate high 
concentrations of  Fe2+ due to oxido-reduction 
reactions that occur (Gotoh and Patrick, 1974). 
Fe-tolerance mechanisms have been classified 
into three strategies: (i) exclusion/avoidance; (ii) 
inclusion/avoidance; and (iii) inclusion/tolerance 
(Becker and Asch, 2005). Exclusion/avoidance is 
the mechanism by which the plant does not take 
up Fe2+ in order to prevent Fe2+ injuries in the 
shoot tissue. Inclusion/avoidance implies uptake 
of  Fe2+ by the root and then immobilization of  Fe 
in the leaf  apoplast. Inclusion/tolerance is when 
the plant is resistant to high amounts of  Fe2+ in 
the leaf  cells, possibly through enzymatic detoxifi-
cation (Becker and Asch, 2005). Khabaz-Saberi 
et al. (2010) evaluated the effects of  different Fe 
concentrations in waterlogged acid soils on wheat 
cultivars, including a tolerant wheat genotype, 
Siete Cerros, and an intolerant wheat genotype, 
BH1146, finding that the Siete Cerros cultivar 
used the exclusion mechanism to overcome Fe2+ 
stress.

6.7.3  Sodium

Salinity stress occurs in both waterlogged and 
acidic soils (Setter et  al., 2009). Similar to Al, 
Na is not considered a plant essential element, 
but is found in all plant species due to its pres-
ence in soil and the plant’s inability to exclude 
or differentiate it from K (Havlin et al., 2014). 
Barrett-Lennard et  al. (1999) reported in-
creases in Na+ and Cl– of  360 to 650% and 110 
to 170%, respectively, in waterlogged wheat 
shoots. Waterlogging increases the intensity of  
salt stress by decreasing the ratio K:Na in wheat 
leaves (Saqib et  al., 2004a) and the formation 
of  aerenchyma is associated with improved tol-
erance to both stresses (Saqib et  al., 2005). 
Cuin et al. (2009) found Na exclusion from the 
shoot to be correlated with salinity tolerance, 
and this occurred more often in hexaploid 
wheat compared with tetraploid durum species 
(Triticum turgidum).

A transporter of  pyruvate, a precursor to 
abscisic acid, isolated from the tolerant wheat 
line Shanrong 3 was recently shown to increase 
salinity tolerance in wheat (Zhao et  al., 2016). 
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The NAC transcription factor TaNAC29, possibly 
located on chromosome 2BS, increases salt tol-
erance likely through antioxidant-induced activ-
ity (Huang et al., 2015). A similar function was 
found for the ERF transcription factor TaERF3 
(Rong et al., 2014). Genc et al. (2010) reported 
40 QTLs associated with salinity tolerance under 
dryland conditions, including a cluster of  QTLs 
on chromosome 2AL, possibly homologous to 
the Nax1 locus identified in T. turgidum (Huang 
et al., 2006). James et al. (2011) used interspe-
cific hybridization to transfer Nax1 and Nax2 
from T. turgidum to bread wheat. The combin-
ation of  Nax1 and Nax2 decreased leaf  Na+ con-
centration by 60% under a salinity treatment. 
When salinity was combined with hypoxia to 
simulate waterlogging, Nax1 maintained its 
ability to exclude Na and increase K:Na, while 
Nax2 did not. The tolerance mechanism of  Nax1 
appears to be the storage of  Na in the leaf  sheath 
as opposed to the leaf  blade (James et al., 2006).

6.7.4  Manganese

Mn toxicity is a global constraint to crop produc-
tion in waterlogged soils as it interferes with the 
formation and function of  Mg enzymes essential 
to plant chloroplasts and photosynthesis (Foy, 
1984; Socha and Guerinot, 2014). As a result, it 
is characterized by a marked decrease in photo-
synthesis which may be attributed to the disrup-
tion of  the activity of  rubisco, an enzyme involved 
in the first step of  carbon fixation (Houtz et al., 
1988). Unlike Al, the dominant mechanisms to 
deal with Mn appear to be controlled internally 
after plant uptake and transport to the shoot 
(Horst, 1988; Carver and Ownby, 1995). Plants 
tolerant to Mn2+ are able to maintain low con-
centrations in the cytoplasm by accumulating 
Mn2+ into the vacuole. In addition, plants use ac-
tive transport to mobilize Mn2+ from cytoplasm 
out of  the cell or into the vacuole, while Na+ is 
taken up by the root through facilitated diffusion 
(Quiquampoix et  al., 1993). Additional toler-
ance mechanisms include intra- and extracellu-
lar chelation, translocation (Kumar et al., 1995), 
storage of  the excess Mn2+ in the epidermis 
(Memon et al., 1981) and the formation of  glan-
dular trichomes (Blamey et al., 1986), hair-like 
structures derived from the epidermis that secrete 

secondary metabolites (Levin, 1973). The pres-
ence of  excess Mn2+ in wheat reduced vegetative 
biomass by 54%, due to a reduction in both tiller 
number and plant height, and a reduction in 
root dry biomass by 25% (Ohki, 1984). Several 
Mn2+-tolerant wheat cultivars were found to 
have higher photosynthetic rates, respiration, 
and higher levels of  chlorophyll a and chloro-
phyll b compared with a susceptible cultivar 
(Macfie and Taylor, 1992).

While the specific mechanisms of  Mn2+ tox-
icity tolerance are not well studied in wheat, 
metal transporters have been proposed as candi-
dates in A. thaliana (Kochian et  al., 2004) The 
expression of  the antiporter CAX2 (calcium ex-
change 2) was identified as a key factor involved 
in modifying vacuolar exchange activity to in-
crease ability to uptake Ca2+ and Mn2+ (Hirschi 
et al., 2000). Delhaize et al. (2003) reported an 
increase in Mn2+ tolerance in transgenic A. thalia-
na plants due to expression of  the gene ShMTP1 
which increased Mn2+ sequestration allowing 
for high concentrations of  Mn2+ without impact-
ing plant development. A clear relationship has 
been shown between a reduction in soil redox 
potential and increases in Fe and Mn solubility 
in Indian and western Australian waterlogged 
soils (Yaduvanshi et al., 2012).

6.7.5  Other micronutrients

The QTLs and genes associated with elemental 
toxicities have been reported for B, Al and Cu 
(Ma et  al., 2005; Balint et  al., 2007; Schnur-
busch et  al., 2007; Cai et  al., 2008), although 
not under waterlogging stress. Lines containing 
the tolerant Bo1 allele on chromosome 7BL 
identified by Schnurbusch et  al. (2007) show 
low shoot B accumulation which is correlated 
with maintenance of  biomass and yield. Com-
pared with other elements, tolerance to Cu ap-
pears to be more quantitative, with QTLs having 
been identified on 14 of  the 21 wheat chromo-
somes (Ganeva et al., 2003; Balint et al., 2007, 
2009). Soriano and Alvaro (2019) performed a 
meta-analysis of  634 root-related QTLs of  which 
a 6A region was associated with a heavy metal 
transport/detoxification gene model. The mech-
anism(s) associated with tolerance to Zn defi-
ciency remain(s) unclear, although evidence points 
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towards not just efficient uptake and utilization, 
but also the ability to maintain activity of  Zn- 
requiring enzymes under low Zn concentrations 
(Hacisalihoglu and Kochian, 2003). High levels 
of  intrinsic Zn at the seedling stage have been 
correlated with higher grain yield under water-
logging (Faran et al., 2019). Zn availability in the 
soil is primarily controlled by soil pH, with redox 
having almost no impact on Zn availability.

6.8  Other Quantitative Trait Loci  
and Genes Associated with  

Waterlogging Tolerance

Molecular markers and candidate genes allow 
plant breeders to be more efficient by combining 
the process of  conventional phenotypic selection 
with MAS for trait improvement (Gupta et  al., 
1999). Information on the genetic control of  
waterlogging tolerance in wheat is limited com-
pared with other abiotic stress. St Burgos et  al. 
(2001) identified five and ten QTLs for seedling 
survival and seedling growth under waterlog-
ging, respectively, in a wheat × spelt (Triticum 
spelta) population. Of  these 15 QTLs, 11 were 
contributed by the spelt parent, Olberkulmer. 
Interestingly, QTLs on chromosomes 3B and 5A 
co-localized for both seedling survival and cole-
optile electrolytic leakage. Ballesteros et  al. 
(2015) evaluated a RIL population for biomass 
and root traits under both field and greenhouse 
waterlogging experiments and identified ten 
genomic regions. Of  these, eight were constitu-
tively expressed under both waterlogging and 
non-waterlogging scenarios, and two regions on 
chromosomes 1B and 6D were found to be adap-
tive to waterlogging stress only. In addition, a 
QTL on chromosome 1D explained up to 24% of  
the phenotypic variation for chlorophyll con-
tent. Yu and Chen (2013) reported 46 QTLs for 
shoot and root biomass distributed throughout 
the wheat genome, including 20 favourable al-
leles from synthetic hexaploid lines.

The most successful genetic studies of  
flooding tolerance come from rice where QTL 
studies have subsequently led to the map-based 
cloning of  several agronomically important 
genes. For example, the Sub1 locus was origin-
ally identified as a QTL on chromosome 9 (Xu 
and Mackill, 1996) and was eventually shown 

through map-based cloning to be an ERF gene 
(Xu et al., 2006). ERF genes are known to play a 
role in wheat waterlogging tolerance as well. 
Wei et al. (2019) observed differential expression 
for TaERFVII.1 between the tolerant genotype 
Nonglin46 and the susceptible wheat Yang-
mai16. Constitutive expression of  TaERFVII.1 
resulted in increased grain weight per plant, 
higher leaf  chlorophyll and higher expression of  
other waterlogging-responsive genes. Pretreat-
ment of  wheat seedlings with the ethylene pre-
cursor 1-aminocyclopropanecarboxylic acid (ACC) 
also enhances tolerance to hypoxia (Yamauchi 
et al., 2014). In barley, QTLs have been mapped 
for leaf  chlorosis, plant survival and plant bio-
mass under waterlogging and many of  these 
QTLs have been shown to be conserved across 
populations and studies (Li et al., 2008; Zhou, 
2011). Boru et al. (2001) estimated area under 
the chlorosis curve in spring wheat to be con-
trolled by four genes with additive genetic 
effects and concluded that two genes provided 
adequate tolerance to waterlogging, although 
no molecular markers were identified in that 
study. While the information for wheat QTLs 
associated with waterlogging stress is limited, 
these studies do provide potential targets for 
MAS and future research to better understand 
these QTL regions.

6.9  Sources of Genetic Variation: 
Bread Wheat

Significant genetic variation is key to both im-
provements through breeding and for molecular 
genetic studies of  a quantitative trait. While little 
genetic variation appears to exist for waterlog-
ging tolerance in T. aestivum at the time of  ger-
mination (St Burgos et  al., 2001), variability 
starting at the early seedling stage has been 
demonstrated (Table 6.3). This includes studies 
on spring wheat germplasm from Mexico, India 
and Australia (Boru et al., 2001; Villareal et al., 
2001; Setter et  al., 2009), European winter 
wheat (Dickin et al., 2009) and soft winter wheat 
from eastern US breeding programmes (Collaku 
and Harrison, 2002; Ballesteros et  al., 2015; 
Arguello et al., 2016). Wheat seedlings exposed 
immediately to anoxic conditions (complete 
submergence) died within 24 h (Waters et  al., 
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1991), but tolerance improves with a hypoxic 
pretreatment followed by anoxia (Greenway 
et al., 1992). Genotypes SARC 1, Ducula 4 and 
HD2329 were able to resume seminal root 
growth and had faster recovery of  root K concen-
tration following anoxia (Goggin and Colmer, 
2007). Collaku and Harrison (2002) found a 
range in yield loss from 15 to 60% for a set of  15 
cultivars and were able to identify genotypes 
such as Terral LA422 that exhibited both 

waterlogging tolerance in terms of  yield main-
tenance and high yield under non-waterlogging 
conditions. Tiller number and grain number 
were the phenotypic characters most affected by 
waterlogging and identified as breeding targets. 
In the same study, other cultivars such as Jaypee 
showed small reductions in yield components 
under waterlogging and were in the high-yielding 
group under non-waterlogging conditions. 
Jaypee has also shown higher root and shoot 

Table 6.3.  Waterlogging-tolerant germplasm and mechanisms in wheat.

Genotype Accession no. Wheat class
Tolerance 
mechanism Reference

SARC 1 Spring Resumption of root 
elongation and K 
recovery

Goggin and Colmer 
(2007)

Ducula 4 Spring Resumption of root 
elongation and K 
recovery

Boru et al. (2001, 
2003)

HD2329 Spring Resumption of root 
elongation and K 
recovery

Boru et al. (2003)

Terral LA422 Soft winter Yield maintenance Collaku and Harrison 
(2002)

Jaypee Soft winter Yield component 
maintenance, root 
and shoot 
biomass

Collaku and Harrison 
(2002); 
Ballesteros et al. 
(2015)

Savannah Soft winter Root aerenchyma Huang et al. (1994b)
USG 3555 Soft winter Yield maintenance Arguello et al. (2016)
Pioneer Brand 

26R22
Soft winter High yield under 

waterlogging
Arguello et al. (2016)

AR01167-3-1 Soft winter High yield under 
waterlogging

Arguello et al. (2016)

Magnolia Soft winter High yield under 
waterlogging

Arguello et al. (2016)

Sarc-6 Spring Na exclusion and 
high K:Na via root 
aerenchyma

Saqib et al. (2005)

CIGM86.953 613278 Spring synthetic 
hexaploid

Reduced chlorosis Villareal et al. (2001)

CIGM90.863-SH64 613279 Spring synthetic 
hexaploid

Reduced chlorosis Villareal et al. (2001)

CIGM89.567-SH54 613280 Spring synthetic 
hexaploid

Reduced chlorosis Villareal et al. (2001)

CIGM92.1723-SH82 613281 Spring synthetic 
hexaploid

Reduced chlorosis Villareal et al. (2001)

Nonglin46 Spring Ethylene signalling 
pathway via the 
ERF TaERFVII.1

Wei et al. (2019)

Westonia Spring Al tolerance Setter et al. (2009)
KRL19 Spring Al tolerance Setter et al. (2009)
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biomass, root length and seedling height under 
waterlogging stress compared with a susceptible 
line (Ballesteros et  al., 2015). The cultivar Sa-
vannah was identified as waterlogging tolerant 
compared with a susceptible genotype due to the 
formation of  root aerenchyma (Huang et  al., 
1994a). Wheat cultivars Pioneer Brand 26R22, 
AR01167-3-1, Magnolia and USG 3555 had 
significantly higher grain yield than other geno-
types under field waterlogging stress, with USG 
3555 also showing a non-significant grain yield 
reduction (Arguello et  al., 2016). Research in 
Australia and India has shown elemental toxici-
ties to be the most limiting factor in a water-
logged environment and genetic variations for 
Mn, Fe, Al, B and Na tolerance have been re-
ported in spring wheat cultivars adapted to these 
regions (Setter et al., 2009).

6.10  Sources of Genetic Variation: 
Wheat Relative Species

Wheat relatives and diploid species have con-
tinued to be an important source of  alleles in 
breeding for resistance to biotic and abiotic stress-
es. For waterlogging stress tolerance, Davies and 
Hillman (1988) reported the hexaploid species 
Triticum macha to be more flood tolerant than 
T. aestivum and T. spelta based on vegetative growth, 
higher inflorescence number and higher grain 
weight. Spring-type synthetic hexaploid wheat 
derived from hybridizing durum (T. turgidum) with 
the D-progenitor species (Aegilops tauschii) has 
shown reduced leaf  chlorosis (Villareal et  al., 
2001) and increased root porosity (Boru et  al., 
2003). Yu and Chen (2013) also found synthetic 
wheat lines W7984 and SHW-L1 to be a valuable 
source of  waterlogging-tolerant alleles. In a T. aes-
tivum × T. spelta population, the spelt parent Ol-
berkulmer had more vigorous coleoptile growth 
and better survival compared with the bread 
wheat parent (St Burgos et  al., 2001). The 
waterlogging-tolerant haplophyte species Horde-
um marinum Huds., commonly known as sea bar-
ley grass, is a wheat wild relative adapted to salt 
marshes and a potential source of  both salinity 
and waterlogging tolerance alleles (McDonald 
et al., 2001a). Amphiploid lines containing the 
genomes of  both H. marinum and T. aestivum 
show improved waterlogging and salinity toler-

ance attributed to increased wheat porosity and 
Na exclusion compared with hexaploid wheat 
(Malik et  al., 2009, 2011). Thinopyrum elonga-
tum, a species also from a salt marsh habitat, has 
been suggested as a potential source of  waterlog-
ging and salt tolerance alleles for hexaploid wheat 
but attempts to introgress this tolerance mechan-
ism into wheat have not been successful thus far 
(McDonald et al., 2001b). Amphiploids contain-
ing the 4E chromosome from T. elongatum showed 
improved root growth under waterlogging and 
were similar in their response to tetrasomic 
lines carrying multiple 4B and 4D chromosomes 
(Taeb et  al., 1993). The authors attributed the 
tolerance to increased doses of  group 4 chromo-
somes that would likely carry beneficial alleles. 
This same dosage effect was not seen for the group 
2 chromosomes and as such they might carry a 
novel resistance gene not present in T. aes-
tivum. It should be noted that Nax1, which im-
proves both salt and waterlogging tolerance, was 
first identified on chromosome 2A in T. turgidum 
(James et al., 2006).

6.11  Use of Physiology to 
Understand Waterlogging  
and Other Complex Traits

Increasing the yield potential and stress toler-
ance of  wheat is vital to global food security and 
the development of  new tools for plant breeders 
to use for genetic improvement can aid in this 
process (Araus et al., 2008). Physiological-based 
breeding tools are a complementary tool to make 
genetic gains in yield and stress tolerance 
through introgression of  novel alleles that may 
not be incorporated via phenotypic selection 
alone (Reynolds et al., 2009). Examples in other 
crops and stresses include the use of  canopy 
temperature (CT) measurements as a diagnostic 
marker for plant water status (Saint Pierre et al., 
2010; Mason and Singh, 2014) and the use of  
carbon isotope discrimination to identify drought-
tolerant cultivars (Rebetzke et al., 2008). The use 
of  spectral reflectance measurements, such as 
the normalized difference vegetative index 
(NDVI) or water indices, either ground based or 
via unmanned aerial systems (UAS), to assess 
plant N status, plant biomass or predict yield is 
another example of  the utility of  these tools. The 
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normalized water index-3 has shown nearly per-
fect correlation with yield (r = 0.95) under se-
vere drought stress as a predictive measure of  CT 
and plant water potential (Gutierrez et  al., 
2010). A similar utility was observed by Arguel-
lo et  al. (2016), where NDVI was predictive of  
both grain yield (R2 = 0.77) and biomass (R2 = 
0.64) under waterlogging stress but not in the 
control. Musgrave and Ding (1998) showed 
photosynthesis under waterlogging to be pre-
dictive of  yield (R2 = 0.61) in eight wheat geno-
types varying for waterlogging tolerance and 
reductions in photosynthesis have been shown 
to be delayed in tolerant wheat cultivars (Zheng 
et al., 2009). Similar results have been observed 
for measurements of  chlorophyll, such as the 
use of  a SPAD meter, with tolerant genotypes 
showing delayed onset of  chlorosis (Boru et al., 
2001; Zheng et  al., 2009). Moderate correl-
ations between chlorophyll and yield have also 
been shown in field waterlogging experiments 
(Collaku and Harrison, 2002; Ballesteros et al., 
2015). Additionally, NDVI has been shown to be 
a sensitive index for estimating biomass of  
flooded grass canopies but has limitations based 
on water depth (Beget and Di Bella, 2007).

6.12  Genomic Selection versus 
Marker-Assisted Selection  
for Genetic Improvement

Genome-wide selection or GS is an emerging ap-
proach in plant breeding programmes which re-
lies on genome-wide molecular markers (Heffner 
et al., 2009). The GS approach was proposed by 
Meuwissen et al. (2001) and subsequently gained 
popularity in animal breeding programmes 
(Luan et al., 2009; Daetwyler et al., 2010; Hayes 
and Goddard, 2010; Meuwissen and Goddard, 
2010). The GS approach has great potential in 
plant breeding programmes, where it allows 
breeders to select plants based on GEBVs instead 
of  observed phenotypic performance (Nakaya 
and Isobe, 2012). In GS, the effect of  all markers 
is estimated simultaneously based on phenotypic 
and marker data from a training population. 
Marker effects are then used to predict GEBVs of  
individuals for which only genotypic data are 
available. The main frameworks of  GS and MAS 
are similar, where both methods consist of  train-

ing and breeding phases (Nakaya and Isobe, 
2012). In the training phase, QTLs are identified 
in MAS, whereas GEBVs are predicted in GS in a 
training population. In the breeding phase, fa-
vourable individuals are selected based on the 
markers in MAS and the GEBVs in GS.

6.13  Brief Genomic Selection 
Methodology Overview

Genomic selection utilizes two types of  popula-
tions: (i) a training population; and (ii) a breeding 
population (Meuwissen et al., 2001; Heffner et al., 
2009). A training population consists of  lines 
most relevant to the breeding programme. The 
training population is genotyped with a large 
number of  markers and phenotyped for traits of  
interest to train the GS prediction model. In the 
prediction model, the genome-wide markers are 
considered as random effects and all marker ef-
fects on the phenotype are estimated simultan-
eously in a single model. GS assumes one or more 
markers are in linkage disequilibrium (LD) with 
each QTL affecting the trait, allowing for the cap-
ture of  variance for all QTLs. The prediction 
model is used to account for the total additive gen-
etic variance to estimate breeding value of  indi-
viduals based on the sum of  all marker effects in 
the training population. Using the model, GEBVs 
are calculated for individuals in the breeding 
population with only genotypic information and 
used in selecting individuals for advancement.

6.14  Statistical Methods to Predict 
Genomic Estimated Breeding Values

Statistical approaches for predicting GEBVs differ 
based on their assumptions and treatment of  
marker effects and include parametric, semi- 
parametric and non-parametric approaches (Meu-
wissen et al., 2001; Heffner et al., 2009; Lorenz 
et  al., 2011). The parametric methods include 
ridge regression–best linear unbiased prediction 
(RR-BLUP) and Bayesian methods which use a shrink-
age procedure (Heffner et al., 2009). In RR-BLUP 
all marker effects are estimated simultaneously 
assuming a normal (Gaussian) distribution with 
an equal variance (Meuwissen et al., 2001). The 
RR-BLUP approach treats marker effects as 
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random and shrinks equally all QTL effects to-
wards zero, thus is capable of  capturing minor 
effects using a large number of  markers (minor 
QTLs). As RR-BLUP calculates GEBVs by con-
tracting all marker effects equally, it can lead to 
an underestimation of  large-effect QTLs. To over-
come this limitation, Meuwissen et  al. (2001) 
proposed using marker-specific shrinkage effects 
(Bayesian methods). The Bayesian approach as-
sumes the variances of  the marker effects are dif-
ferent and is estimated by using a prior distribu-
tion for these variances (Meuwissen et al., 2001). 
Different types of  prior distribution have been 
proposed, including Bayes A (Bayesian shrinkage 
regression), Bayes B (Bayesian variable selection) 
and Bayes C

π, which combines all markers with 
non-zero effects and estimates a common vari-
ance for them (Habier et al., 2011). The Bayesian 
least absolute shrinkage and selection operator 
(LASSO) has an exponential prior on the marker 
variances, giving a double-exponential distribu-
tion for the marker effects resulting in less and 
more shrinkage on large- and small-effect mark-
ers, respectively (Park and Casella, 2008).

The semi-parametric and non-parametric 
methods used in GS include kernel regression and 
reproducing kernel Hilbert spaces (RKHS), and 
random forest (RF) regression methods. Kernel re-
gression is based on genetic distance, which re-
gresses marker effects to a smoothing parameter 
to control the distribution of  the QTL effects 
(Gianola et  al., 2006). RF (Breiman, 2001) is a 
machine learning method which captures non- 
linear relationships between phenotypes and 
marker genotypes by building a non-linear predic-
tion model. Semi- and non-parametric methods 
can capture non-additive effects which may im-
prove predictions (Dudley and Johnson, 2009).

6.15  Genomic Selection  
for Quantitative Traits in Wheat  

and Other Crops

The expected genetic gain from selection can be 
expressed as R = irσA, where R is the response to 
selection, i is the selection intensity, r is the selection 
accuracy and σA is the standard deviation of  
breeding values (Falconer and Mackay, 1996). 
Correlation between the predicted breeding value 
(GEBV) and the true breeding (phenotypic) 

value determines the accuracy (r) of  GS models 
(Goddard and Hayes, 2007). Accuracy, r, is 
analogous to the square root of  the narrow-sense 
heritability (h). In empirical studies, GS had 
greater accuracy than traditional MAS in bi-
parental crosses (Lorenzana and Bernardo, 2009), 
multiple bi-parental crosses (Massman et  al., 
2013), nested association mapping populations 
(Guo et  al., 2012), genome-wide association 
mapping–MAS in a multi-family wheat popula-
tion (Heffner et al., 2011a,b) and phenotypic se-
lection using pedigree information (Crossa et al., 
2010, 2011). Overall, moderate to high accur-
acies of  the GEBVs have been reported for quan-
titative traits, implying GS is a potential method 
for plant breeding with reduction in the breed-
ing cycle and high genetic gain per time com-
pared with phenotypic selection and MAS.

6.16  Genomic Selection for Abiotic 
Stress Tolerance Traits

Plant responses to abiotic stress are complex and 
rarely controlled by a single gene – making them 
suitable for a GS approach. Leplat et al. (2016) 
used chlorophyll fluorescence as a proxy for de-
termining Mn-deficiency tolerance in a winter 
barley population of  248 genotypes. A G-BLUP 
model (analogous to RR-BLUP) incorporating 
both phenotypes and genotypes outperformed 
phenotypes alone, with prediction accuracies 
based on different cross-validation schemes 
ranging from r = 0.21 to 0.73 depending on 
environment. Ovenden et al. (2018) reported the 
predictability for water-soluble carbohydrate 
concentration to range from r = 0.474 to 0.535 
for the well-watered experiments and from r = 
0.445 to 0.481 under drought stress, under a 
cross-validation approach within an individual 
experiment. Across experiments the mean pre-
dictability was higher for well-watered (r = 
0.502) compared with water deficit (r = 0.455). 
The authors did not find GEBVs to be an accur-
ate predictor of  phenotype given that the residual 
genetic variance that could not be explained 
was higher than the additive genetic variance 
explained by the models. Incorporating a crop 
growth model for N improved the prediction of  
grain number only slightly under variable 
N-stress scenarios (Ly et al., 2017). The model, 
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APSIM-Wheat, which simulated winter wheat 
growth based on previous studies at variable N 
levels and incorporated environment variables 
and their interactions, was able to capture add-
itional genotype by environment (G × E) inter-
actions compared with an additive effects model 
only. The overall benefit of  incorporating G × E 
effects was likely limited due to the very high 
heritability for grain number (0.96) and a lack 
of  genotype × N treatment interaction.

6.17  Genomic Selection for 
Waterlogging Stress Tolerance

Given its quantitative inheritance, GS is a suitable 
approach for breeding improved waterlogging 
tolerance and training populations need to be de-
veloped that capture the breadth of  genetic vari-
ation available. Tolerance to elemental toxicity 
and deficiency is an important adaptive trait 
improving waterlogging tolerance in wheat, 
although to date there are no reports on GS for 
waterlogging tolerance in wheat. To explore the 
use of  GS to predict nutrient uptake under water-
logging stress, a training population consisting 
of  240 inbred lines of  soft red winter wheat was 
evaluated in controlled field waterlogging experi-
ments. Elemental concentrations from total plant 
extracts were determined on wheat shoots by 
ICP–atomic emission spectroscopy (AES) for N, P, 
K, Ca, Mg, Na, K, Fe, Mn, Zn, Cu, B, S and Al. The 
training population was genotyped using the 
Illumina 9K iSelect assay for wheat (Cavanagh 

et al., 2013) with the final marker data set after 
filtering consisting of  5287 single-nucleotide 
polymorphisms (SNPs). The GEBVs for the train-
ing population and the marker effects for 3450 
SNP loci were calculated using phenotypic data, 
kinship information from TASSEL and genome-
wide marker data using an RR-BLUP model. 
When waterlogging stress was imposed at the 
late tillering stage, shoot tissue concentrations of  
P, Ca, S, Na, Fe, Mn, Al and B increased by 6 to 
1077% (Fig. 6.1). Prediction accuracy for GS 
(r

GS) was assessed through cross-validation of  the 
GS model for 500 cycles. Prediction accuracies 
increased with training population size and were 
moderate for grain yield (rGS = 0.39), Na concen-
tration (rGS = 0.47) and Mn concentration (rGS = 
0.37), but lower for Al concentration (rGS = 0.31) 
(Fig. 6.2). These accuracies are in the general 
range of  previous reports for quantitative traits. 
Additional phenotypic and marker data, in par-
ticular for the D genome where marker coverage 
is low, should be a target for future analyses. In 
addition, the inclusion of  large-effect loci as fixed 
effects in the prediction model, for example Alt1 
for Al, should be explored in future studies.

6.18  Doubled Haploids  
for Winter Wheat

The long life cycle (8–12 months) of  winter wheat 
compared with other crops is a constraint to breed-
ers and results in low genetic gain per unit time. 
However, the process of  inbred line development 
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Fig. 6.1.  Change (%) in shoot tissue and soil elemental concentrations for 28 wheat genotypes grown 
under soil waterlogging stress.
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can be expedited through the use of  doubled hap-
loid (DH) technology. The creation of  pure wheat 
lines by way of  interspecific crosses was first 
reported in the early 1970s (Ouyang et al., 1973) 
and is now common practice in wheat breeding 
programmes in Europe, Australia and Canada. 
The wheat by maize technique involves pollin-
ation of  the wheat flower with maize pollen re-
sulting in fertilization of  the wheat ovule followed 
by chemical treatment to duplicate chromosomes 
of  the haploid plant and produce DH lines (Laurie 
and Bennett, 1986; Laurie and Bennett, 1988; 
Tadesse et  al., 2013; Niu et  al., 2014). This has 
been proposed as a breeding scheme in winter 
wheat which combines the use of  GS at an accur-
acy of  r = 0.5 with a single seed descent approach 
which can result in a twofold increase in genetic 
gain, with the breeding cycle to advanced testing 
reduced from 7 to 5 years (Heffner et al., 2010). 
The use of  DH technology in addition to GS can 
reduce this time to 4 years or less.

6.19  Putting It All Together: A Pipe-
line for Genetic Improvement of 
Waterlogging Tolerance in Wheat

To expedite genetic gain for waterlogging toler-
ance in wheat, a rapid breeding pipeline within a 
GS framework is necessary (Fig. 6.3). The first 
step is to characterize potential elemental and 
nutrient deficiencies and toxicities for a given 
target environment through soil and tissue 

analysis in wheat cropping areas prone to water-
logging. Second is the establishment of  reliable 
field or greenhouse screening nurseries for gen-
eral tolerance to hypoxia and for target elemen-
tal toxicities and deficiencies. Third is the char-
acterization of  a training population that 
segregates for waterlogging tolerance traits (and 
alleles) and also encompass the scope of  genetic 
diversity within a breeding programme for other 
traits (i.e. grain yield), in order to train predic-
tion models. Fourth is the development, GEBV 
prediction and phenotyping of  new breeding 
lines. The use of  DHs or other methods of  rapid 
generation will expedite this effort. As new lines 
are advanced, retraining of  prediction models 
with data collected on advanced breeding lines 
will be necessary to maintain relatedness be-
tween the training and breeding populations. In 
terms of  research and understanding the biol-
ogy of  waterlogging tolerance, a more thorough 
characterization of  elemental transporters and 
the role they play in exclusion or uptake of  micro 
and macro elements under waterlogging stress is 
needed. A better understanding of  the genetic 
control of  adaptive mechanisms including the 
production of  hollow stems, such as those seen 
in rice, and genetic variation for the formation of  
root aerenchyma is also warranted. With global 
climate change, it is likely that soil waterlogging 
will continue to grow in terms of  its impact on 
wheat production and a proactive approach is 
necessary to circumvent the negative effects of  
this abiotic stress.
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Fig. 6.2.  Impact of training population size (n = 240) on prediction accuracy for grain yield and element 
uptake in wheat under waterlogging stress.
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7.1  Introduction

Wheat is one of  the most cultivated crops 
worldwide. Although it can be used in industrial 
applications and animal feed, it is mainly used as 
a human food and represents a substantial part 
of  the diet of  several billions of  people (Shewry, 
2009). Depending on the gluten content, wheat 
flour can be used to produce pastries, breads, 
cookies, cakes and other products. Around 95% 
of  the wheat cultivated worldwide is bread wheat 
(Triticum aestivum), which has a hexaploid gen-
ome (AABBDD). Most of  the remaining 5% is 
durum wheat (Triticum turgidum spp. durum), 
which is a tetraploid species (AABB) lacking the 
D genome. Wheat is adapted to a wide range of  
temperate environments (Shewry, 2009), but 
improving its adaptation to tropical regions is 
required (Pereira et al., 2019). This is especially 
important because the mean wheat yield glo-
bally is lower than required to meet the demand 
expected by 2050 (Ray et al., 2013). One way to 
improve wheat yield is to increase productivity 
under Al stress, which plants face when grown 
in acid soils and subsoils, because both bread 
and durum wheats are impacted by Al toxicity.

Al is the third most abundant element and 
the most common metal in the Earth’s crust, even 
though it plays no essential role in any biological 

system (Exley, 2009). It is largely harmless to 
plants when they grow under neutral or slightly 
acid soils. Under these conditions, most Al is un-
available to plants because it occurs in minerals 
and is complexed with oxides, silicates and other 
compounds. However, when the soil pH becomes 
more acidic, some of  these minerals are solubil-
ized and Al ions are released into the soil solu-
tion. Depending on the soil pH, a number of  Al 
species occur, but Al H O2 6

3+( ) , or simply Al3+, 
becomes prevalent below pH 5.0. The trivalent 
cation Al3+ is highly toxic to plants, and it injures 
several sites in the plant cell (Zheng and Yang, 
2005). The root apex is the primary site for Al 
toxicity (Ryan et al., 1993) and the most evident 
effect is the inhibition of  root growth. A reduced 
root system can explore a lower fraction of  soil, 
decreasing the likelihood of  finding water and 
nutrients. Additionally, it may provide weaker 
anchor for the plant, making it potentially more 
prone to lodging, and could affect root–microbe 
interactions. Even in hydroponics, when water is 
constantly available, Al-sensitive plants might 
suffer disturbed stomatal conductance and tran-
spiration, which could lead to lower water status 
in leaves (Silva et al., 2018b; Gavassi et al., 
2020). Thus, Al toxicity affects plant develop-
ment. Acid soils pose additional nutritional chal-
lenges to plants because they are often leached 
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of  basic cations (such as K+, Ca2+ and Mg2+) and 
have reduced phosphate availability. Thus, 
plants suffering from Al toxicity are more likely 
to experience nutrient deficiencies. Nearly half  
of  the world’s cultivated or potentially cultivated 
lands show acidity (von Uexküll and Mutert, 
1995); therefore, acidic soils are one of  the major 
stresses for plant productivity worldwide.

Agronomic strategies are available for man-
aging soil acidity and Al toxicity. These include 
the application of  soil ameliorants such as gyp-
sum (CaSO

4·2H2O), which returns the basic cat-
ions that are commonly leached from acid soils, 
or lime (CaCO3) that has the added benefit of  
raising the pH. Although these management 
practices allow deeper root growth, they will not 
immediately overcome the problem because 
these compounds are expensive and/or not read-
ily available to small farmers in many countries, 
and lime especially moves slowly down the soil 
profile. As a result, the most sustainable way to 
cope with Al toxicity is the amelioration of  soil 
pH in combination with the use of  Al-resistant 
genotypes. Additionally, greater Al resistance al-
lows plants to better cope with drought stress 
(Yang et al., 2013), to increase yield in acid soil 
under elevated CO

2 (Dong et al., 2019) and 
potentially to better desorb phosphate from 
minerals in the soil (Kochian et al., 2004). Thus, 
breeding wheat for greater Al resistance is im-
portant. Wheat has genetic variability for that 
trait (see Fig. 7.1 below) and understanding the 
mechanisms underlying this variability could be 
useful to breed new cultivars.

In this context, this chapter aims at de-
scribing the main physiological mechanisms 
associated with Al resistance in wheat and 
how the research about these mechanisms has 
evolved to its current status. Practical aspects 
of  phenotyping and using the molecular basis 
to increase Al resistance, which can be easily 
introduced in breeding programmes, are de-
tailed. This chapter discusses the reliability of  
methods to screen root growth under Al stress, 
the allelic variation of  genes associated with the 
main Al resistance mechanism in wheat, the 
quantitative trait loci (QTLs) and genomic re-
gions that might contain minor Al tolerance 
genes, the use of  wheat wild relatives, the 
uncertainties of  developing transgenic wheat 
for greater Al resistance and the development 
of  Al-resistant lines of  durum wheat.

7.2  Screening Wheat Root Growth 
under Aluminium Stress

The most common approach to phenotype Al 
resistance/tolerance is the evaluation of  root 
development. Most of  the studies employing this 
approach have used hydroponics (or nutrient 
solution) because it provides many advantages 
(Shavrukov et al., 2012), including isolation of  the 
Al stress, greater control of  environmental condi-
tions, easy observation of  the roots and is not de-
structive. Various measurements can be performed 
and used as indicators of  Al resistance/tolerance, 
such as relative root length, relative root weight, 
root regrowth and haematoxylin staining (Polle 
et al., 1978; Taylor and Foy, 1985; Delhaize et al., 
1993a; Tang et al., 2002; Cai et al., 2008; 
Raman et al., 2008; Pereira et al., 2010).

Haematoxylin is a dye that forms a complex 
with Al resulting in a coloured stain (Polle et al., 
1978). The intensity of  the haematoxylin stain 
is lighter in Al-resistant/tolerant genotypes and 
darker in Al-sensitive plants because the Al-sen-
sitive plants take up more Al (Polle et al., 1978; 
Delhaize et al., 1993a). There is close agreement 
in screening Al tolerance based on haematoxy-
lin staining and root length when seedlings are 
grown in nutrient solution after haematoxylin 
staining (Delhaize et al., 1993a). Nevertheless, 
an indicator of  Al resistance largely used is rela-
tive root length (RRL), also called relative root 
growth (RRG) (Ryan et al., 1995; Papernik et al., 
2001; Tang et al., 2002; Raman et al., 2005; 
Guo et al., 2007b; Zhou et al., 2007a; Raman 
et al., 2008; Pereira et al., 2010; Aguilera et al., 
2016; Pereira, 2018). RRL is assessed by grow-
ing plants in conditions with and without Al 
stress (Fig. 7.1) and it is a better indicator of  Al 
resistance/tolerance in wheat than relative root 
dry weight (Rengel and Jurkic, 1992). Comparison 
of  RRL between studies is not feasible, because 
the level of  Al stress in the solution varies based 
on the amount of  Al added, pH and nutrients. 
Thus, when accessing Al resistance, the use 
of  controls (preferably both Al-resistant and 
Al-sensitive genotypes) is recommended.

The downside of  hydroponics is that the level 
of  Al resistance is not always highly correlated 
with results obtained from field trials. Some stud-
ies have found a good relationship between the 
length of  the roots in hydroponics and Al resist-
ance/tolerance in the field as, for instance, for 43 
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wheat genotypes where these parameters were 
reported as highly correlated (r = 0.71–0.85, P < 
0.01) (Baier et al., 1995). However, when 338 
wheat genotypes were evaluated in both hydro-
ponics and field conditions, only an intermediate 

correlation (r = 0.56, P < 0.001) was observed 
(Aguilera et al., 2016). Additionally, non-consistent 
responses were obtained when Al-tolerant and 
Al-sensitive wheat cultivars and their progenies 
were evaluated in soil and nutrient solution 

MGS1-Aliança

Anahuac

Control Al stress

RRL = 8.36% RRL = 8.38% RRL = 14.63% RRL = 24.68%

RRL = 48.60% RRL = 51.38% RRL = 63.99% RRL = 70.96%

Control Al stress Control Al stress Control Al stress

Control Al stress Control Al stress Control Al stress Control Al stress

~ =
 5

 c
m

Tiacena 1 Bagé Veadeiros

IAS 16-Cruz Alta PAT 7219 BH 1146

~ =
 5

 c
m

Fig. 7.1.  Natural variability of Al resistance in wheat accessed by relative root length (RRL) in short-term 
soil experiments. These experiments require acid soil, from the area where the wheat plants are targeted 
to be cultivated, and limed soil, which is the same acid soil in which pH is increased and the soluble Al is 
reduced to near 0%. Wheat plants are grown under limed soil (control) and acid soil (Al stress). After 6 
days of growth, roots are carefully removed, the length of the longest root is measured, and the mean root 
length and standard error (SE) of the plants in each condition are calculated. The RRL for each genotype 
is calculated as 100 × (mean root length under Al stress/mean root length in the control condition) and 
the errors associated with deriving the RRL are estimated as SERRL = RRL [(SEx/x)2 + (SEy/y)2]1/2, where x 
represents the mean root length in the control condition and y is the mean root length under the Al 
treatment. The RRL of 8.36% (as obtained for cultivar Anahuac) indicates that the mean root length of 
plants grown under Al stress is 8.36% of the root length of the same genotype when grown without Al 
stress. The higher the RRL, the greater the ability of the plant to resist the Al toxicity. When the RRL is 
compared with the RRL of Al-resistant (such as BH 1146) and Al-sensitive (such as Anahuac) genotypes, 
the levels of Al resistance can be determined as, in this example, Al-sensitive (Tiacena 1), moderately 
sensitive (Bagé and Veadeiros), moderately resistant (MGS1-Aliança and IAS 16-Cruz Alta) and Al-resistant 
(PAT 7219). The data used for this figure were published by Pereira (2018).
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experiments (Bona et al., 1994). This indicates 
that the nutrient solution can be useful to screen 
for Al resistance, but the best genotypes found in 
hydroponics will not necessarily perform well 
under acidic soil conditions in the field. For 
example, among the 338 wheat genotypes evalu-
ated by Aguilera et al. (2016), 106 were con-
sidered Al-resistant in nutrient solution, but only 
eight remained classified as resistant in field trials. 
The reasons for the low correlation between 
hydroponic and soil screens that have been raised 
previously for barley (Ferreira et al., 2018) 
include: (i) Al toxicity is virtually the only stress 
limiting root growth in the nutrient solution but a 
mix of  several stresses is found in acid soil; (ii) the 
pH of  the nutrient solution with or without Al 
stress is the same, while the soil pH may vary even 
between short distances; (iii) the level of  Al tox-
icity might be different between the nutrient solu-
tion and the soil; and (iv) the availability of  other 
nutrients (such as P and K) is different between 
hydroponics and soil.

One alternative to bypass the low correl-
ation between Al resistance in hydroponics and 
field may be the use of  short-term soil experi-
ments (Pereira, 2018). In these experiments, a 
92% correlation was found between the RRL of  
20 wheat cultivars and the classification index 
of  Al toxicity in the field proposed by Aguilera 
et al. (2016). Thus, a short-term soil experiment 
could be used to establish a more realistic level of  
Al stress in hydroponics. Several levels of  Al 
stress can be tested in nutrient solution and the 
level that correlates most with the RRL of  the 
short-term soil experiment can be selected for 
future experiments. In this way, the Al toxicity in 
nutrient solution could be adjusted to represent 
the amount of  Al stress present in the soil from 
the region where the wheat is targeted to grow. 
This adjustment is required both to screen the 
wheat root growth under Al stress and to allow a 
fast, efficient and reliable method for breeding 
wheat for greater Al resistance.

7.3  Efflux of Organic Acid Anions as 
the Major Mechanisms of Aluminium 

Resistance in Wheat

Various physiological mechanisms can explain 
the variability of  root growth when plants are 

cultivated under Al stress. Broadly, the mechanisms 
that prevent Al entering the plant cell (exclu-
sion mechanisms) are usually classified as resist-
ance mechanisms. Those that detoxify Al once it 
enters the plant cell (non-exclusion mechan-
isms) are considered tolerance mechanisms. Al-
though these terms (resistance and tolerance) have 
been previously used interchangeably, many re-
search groups now use more specific terms for 
clarity (Brunner and Sperisen, 2013; Kochian 
et al., 2015; Pereira et al., 2015; Ryan, 2018). 
The most commonly studied mechanism of  Al 
resistance in plants relies on the exudation of  low-
molecular-weight organic acids by the roots. 
Most organic acids at the near-neutral pH of  the 
cytoplasm occur as fully dissociated anions, and 
they are probably transported outside the cell as 
organic anions (OAs) (Ryan et al., 2001). The 
OAs are thought to chelate Al cations, resulting 
in a lower availability of  toxic Al3+, which conse-
quently reduces the level of  Al toxicity in the en-
vironment. Studies showing that OAs can help 
plants cope with Al stress include the greater 
root growth, nutrient content and yield in maize 
when citrate was added to the nutrient solution 
containing Al (Bartlett and Riego, 1972) and 
other subsequent reports as the greater root 
growth of  cotton growing under Al stress when 
different OAs were added to nutrient solution 
(Hue et al., 1986). Years later, the ability of  
plants to exude OAs by the root apex was investi-
gated (Kitagawa et al., 1986; Miyasaka et al., 
1991). In those reports, the Al-stimulated efflux 
of  malate was greater in roots of  an Al-resistant 
wheat cultivar in comparison with an Al-sensitive 
cultivar (Kitagawa et al., 1986) and an Al-tolerant 
cultivar of  snapbean exuded ten times more 
citrate than an Al-sensitive cultivar when Al 
was added in a hydroponic system (Miyasaka 
et al., 1991).

In wheat, Al-resistant genotypes can exude 
OAs (malate and/or citrate) from the root apex, 
which is the main mechanism of  Al resistance 
(Fig. 7.2). The malate efflux by roots of  wheat 
growing under Al stress was first detected by 
Kitagawa et al. (1986) but detailed and compel-
ling data about malate as the most excreted OA 
stimulated by Al in wheat roots were reported 
when near-isogenic lines (NILs) contrasting for 
Al resistance were evaluated in nutrient solu-
tion (Delhaize et al., 1993b). The exudation of  
malate was ten times greater in the Al-resistant 
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genotypes, and 35-fold more malate was detected 
from the first 3–5 mm of  the root apex than 
from the mature root (Delhaize et al., 1993b). 
The malate efflux by the root apex was specific-
ally induced by Al3+ and not by other trivalent 
cations (La3+ and Fe3+). Although these earlier 
studies were performed on NILs and their 
parental genotypes, subsequent experiments 
confirmed the importance of  malate exudation 
for Al tolerance in wheat. A high correlation 
(r2 = 0.84) was detected between the root length 
of  36 wheat cultivars and the amount of  malate 
exuded by their root apices (Ryan et al., 1995). 
Furthermore, a significant correlation between 
root growth under Al toxicity and malate efflux 
by the root apex has been reported for several 
wheat genotypes with the exception of  some 
wheat genotypes from Japanese origin (Paper-
nik et al., 2001; Raman et al., 2005, 2008; 
Sasaki et al., 2006). Consequently, Al-stimulated 

malate efflux is considered the main contributor 
to a general mechanism of  Al resistance in 
wheat.

Although Delhaize et al. (1993b) detected 
other OAs exuded by the wheat root apex, they 
were exuded in relatively small quantities or 
were relatively poor chelators of  Al (Delhaize 
et al., 1993b). However, a study that aimed to 
determine how the parent genomes of  triticale 
(× Triticosecale Wittmack), a synthetic self-
pollinated hybrid derived from wheat and rye, 
contributed to Al resistance provided evidence 
that some wheat genotypes also secrete citrate. 
In that study, triticale obtained from Al-resistant 
wheat genotype showed higher citrate efflux 
than triticale originated from Al-sensitive wheat 
(Stass et al., 2008). The citrate efflux was closely 
related to the performance of  the wheat parents, 
with significant differences found between the 
Al-resistant and Al-sensitive genotypes for 
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Fig. 7.2.  Al resistance mechanism in wheat based on the malate and citrate efflux by the root apex. 
The efflux of both organic acids is mostly detected in the root apex and is dependent on malate 
(TaALMT1) and citrate (TaMATE1B) transporters located on the cell membrane. The malate and citrate 
exuded are thought to chelate toxic Al ions (especially the trivalent cation Al3+), whose resulting complexes 
are less toxic than Al3+. Thus, the amount of malate and citrate exuded is positively correlated with the root 
growth under Al stress. The three-dimensional structures of the ALMT and MATE transporters used in the 
figure were obtained by submitting the sequences of TaALMT1 (GenBank DQ072260) and HvAACT1 
(GenBank KX278713) to the SWISS-MODEL (Biasini et al., 2014).
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citrate exudation (Stass et al., 2008). Soon after, 
26 wheat genotypes originating from several 
countries were tested for citrate efflux. Among 
those, the root tips of  four Brazilian wheat culti-
vars showed constitutive (not Al activated) cit-
rate efflux (Ryan et al., 2009). For the first time, 
citrate efflux was also implicated in Al resistance 
in wheat.

7.4  Organic Acid Transporters  
in Wheat

Early evidence raised the possibility that the syn-
thesis of  OAs could be the major component for 
the Al tolerance mechanism based on OA efflux. 
For instance, an increased concentration of  OA 
was found in sorghum roots treated with Al 
(Cambraia et al., 1983). The overexpression of  
genes coding for enzymes of  the tricarboxylic 
acid (TCA) cycle such as citrate synthase, which 
produces citrate from oxaloacetate, and malate 
dehydrogenase, which causes oxidation of  oxalo-
acetate to form malate, have been reported as a 
strategy to increase Al tolerance (de la Fuente et 
al., 1997; Tesfaye et al., 2001). In those reports, 
the overexpression of  a bacterial citrate syn-
thase gene in tobacco and papaya improved Al 
tolerance by increasing root growth under Al 
stress (de la Fuente et al., 1997), and the overex-
pression of  a malate dehydrogenase gene in 
alfalfa resulted in greater root growth at higher 
Al concentrations (50 and 100 μM Al) (Tesfaye 
et al., 2001). However, the strategy of  increasing 
the expression of  enzymes of  the TCA cycle does 
not appear to be easily replicated because another 
study about the overexpression of  bacterial citrate 
synthase in tobacco failed to increase accumula-
tion of  citrate in roots or increase Al-activated 
efflux of  citrate from roots (Delhaize et al., 
2001). Similarly, internal levels or the ability of  
the triticale root cells to produce malate and cit-
rate do not regulate the Al-induced efflux of  OA 
in triticale (Hayes and Ma, 2003). In wheat, the 
differential Al tolerance is not correlated with 
the internal content of  organic acids either in 
shoots or roots (Foy et al., 1990). Studies have 
shown that Al stress does not change the in-
ternal concentration of  malate in excised root 
apices even after 6 h of  exposure to Al (Ryan 
et al., 1995). However, these excised root apices 

can exude malate three times more after 6 h 
than just after excision (Ryan et al., 1995). Thus, 
the ability of  the cell to synthesize OA does not 
seem to be the limiting step for the Al resistance 
mechanism based on the efflux of  OAs by the 
root apex (Ryan et al., 2001).

Since plants are able to produce more OA 
when demanded, the limiting step for the efflux 
of  OA by the root apex is not their synthesis but 
their transport from cytosol to outside the cell. 
The exudation of  OAs requires specific trans-
porters. In wheat, a large inward current was 
triggered by the addition of  AlCl

3 in a culture of  
protoplasts (plant cells without the cell wall) 
isolated from the root apex of  an Al-resistant 
cultivar (Ryan et al., 1997). As long as Al3+ was 
present, the current remained active and was 
sensitive to niflumic acid, a compound that in-
hibits Al-activated efflux of  malate from wheat 
roots (Ryan et al., 1997, 2001). The channel 
was activated by Al3+ and was detected in proto-
plasts from the root tip but not from the mature 
roots. In addition, a multistate channel with sin-
gle-channel conductance of  between 27 and 66 
pS was detected (Ryan et al., 1997). A follow-up 
study demonstrated that the channel was per-
meable to malate2– anions and that channels 
obtained from an Al-tolerant NIL had greater 
frequency of  responses and larger current dens-
ity in response to Al3+ (Zhang et al., 2001). These 
results indicated that Al-resistant wheat geno-
types have channels in the root apex that are 
involved in malate efflux (Fig. 7.2).

Insights about the citrate transporter respon-
sible for citrate efflux by the wheat root tip were 
reported years later (Ryan et al., 2009; Tovkach 
et al., 2013). The wheat citrate transporter is 
located on the plasma membrane and, when 
overexpressed in oocytes, inward and outward 
currents were detected if  10 mM citrate was 
added, but no current was observed in control 
oocytes. This means the citrate transporter fa-
cilitates the efflux of  citrate, or other anions, at 
negative membrane potentials (Tovkach et al., 
2013). When transferred to transgenic rice and 
tobacco, the wheat citrate transporter generated 
citrate efflux in these species up to four times more 
than in the non-transgenic controls (Tovkach 
et al., 2013). These results indicated that citrate 
efflux by wheat root apices requires a citrate 
transporter (Fig. 7.2). Interestingly, the amount 
of  citrate secreted by the wheat root apex is 
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around tenfold less than the amount of  malate 
exuded (Ryan et al., 2009, 2014). Another 
important difference between the malate and 
citrate exudation by the wheat root apex is that 
Al3+ must be present in the environment to acti-
vate the malate efflux, whereas the citrate efflux 
is constitutive.

7.5  Genes Coding for Organic  
Acid Transporters in Wheat

The importance of  chromosome 4D for Al resist-
ance of  hexaploid wheat was described nearly 
half  a century ago when Slootmaker (1974) 
argued that the D genome carried one or more 
genes associated with tolerance to high soil acid-
ity. Later, Al tolerance genes were detected in 
several chromosome arms including 4DL (Aniol 
and Gustafson, 1984). The chromosome arm 
4DL was also the location of  a single dominant 
locus controlling Al tolerance named Alt2 (Luo 
and Dvořák, 1996) and a restriction fragment 
length polymorphism (RFLP) marker that explained 
85% of  the phenotypic variation in Al tolerance 
in a locus designated as Alt

BH
 (Riede and Ander-

son, 1996). Others have also reported the major 
contribution of  chromosome arm 4DL for greater 
Al tolerance and malate efflux in wheat (Milla 
and Gustafson, 2001; Papernik et al., 2001).

For the isolation of  the Al resistance gene 
from the chromosome arm 4DL, NILs were used 
to access the differential gene expression in roots 
grown under Al stress (Sasaki et al., 2004). One 
gene, named ALMT1 (aluminium-activated malate 
transporter), was detected as more expressed in 
the roots of  the Al-resistant NIL. Several charac-
teristics of  ALMT1 strongly supported its role as 
a gene coding for a malate transporter in wheat 
associated with Al resistance: (i) Al resistance 
and higher ALMT1 expression co-segregated in 
F

2 population whose parents contrasted for Al 
resistance; (ii) ALMT1 coded for a membrane 
protein that showed higher expression in root 
apices of  the Al-resistant than the Al-sensitive 
NIL; (iii) when ALMT1 cDNA and malate were 
injected in Xenopus laevis oocytes, an inward 
current was activated by the addition of  AlCl3; 
(iv) malate efflux from the roots was activated by 
Al3+ in transgenic rice overexpressing ALMT1; 
and (v) transgenic tobacco cells overexpressing 

ALMT1 exhibited Al-activated malate efflux as 
well as lower Al accumulation and greater re-
growth under Al stress (Sasaki et al., 2004). The 
ALMT1 gene isolated from wheat was the found-
ing member of  the ALMT family since ALMT1 
did not belong to any existing protein family 
(Sasaki et al., 2004). Subsequently, genes hom-
ologous to ALMT1 have been isolated from sev-
eral plant species and shown to have a number 
of  functions in various physiological processes 
including Al resistance (Sharma et al., 2016). 
Interestingly, ALMT transporters from various 
species (Arabidopsis, barley, rice and wheat) have 
been described as permeable to γ-aminobutyric 
acid (GABA), an endogenous plant signalling 
molecule (Ramesh et al., 2018). This might ex-
plain why malate efflux is negatively correlated 
with endogenous GABA concentrations in wheat 
root apices (Ramesh et al., 2015, 2018). How-
ever, the impact of  these interesting findings 
in the Al resistance of  wheat and other species 
remains to be clarified.

Since several genes from the ALMT family 
have been isolated, the wheat ALMT1 gene was 
renamed TaALMT1, in which the first two letters 
indicate the species (Triticum aestivum). The 
TaALMT1 gene has six exons and five introns 
(Fig. 7.3). From the first ATG to the stop codon, 
the sequences vary from 3951 to 3968 bp due to 
intronic sequences (Raman et al., 2005), but the 
TaALMT1 protein is 459 amino acids long in 
several wheat genotypes (Sasaki et al., 2004; 
Raman et al., 2005). Variability has been detected 
in exons and introns of  TaALMT1, but these dif-
ferences are not associated with Al resistance 
(Sasaki et al., 2004, 2006; Raman et al., 2005, 
2008). Instead, Al resistance in wheat is correlated 
with polymorphisms in the TaALMT1 promoter 
region (Sasaki et al., 2006; Raman et al., 2008). 
Seven alleles have been detected, and these 
alleles exhibit different blocks of  sequences 
(named as A to D) in the TaALMT1 upstream re-
gion with each block having a particular num-
ber and fashion of  repeats (Sasaki et al., 2006; 
Raman et al., 2008; Pereira et al., 2015) (Fig. 7.3). 
Except in lines of  Japanese origin, the general 
pattern is that greater number of  repeats in the 
TaALMT1 promoter (as in alleles Types V and VI) 
is associated with greater levels of  TaALMT1 
expression (Sasaki et al., 2006). The levels of  
TaALMT1 expression are strongly correlated 
with the root growth under Al stress when 
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evaluated among 13 wheat genotypes (r2 = 0.86) 
and among 18 non-Japanese lines (r2 = 0.94) 
(Raman et al., 2005; Sasaki et al., 2006). Thus, 
the polymorphisms at the TaALMT1 promoter 
are associated with higher gene expression that 
is correlated with Al resistance.

Although the expression of  TaALMT1 is 
constitutive (Sasaki et al., 2004; Raman et al., 
2005), the efflux of  malate is not constant, as 
Al3+ must be in the environment to activate the 
malate transporter. This mechanism prevents 
wheat root cells from exuding malate in condi-
tions that do not require chelation of  Al3+. In 
fact, TaALMT1 was unable to facilitate the efflux 
of  malate from root apices of  an Al-resistant 
wheat genotype when the plants were grown 
under alkaline pH (Silva et al., 2018a), a situ-
ation where toxic Al anions are not detected. 
Surprisingly, TaALMT1 activity was induced by 
several anions at alkaline pH in the absence of  
Al3+ when expressed in transgenic tobacco and 
X. laevis oocytes (Ramesh et al., 2015). Recently, 
greater root growth and higher malate efflux 
were detected in an Al-resistant wheat line with 
high TaALMT1 expression after growing for 5 
weeks at alkaline pH (Kamran et al., 2020). As 
the importance of  TaALMT1 in alkaline pH 
seems to be debatable, new experiments are 
required to shine greater light on this matter.

The gene coding for the citrate transporter 
in wheat belongs to a different family from 
ALMT, which is named as MATE (multidrug and 
toxic compound extrusion). MATE transporters 
were first identified to facilitate the efflux of  a 
variety of  secondary compounds in prokaryotic 
cells (Moriyama et al., 2008; Takanashi et al., 
2014). Proteins from the MATE family usually 
have 12 transmembrane helices, and phylogen-
etic analyses have revealed 14 small subfamilies 
with the MATE proteins from plants belonging 
to the subfamily 2B (Moriyama et al., 2008). 
MATE proteins in plants are not exclusively 
linked to the transport of  citrate but are respon-
sible for transporting a number of  compounds 
(such as plant hormones and secondary metab-
olites) associated with various physiological 
functions (Takanashi et al., 2014). Although 
some ALMT and MATE proteins are respon-
sible for the efflux of  OAs by the root apex in 
several plant species, this seems to be a case of  
convergent evolution, in which protein families 
without a common ancestor exhibit similar 

functions (Delhaize et al., 2007; Liu et al., 2009; 
Ryan and Delhaize, 2010).

The first members of  the MATE family re-
ported to have a role in plant Al resistance were 
the SbMATE in sorghum and HvAACT1 (also 
called HvMATE) in barley (Furukawa et al., 
2007; Magalhaes et al., 2007; Wang et al., 
2007). Subsequently, MATE transporters associ-
ated with citrate efflux and Al resistance were 
identified in Arabidopsis and rye (Liu et al., 2009; 
Silva-Navas et al., 2012). The identification of  
the MATE gene associated with Al resistance in 
wheat took advantage of  the HvAACT1 gene 
from barley. That gene was used to identify seven 
homologous expressed sequence tags (ESTs) in 
wheat, and primers were designed based on a se-
quence assembled from the wheat ESTs (Tovk-
ach et al., 2013). The primers detected a single 
cDNA fragment from root apices of  the wheat 
cultivar Carazinho (Al-resistant genotype that 
shows citrate efflux), whereas no product was 
obtained from root apices of  Egret (Al-sensitive 
wheat cultivar showing no citrate efflux). The 
gene, named as TaMATE1B, codes for a citrate 
transporter that is constitutively expressed in 
roots of  the Al-resistant wheat cultivar (Tovkach 
et al., 2013). Additional analysis revealed that 
TaMATE1B has homologues on chromosome 
4A and chromosome 4D named TaMATE1A and 
TaMATE1D, respectively. However, the homo-
logues on chromosomes 4A and 4D have low ex-
pression in roots of  Al-resistant and Al-sensitive 
wheat cultivars (Carazinho and Egret), which 
excluded their role as responsible for the consti-
tutive citrate efflux in wheat (Tovkach et al., 
2013). Thus, TaMATE1B is the gene associated 
with citrate efflux by the wheat root apices. The 
TaMATE1B coding region is 3933 bp long with 
12 introns (Fig. 7.3) and the TaMATE1B protein 
has 554 amino acid residues with seven to 11 
predicted transmembrane domains. When the 
TaMATE1B protein was fused with green fluor-
escent protein and transiently expressed in leek 
(Allium ampeloprasum), the chimeric protein was 
detected only at the cell periphery indicating 
that TaMATE1B is located on the plasma mem-
brane (Tovkach et al., 2013).

When sequences of  TaMATE1B were com-
pared, only two bases within the 11th intron 
were detected as polymorphic between wheat 
cultivars contrasting for citrate efflux (Carazin-
ho and Egret). The main polymorphism between 
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First step: LPF amplification
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1.25 µl primers (10 µM each)

10 µl Master Mix (2×)
6 µl DNA (25 ng/µl)

(Raman et al., 2008)

Primer F: GCTCCTACCACTATGGTTGCG
Primer R: CCAGGCCGACTTTGAGCGAG

(Garcia-Oliveira et al., 2014)
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Fig. 7.3.  TaALMT1 and TaMATE1B promoter alleles and PCR conditions for their detection. So far, 
TaALMT1 has seven promoter types with different repeats of four blocks named as A, B, C and D (note 
that block B in Type II allele has a 31 bp insertion and block A in Type III allele is 75 bp shorter). TaMATE1B 
has two alleles differing by the insertion of a 11.1 kb transposon-like element located 25 bp upstream of 
the start codon (Tovkach et al., 2013). The purple rectangle represents the ~3.9 kb sequence that is 

Continued
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TaMATE1B from these cultivars is a long inser-
tion (11.1 kb) located 25 bp upstream from the 
ATG start codon (Tovkach et al., 2013). This 
long insertion seems to be a hybrid repetitive ele-
ment where part of  the sequence (approximately 
3.9 kb) is homologous to a Sukkula retrotrans-
poson. The evidence that TaMATE1B is a citrate 
transporter associated with Al resistance in wheat 
includes: (i) the superior allele (with the insertion 
in the promoter region) co-segregated with Al 
resistance in a population derived from Carazin-
ho and Egret; (ii) the superior allele was detected 
in other wheat cultivars that exhibit citrate 
efflux; (iii) transgenic expression of  TaMATE1B 
resulted in greater citrate efflux from whole to-
bacco seedlings and from the excised root apices 
of  rice; (iv) expression of  TaMATE1B cRNA in 
oocytes of  X. laevis showed novel inward (nega-
tive) and outward (positive) currents when citrate 
was added; and (v) expression of  TaMATE1B in 
Al-resistant cultivar (Carazinho) was significantly 
higher (50-fold greater) than the expression in 
cultivar Egret (Al-sensitive) when the apical 10 mm 
region of  the root was analysed (Tovkach 
et al., 2013).

A second member of  the MATE family, 
named TaMATE2, was isolated in wheat due its 
similarity with other MATE genes from rye 
(Garcia-Oliveira et al., 2018). TaMATE2 homoe-
ologues were located at chromosomes 1A, 1B and 
1D (referred to as TaMATE2-A, TaMATE2-B and 
TaMATE2-D), and all three homoeologues were 
expressed in root apices and shoot tissues of  
Al-resistant and Al-sensitive genotypes under Al 
stress. However, higher expression was detected 
in root apices of  the Al-resistant cultivar (Garcia-
Oliveira et al., 2018). TaMATE2 might also encode 
a citrate transporter, but it remains unclear if  it 

has a role in wheat Al resistance. The action of  
two citrate transporters in alleviating Al toxicity 
is not unprecedented, because it has been reported 
for other plant species (Liu et al., 2018; Wang 
et al., 2019). In soybean, two citrate transporters 
appear to mediate citrate efflux and contribute 
to the external detoxification of  Al (Wang et al., 
2019), while in rice bean, the citrate efflux under 
Al stress is biphasic, with an early phase of  a low 
citrate efflux (associated with VuMATE2) fol-
lowed by a later phase of  an increased secretion 
(associated with VuMATE1) (Liu et al., 2018).

7.6  PCR to Detect TaALMT1 and 
TaMATE1B Promoter Alleles

For both TaALMT1 and TaMATE1B, polymor-
phisms in the promoter regions are associated 
with increased gene expression, greater OA 
efflux and improved Al resistance in wheat. 
Thus, detection of  those polymorphisms is 
important to characterize germplasm and could 
be a great asset for wheat breeding programmes. 
Several groups have used this information to 
evaluate wheat germplasm (Sasaki et al., 2006; 
Raman et al., 2008; Han et al., 2013; Garcia-
Oliveira et al., 2014; Pereira et al., 2015; Aguil-
era et al., 2016; Pereira, 2018). TaALMT1 
promoter Types V and VI (here designated as 
superior alleles due to their typical associ-
ation with greater malate efflux and Al resist-
ance) are the most common alleles detected in 
Brazilian wheat genotypes (Pereira et al., 2015). 
These superior alleles are not always frequently 
detected in wheat germplasm from other countries, 
as TaALMT1 promoter Type VI was not observed 
and the Type V was less frequently identified in a 

homologous to a Sukkula retrotransposon. The TaALMT1 and TaMATE1B coding regions are based on 
sequences from ET8 (DQ072260) and Carazinho (KC152459), respectively, while the promoter alleles 
are based on previous reports (Sasaki et al., 2006; Raman et al., 2008; Tovkach et al., 2013; Pereira et al., 
2015). TaALMT1 promoter alleles are first detected with primers LPF (Long Promoter Fragment), which 
allows the amplification of all seven alleles. When Types I and II are detected, a second step is required 
using primers SPF (Short Promoter Fragment), in which the 31 bp difference in size between these 
alleles is easier to discriminate. For SPF amplification, the annealing temperature starts at 60°C and falls 
1°C every two cycles until reaching 55°C. The alleles for TaMATE1B are detected as presence (indicated 
in the gel as ‘+’) or absence (indicated as ‘–’) of the transposon insertion in the promoter (Garcia-Oliveira 
et al., 2014). The primers amplify a 538 bp fragment containing part of the insertion (the first 123 bp 
before the ATG) and part of the TaMATE1B coding region (the first 415 bp).

Fig. 7.3.  Continued.
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collection of  cultivars and landraces of  Chinese 
wheat (Han et al., 2013). TaALMT1 promoter 
Types III and VII are detected only in a small 
number of  genotypes (Raman et al., 2008; Han 
et al., 2013; Pereira et al., 2015). For TaMATE1B 
promoter alleles, the transposon-like insertion 
(here designated as a superior allele due to its 
association with citrate efflux) is not frequently 
detected in large collections of  wheat genotypes 
(Pereira et al., 2015; Aguilera et al., 2016) but 
seems to be widespread among Portuguese 
wheat cultivars (Garcia-Oliveira et al., 2014).

Amplifying TaALMT1 promoter alleles might 
not be a trivial endeavour because most of  them 
are detected as reasonably large PCR products 
(up to 1993 bp). Thus, sharing details about the 
PCR methodology might help some research 
groups. The conditions that have been used 
to screen TaALMT1 and TaMATE1B alleles are 
detailed in Fig. 7.3. The PCR markers can be 
used for marker-assisted breeding, a strategy that 
allowed successful introgression of  the TaALMT1 
promoter Type V (superior allele) into a high-
yielding Al-sensitive cultivar in only three back-
crossing generations (Soto-Cerda et al., 2015). 
Introgressing superior TaALMT1 alleles is 
imperative to achieve greater Al resistance in 
wheat because this gene (alone or with the gen-
omic region harbouring it) has been shown to 
have a great impact on Al resistance of  wheat, for 
example the chromosome arm 4DL accounted 
for 85% of  the phenotypic variation for Al resist-
ance (Riede and Anderson, 1996). Additionally, 
TaALMT1 explained 92% of  the phenotypic vari-
ation for Al resistance (Raman et al., 2005) and 69% 
of  the phenotypic variation in a collection of  338 
wheat genotypes evaluated under acidic conditions 
in the field (Aguilera et al., 2016). However, 
the impact of  the superior TaMATE1B allele for 
significant root growth under Al stress deserves 
a more thorough analysis (see next section).

7.7  The Importance of Citrate Efflux 
for Greater Aluminium Resistance  

in Bread Wheat

Citrate is theorized to provide higher Al tolerance 
than malate because the stability constants for 
the complex Al–citrate are significantly greater 
than for the Al–malate complex (Jones, 1998). 

In fact, citrate was shown to better chelate Al3+ 
than malate (Delhaize et al., 1993b; Ryan et al., 
1995, 2001). However, wheat genotypes with 
the allele associated with citrate efflux (superior 
TaMATE1B allele) have not necessarily demon-
strated a significantly better Al resistance (Ryan 
et al., 2009; Zhou et al., 2013; Pereira et al., 
2015; Aguilera et al., 2016, 2019; Han et al., 
2016; Dong et al., 2018, 2019; Pereira, 2018). 
Thus, the impact of  TaMATE1B for significant Al 
resistance in wheat needs to be better explored.

One strategy used to access the importance 
of  TaMATE1B in bread wheat was to evaluate 
backcrossed germplasm where TaMATE1B was 
combined with superior or inferior TaALMT1 
alleles (Han et al., 2016). In this work, two 
wheat cultivars with inferior TaMATE1B allele 
were used: EGA-Burke (which contains superior 
TaALMT1 allele) and Egret (which has an inferior 
TaALMT1 allele). After backcrosses with Caraz-
inho (which exhibits the superior TaMATE1B 
allele), NILs for EGA-Burke and Egret were 
obtained, and these NILs contrasted for the 
TaMATE1B allele. When evaluated under Al stress 
in hydroponics, the sensitive cultivar (Egret) 
with the superior TaMATE1B allele had signifi-
cant root growth up to 10 μM AlCl

3, evidencing 
the impact of  the superior TaMATE1B allele 
when combined with the inferior TaALMT1 allele. 
The superior TaMATE1B allele resulted in almost 
threefold greater root length in 10 μM AlCl3 
than the inferior TaMATE1B allele. However, 
when the superior TaMATE1B allele was com-
bined with the superior TaALMT1 allele, diffe-
rence in root length was observed only at higher 
levels of  Al stress (40 and 60 μM AlCl3). Although 
the difference was significant, the root growth 
was only about 20% greater in 60 μM AlCl3. When 
the same lines were analysed in soil culture, 
significant differences were found only for the 
Al-sensitive cultivar carrying the superior 
TaMATE1B allele (Han et al., 2016). Thus, the 
superior TaMATE1B allele seems to be more 
important for wheat genotypes carrying inferior 
TaALMT1 alleles. A similar behaviour was discussed 
by Pereira (2018), since the superior TaMATE1B 
allele seemed important for genotypes having 
the TaALMT1 allele IV (inferior allele) when 
evaluated in short-term soil experiments.

However, by using a new index for selecting 
Al-resistant wheat genotypes, the superior 
TaMATE1B allele appeared to benefit wheat grown 
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on acidic soil independent of  the TaALMT1 
alleles (Aguilera et al., 2019). More than 86% of  
the wheat genotypes with the TaMATE1B superior 
allele were classified as Al-resistant or moderately 
resistant in the field or hydroponics (Aguilera 
et al., 2016). In this same study, 29 out of  32 
genotypes containing both TaMATE1B and 
TaALMT1 superior alleles were Al-resistant or 
moderately resistant in the field. Brazilian wheat 
cultivars internationally recognized as important 
Al resistance sources (i.e. IAC 5-Maringá, Toropi 
and Trintecinco) have superior TaALMT1 and 
TaMATE1B alleles (Aguilera et al., 2016). Add-
itionally, the cultivars with the best two root 
lengths (cultivars MGS1-Aliança and IAC 
21-Iguaçú), among 33 Brazilian wheat cultivars 
evaluated in a short-term soil experiment, both 
had the superior TaALMT1 and TaMATE1B al-
leles (Pereira et al., 2015). An additive effect of  
the superior alleles of  TaALMT1 and TaMATE1B 
on the root length of  EGA-Burke (Al-resistant 
genotype) was observed in a very acid soil (pH 
4.12) after 24 days of  growth (Dong et al., 2018); 
however, no additive effect was observed for 
grain yield (Dong et al., 2019). Alternatively, in 
an Al-sensitive wheat genotype (Egret) contain-
ing either the TaMATE1B superior allele or the 
TaALMT1 superior allele, TaMATE1B was as 
effective as TaALMT1 in increasing grain yield, 
although TaALMT1 improved shoot and root 
biomass better (Dong et al., 2019). Thus, the 
combination of  these superior alleles is interest-
ing because they may show greater malate and 
citrate efflux by the root apex.

Similar results were obtained when another 
citrate transporter (HvAACT1) was transgenically 
expressed in the wheat cultivar (Fielder) which 
contains a superior TaALMT1 allele (Zhou et al., 
2013). Although only one genetically modified 
line was analysed, called Ta(Fielder):T2_8, that 
line achieved greater root growth under Al stress 
in hydroponics than conventional Al-resistant 
wheat cultivars (Carazinho and Fielder) (Zhou 
et al., 2013). However, that line seems to have 
multiple HvAACT1 inserts (Zhou et al., 2013), 
which may have exaggerated its root growth. 
Nevertheless, the efflux of  citrate appears to im-
prove Al resistance even if  the wheat genotype 
presents greater malate efflux.

On the other hand, an increase in the allelic 
frequency of  the TaMATE1B superior allele was 
not detected when TaMATE1B allelic variation 

was evaluated in genotypes obtained over 90 
years of  breeding (from 1922 to 2013) (Aguilera 
et al., 2016). This indicated that, unlike for the 
increased use of  superior TaALMT1 alleles, the 
TaMATE1B superior allele had little selection 
pressure and consequently low adaptive power 
(Aguilera et al., 2016). Although both TaMA-
TE1B and TaALMT1 alleles were highly correl-
ated (r = 0.71, P < 0.001) with Al resistance in 
field conditions, that correlation was similar to 
the correlation of  the TaALMT1 alleles alone 
(0.69, P < 0.001), meaning that the TaMATE1B 
alleles were responsible for a smaller proportion 
of  the Al resistance (Aguilera et al., 2016). Most 
of  the genotypes carrying the TaMATE1B super-
ior allele did not outperform the genotypes with-
out the insertion but with the same TaALMT1 
allele (Pereira et al., 2015). Although wheat 
lines with the superior TaMATE1B allele demon-
strated improved Al resistance in hydroponic 
culture, the level of  resistance was considerably 
lower than observed for lines that possessed only 
TaALMT1 (Ryan et al., 2009). This means TaMA-
TE1B contributes only a small percentage of  the 
Al resistance in wheat.

Even though the citrate efflux is secondary 
in comparison with malate efflux for conferring 
greater Al resistance in wheat, pyramiding su-
perior alleles for both TaALMT1 and TaMATE1B 
is likely to be an important strategy to achieve 
better root growth under Al toxicity. No adverse 
effects have been reported for wheat cultivars 
carrying superior alleles for both these genes.

7.8  The Search for Other Genes 
Associated with Root Growth of 
Wheat under Aluminium Stress

Although the efflux of  OAs (malate and citrate) by 
the root apex is the major mechanism for Al resist-
ance in wheat, other genes with minor effect 
(minor genes) contribute a small fraction of  the 
phenotypic variation for Al tolerance in wheat. 
Here, the term tolerance is used because the minor 
genes could be associated with detoxification of  
Al once it enters the plant cell (non-exclusion 
mechanisms). The Al tolerance mechanisms in 
plants include chelation of  toxic Al in the cytosol 
(either by organic acids and phenolic substances), 
accommodation of  the toxic Al into less-sensitive 
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cellular compartments (e.g. cell wall of  mature 
leaves and vacuoles) and activation of  metabolic 
pathways to deal with the toxic effects of  Al (e.g. 
enzymes of  the oxidative stress response) (Brun-
ner and Sperisen, 2013). Some genes, proteins 
and QTLs associated with Al tolerance/resistance 
have been identified in wheat through various 
studies, such as gene expression analysis 
(Sasaki et al., 2004; Guo et al., 2007a; Salvador-
Moreno et al., 2018), proteomics (Oh et al., 2014; 
Yang et al., 2018), response to oxidative stress 
(Darkó et al., 2004; Nasr et al., 2011; Xu et al., 
2012; Aggarwal et al., 2015), QTL detection by 
bi-parental mapping (Riede and Anderson, 1996; 
Papernik et al., 2001; Ma et al., 2005, 2006; 
Raman et al., 2005; Guo et al., 2007b; Zhou 
et al., 2007b; Cai et al., 2008; Navakode et al., 
2009; Ryan et al., 2009; Dai et al., 2013; Liu 
et al., 2015; Farokhzadeh et al., 2019, 2020) 
and QTL detection by association mapping (Raman 
et al., 2010; Navakode et al., 2014; Froese and 
Carter, 2016; Emebiri et al., 2020).

One of  the studies employing gene expres-
sion analysis in wheat under Al stress ended up 
isolating TaALMT1, the most important gene for 
Al resistance in wheat (Sasaki et al., 2004). In 
another study investigating gene expression under 
Al stress in wheat, NILs obtained by crossing 
Atlas 66 (Al-resistant) and Chisholm (Al-sensitive) 
were used (Guo et al., 2007a). Root apices from 
the lines, named as Chisholm-S, and Chisholm-T, 
received the Al treatment. A total of  1065 puta-
tively unique genes were identified with most of  
them either unclassified or no hits. Among all 
these genes, 57 were differentially expressed 
between the NILs for at least one time point of  
Al exposure. TaALMT1 was found to be more 
abundantly expressed in both Al-stressed and 
unstressed root tips of  Chisholm-T than in 
Chisholm-S. Other genes that showed abundant 
expression in Chisholm-T included those for 
ent-kaurenoic acid oxidase-1, β-glucosidase, lectin, 
histidine kinase and phosphoenolpyruvate carb-
oxylase (Guo et al., 2007a). Another experiment 
employing NILs to evaluate gene expression in 
wheat under Al stress used lines OK91G106, 
named Century-T (Al-resistant), and OK91G108, 
named Century-S (Al-sensitive), which share 
96.9% genetic similarity between them. This 
study also used the cultivars Atlas66 (Al-resistant) 
and Bounty (Al-sensitive) (Houde and Diallo, 
2008). Total RNA was isolated from the root tips 

of  plants that grew for 24 h under Al stress and 
the expression analysis was performed using the 
Affymetrix GeneChip® Wheat Genome Array. 
The number of  genes differentially expressed in 
all four cultivars was 263 genes, with 83 of  them 
being highly significantly regulated. Among the 
genes associated with the Al response were those 
for pyruvate dehydrogenase, alternative oxidase, 
galactonolactone oxidase, ABC transporter, 
ascorbate oxido-reducatase, TaALMT1, glutathi-
one S-transferase, germin/oxalate oxidase, fruc-
tose 1,6-bisphosphatase, cysteine-rich proteins, 
cytochrome P450 monooxygenase, cellulose 
synthase, zinc-finger transcription factor, dis-
ease resistance response protein and F-box 
containing domain protein (Houde and Diallo, 
2008). The most recent study about gene ex-
pression triggered by Al toxicity used the cultivar 
Chinese Spring to investigate candidate genes 
associated with Al resistance (Salvador-Moreno 
et al., 2018). Four-day-old plants grown in nutrient 
solution without Al stress were transferred to 
nutrient solution with AlCl

3 for 24 h. RNA was 
extracted from root tips and allowed to hybridize 
in the Agilent 4×44K wheat gene expression 
microarray. Fifty-nine genes from wheat showed 
a tenfold increase in expression under Al 
treatment while 77 exhibited downregulation. 
Among the upregulated genes detected in wheat 
were those for proteases, phosphoenolpyruvate 
carboxykinases, protease inhibitors, and genes 
of  the oxidative stress response (Salvador-Moreno 
et al., 2018). Other genes that were reported as 
expressed under Al stress in wheat include five 
genes called wali1 to wali5 (Snowden and Gardner, 
1993; Richards et al., 1994); genes encoding 
1,3-β-glucanase and cytoskeletal fimbrin-like 
(Cruz-Ortega et al., 1997); peroxidase, cysteine 
proteinase, phenylalanine-ammonia lyase and 
oxalate oxidase (Hamel et al., 1998); and a 
multidrug-resistance (MDR) protein member of  
the ATP-binding cassette (ABC) protein superfam-
ily (Sasaki et al., 2002).

Proteomics has also been employed to study 
the response to Al stress in wheat. Oh et al. 
(2014) analysed the proteome of  seedling roots 
from the wheat cultivar Keumkang grown under 
Al stress and control conditions. After separ-
ation by two-dimensional electrophoresis and 
peptide identification, 19 protein spots were 
found as upregulated and 28 as downregulated. 
The 19 upregulated proteins were β-amylase, 
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S-adenosylmethionine synthetase, oxalate oxidase 
2 precursor, malate dehydrogenase, cysteine 
synthase, intracellular chloride channel, triosephos-
phate isomerase, ascorbate peroxidase, ribulose 
bisphosphate carboxylase small chain, quinone 
reductase 2, phosphoglycerate kinase, chloroplast 
precursor, methionine synthase 2 enzyme, elong-
ation factor 1-γ2, succinyl-CoA ligase α2 subunit, 
annexin p35, UDP-d-glucuronate decarboxylase, 
β-d-glucan exohydrolase and fructose-bisphosphate 
aldolase (Oh et al., 2014). Another study used the 
isobaric tags for relative and absolute quantita-
tion (iTRAQ) technique to find 7041 proteins 
from roots of  ET8, an Al-resistant wheat line, 
which was grown under Al stress and control 
treatments (Yang et al., 2018). Among these pro-
teins, 97 were differentially expressed with 47 
upregulated and 50 downregulated. When the 
authors focused in proteins associated with root 
cell-wall components, nine proteins were selected 
and five were identified as plasma-membrane 
H+-ATPase, peroxidase, glycosyltransferase, lipox-
ygenase and 14-3-3 protein (Yang et al., 2018). 
The proteins identified in these proteomic studies 
need to be further studied to evaluate their puta-
tive role in Al tolerance of  wheat.

An interesting point about gene expression 
and proteomic studies is the typical use of  resist-
ant/tolerant genotypes versus sensitive materials. 
However, genotypes that are not Al-resistant 
may also yield interesting results. For instance, 
Pereira (2018) reported that two genotypes 
(BRS 208 and Veadeiros) with inferior alleles for 
both TaALMT1 and TaMATE1B presented the 
greatest RRL (33.4 and 24.7%, respectively) 
among six cultivars with the same inferior al-
leles. Although these cultivars were classified as 
Al-sensitive and moderately sensitive (Aguilera 
et al., 2016), characterizing the genes and/or 
proteins associated with this minor Al tolerance 
could still be useful to learn more about mechan-
isms of  Al tolerance in wheat. Other, Al-resistant 
genotypes that do not show significant malate 
efflux by the roots, such as the ones found by 
Raman et al. (2010), could also reveal important 
Al tolerance genes in wheat.

Other proteins that have a minor role in Al 
tolerance of  wheat are the enzymes of  the anti-
oxidant system. This system is involved in response 
to Al stress in plants (Yamamoto et al., 2003), 
although the production of  reactive oxygen 
species (ROS) in wheat seedlings seems to be 

activated primarily by low pH exposure rather 
than by the Al stress (Babourina et al., 2006). 
Nevertheless, differential responses of  the anti-
oxidant system in wheat plants contrasting for 
Al resistance/tolerance have been reported. For 
instance, roots of  Al-sensitive and Al-tolerant 
variants of  the wheat cultivar Mv Palma were 
evaluated for ROS formation and activity of  anti-
oxidant enzymes under Al stress (Darkó et al., 
2004). Three enzymes (ascorbate peroxidase, 
glutathione reductase and catalase) were de-
tected in higher amounts or exclusively detected 
in the Al-tolerant lines that were shown to form 
fewer superoxides and peroxides (Darkó et al., 
2004). When two wheat genotypes contrasting 
for Al resistance, Raj-3077 (Al-resistant) and 
Raj-4120 (Al-sensitive), were evaluated for four 
antioxidant enzymes after being treated with 
various levels of  Al stress, all enzymes were in-
duced in the roots of  the Al-resistant genotypes 
(Aggarwal et al., 2015). In addition, the H

2O2 
content was lower in the roots of  the Al-resistant 
genotype that also exhibited increased TaALMT1 
expression and higher malate exudation. Thus, 
mechanisms for Al resistance (malate efflux) 
and Al tolerance (antioxidation system) can act 
together in the response to Al stress. However, 
when the wheat cultivars Darab (Al-sensitive) 
and Maroon (Al-tolerant) were exposed to Al 
stress, no significant difference in the activity of  
ascorbate peroxidase, catalase, glutathione re-
ductase and superoxide dismutase was found in 
the Al-tolerant genotype (Nasr et al., 2011). In 
fact, an increased catalase activity was observed 
at the higher Al concentration only for the 
Al-sensitive genotype (Nasr et al., 2011). The 
Al-sensitive genotype Yangmai-5 also showed 
higher activity of  superoxide dismutase and per-
oxidase under Al exposure than the Al-tolerant 
genotype Jian-864, although the Al-tolerant 
genotype presented higher activity of  other 
antioxidant enzymes and greater antioxidant 
capacity (Xu et al., 2012). Pretreatment of  wheat 
seedlings by H

2O2 has been shown to improve the 
antioxidant defence capacity and consequently 
prevent ROS accumulation (Xu et al., 2011). The 
pretreatment enhanced Al acclimatization dur-
ing subsequent Al exposure, which was greater 
in an Al-sensitive genotype than in an Al-tolerant 
genotype (Xu et al., 2011). Thus, breeding pro-
grammes can access the antioxidant capacity of  
wheat genotypes to breed a more effective anti-
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oxidant system that helps wheat plants better cope 
with Al stress.

Another strategy used to identify minor 
genes or genomic regions associated with Al toler-
ance in wheat is QTL mapping. QTL mapping can 
identify loci harbouring genes that contribute to 
variation in a complex trait (Alonso-Blanco and 
Koornneef, 2000). Recombination frequency is 
crucial to locate QTLs and two main types of  re-
combination can be used: (i) recombination 
events that occurred in a mapping population 
(bi-parental mapping); and (ii) historical recom-
bination events in a random mating population 
(association mapping) (Mackay et al., 2009). Both 
strategies have been used to map QTLs for Al re-
sistance in wheat. The importance of  these types 
of  investigation relies on narrowing the genomic 
regions associated with a specific trait, which is 
particularly interesting for plants with big gen-
omes such as the 17 Gb wheat genome (Brenchley 
et al., 2012). This type of  information was import-
ant for mapping the loci Alt

SB
 and Alp, which re-

sulted in the isolation of  the genes SbMATE and 
HvMATE associated with citrate efflux and Al 
resistance in sorghum and barley, respectively 
(Magalhaes et al., 2004, 2007; Wang et al., 2007).

QTLs detected by bi-parental mapping re-
vealed several genomic regions associated with 
Al tolerance in wheat (Table 7.1). A QTL was 
commonly detected on chromosome arm 4DL by 
different studies that used various mapping 
populations or ditelosomic lines (Riede and An-
derson, 1996; Papernik et al., 2001; Ma et al., 
2005, 2006; Raman et al., 2005; Guo et al., 
2007b; Zhou et al., 2007b; Cai et al., 2008; 
Navakode et al., 2009; Dai et al., 2013; Liu et al., 
2015; Farokhzadeh et al., 2019). This QTL is 
probably associated with TaALMT1 as a major 
gene for Al resistance in wheat. When focusing 
on Al-resistant wheat cultivars but contrasting 
for the ability to exude citrate, a major QTL on 
chromosome arm 4BL was detected (Ryan et al., 
2009). This QTL harbours the TaMATE1B gene. 
Several other QTLs that are not associated with 
TaALMT1 and TaMATE1B have been found on 
chromosomes 5AS and 7AS (Papernik et al., 
2001); 5AS and 2DL (Ma et al., 2006); 3BL 
(Zhou et al., 2007b); 2A and 3BL (Cai et al., 
2008); 3B (Navakode et al., 2009); 3BL (Dai 
et al., 2013); and 2DL and 7BL (Liu et al., 2015). 
More recently, several QTLs for above-ground 
traits (including yield) have been detected 

throughout the wheat genome when a wheat 
population was evaluated in field trials under Al 
stress and normal conditions (Farokhzadeh 
et al., 2019, 2020). Nevertheless, the genes 
underlying these QTLs outside chromosomes 
4BL and 4DL have not been isolated yet.

Different markers and populations have 
been used in association mapping studies to de-
tect genomic regions associated with Al tolerance 
in wheat (Raman et al., 2010; Navakode et al., 
2014; Froese and Carter, 2016; Emebiri et al., 
2020). Using genotyping by Diverse Arrays Tech-
nology (DArT) markers, association with Al toler-
ance was found in 15 out of  21 wheat chromosomes 
(Raman et al., 2010) and on chromosomes 1AL, 
1DL, 3BL and 6AS (Navakode et al., 2014). The 
9K and 90K SNP (single-nucleotide polymorphism) 
platforms (Cavanagh et al., 2013; Wang et al., 
2014) were employed to genotype two diverse 
populations of  wheat leading to the identification 
of  55 loci associated with Al tolerance (Froese 
and Carter, 2016). DArT and SNP markers were 
used in 300 accessions of  synthetic hexaploid 
wheat and significant association with Al toler-
ance was found in 24 loci distributed across 11 
wheat chromosomes (Emebiri et al., 2020). These 
association mapping studies identified regions 
that are in agreement with the QTLs identified by 
bi-parental mapping and also found new loci and 
candidate genes associated with Al tolerance. 
However, depending on the population or the type 
of  markers used, some expected associations were 
not detected. For instance, SNP markers within 
chromosome 4D (where the TaALMT1 gene is lo-
cated) were not associated with the Al tolerance 
in one population (Froese and Carter, 2016), and 
the chromosomes associated with Al tolerance do 
not harbour the TaALMT1 and TaMATE1B genes 
(Navakode et al., 2014). In the same way, no stat-
istically significant association was detected with 
loci mapped to chromosome 4B where TaMA-
TE1B gene is located (Emebiri et al., 2020). These 
results indicate that new association studies are 
important to validate QTLs previously detected 
and strategies should be employed to isolate the 
genes underlying these QTLs.

7.9  Exploiting Wheat Wild Relatives

Wild relatives are the closely related species or 
ancestors of  a particular crop. Breeders have 
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Table 7.1.  Quantitative trait loci (QTLs) for aluminium resistance/tolerance identified in wheat.

Mapping methodology Traits evaluated QTLs and their contribution to Al resistance Reference

RILs derived from BH 1146 (Al-resistant) 
and Anahuac (Al-sensitive) genotyped 
with 83 RFLP markers

Al tolerance in 
nutrient solution

One RFLP marker was located 1.1 cM from a major gene on 
chromosome arm 4DL, which explained 85% of the 
phenotypic variation for Al tolerance

Riede and Anderson 
(1996)

27 ditelosomic lines of Chinese Spring 
(moderately Al-resistant)

Relative root growth Lack of chromosome arms 4DL, 5AS and 7AS resulted in 
decreased Al tolerance. The loss of 4DL resulted in the largest 
decrease in Al tolerance, the largest increase in Al 
accumulation and the largest decrease in Al-induced malate 
exudation

Papernik et al. (2001)

118 RILs obtained from Atlas 66 (Al-
tolerant) and Century (Al-sensitive) 
genotyped with 131 polymorphic SSR 
markers

Haematoxylin staining 
and root growth 
after Al stress

One QTL was detected on chromosome arm 4DL, where TaALMT1 
is found. This major QTL accounted for nearly 50% of the 
phenotypic variation for Al tolerance and had high LOD score 
(about 21)

Ma et al. (2005)

Five DH populations derived from 
Cranbrook (Al-sensitive) and Halberd 
(Al-tolerant); Sunco (Al-sensitive) and 
Tasman (Al-tolerant); Diamondbird 
(Al-tolerant) and Janz (Al-sensitive); 
Currawong (Al-tolerant) and CD87 
(Al-sensitive); and Spica (Al-sensitive) 
and Maringa (Al-tolerant), whose linkage 
maps were available or constructed by 
using nine polymorphic SSR markers 
from chromosome 4D

Root growth and 
haematoxylin 
staining

DH populations derived from different crosses revealed a single 
major QTL for Al tolerance on chromosome 4D. For the 
population derived from Sunco and Tasman, the QTL had a 
LOD score of 62.35 and accounted for 80% of the variation. 
The population obtained from Cranbrook and Halberd showed 
the same QTL with a LOD score of 44.54 and explained 93% 
of the variation. In the population derived from Diamondbird 
and Janz, TaALMT1 explained 92% of the total phenotypic 
variance for Al tolerance with a LOD score of 83.7

Raman et al. (2005)

90 RILs derived from Annong 8455 
(Al-sensitive) and CS-SM3DS7A (line 
where chromosome 7A from Chinese 
Spring was substituted by the same 
chromosome of Sumai 3) mapped with 
381 AFLP markers and 168 SSR 
markers, and analysis of 31 ditelosomic 
lines derived from Chinese Spring 
(moderately Al-resistant)

Root elongation, 
referred to as 
stress root growth 
(SRG), and root 
resistance index 
(RRI)

Three QTLs that enhanced root growth under Al stress were 
detected: (i) Qalt.pser-4D (chromosome arm 4DL), which 
explained 18.4% of phenotypic variance and had LOD scores 
of 2.97 for SRG and 2.58 for RRI; (ii) Qalt.pser-5A 
(chromosome arm 5AS), which explained 10.5% of phenotypic 
variance with LOD scores of 1.85 for SRG and 1.80 for RRI; and 
(iii) Qalt.pser-2D (chromosome arm 2DL), which explained 
12.8% of phenotypic variance with LOD scores of 2.1 for SRG 
and 1.92 for RRI. Ditelosomic lines of Chinese Spring with lower 
root growth indicated Al resistance genes on chromosomes 
5AS, 7AS, 2DL and 4DL

Ma et al. (2006)

Continued

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



132	
J.F. P

ereira

Six NILs derived from Atlas 66 (Al-tolerant) 
and Chisholm and Century (Al-sensitive 
cultivars) genotyped with 200 AFLP (82 
polymorphic) and 88 SSR markers (one 
polymorphic between parents and NILs)

Relative root growth 
(RRG) and 
haematoxylin stain 
score (HSS)

Al tolerance in Al-tolerant NILs was shown to be controlled by at 
least one common gene/QTL, most likely conferred by the 
major QTL on 4DL that harbours TaALMT1. Other QTLs with 
minor effects might be responsible for Al tolerance in Atlas 66

Guo et al. (2007b)

192 RILs derived from Atlas 66 (Al-tolerant) 
and a Chisholm (Al-sensitive) mapped 
with 50 polymorphic SSR markers

Haematoxylin stain 
score (HSS) and 
net root growth 
(NRG)

Two QTLs for Al resistance were detected in Atlas 66: (i) one 
major QTL on chromosome 4D (that co-segregated with 
TaALMT1); and (ii) a minor QTL located on chromosome arm 
3BL. Together, they explained about 58% of the phenotypic 
variation for HSS and 50% for NRG

Zhou et al. (2007b)

199 RILs derived from Chinese landrace 
FSW (Al-resistant) and Chinese line 
ND35 (Al-sensitive) genotyped with 116 
polymorphic SSR markers

Net root growth 
(NRG) and 
haematoxylin 
staining score 
(HSS)

Three QTLs explaining up to 81.9% of the phenotypic variation 
for HSS and 78.3% of the variation for NRG were detected. 
Mean LOD scores were: 15.9 for HSS and 13.7 for NRG on 
QTL Qalt.pser-4DL; 12.9 for HSS and 12.6 for NRG on Qalt.
pser-3BL; and 3.3 for HSS and 2.1 for NRG on Qalt.pser-2A

Cai et al. (2008)

57 DH populations derived from Chinese 
Spring (moderately Al-resistant) and CS′ 
(‘Synthetic’ 3B), where chromosome 3B 
of Chinese Spring was substituted, 
genotyped with 14 polymorphic SSR 
markers on chromosome 3B, and use of 
substitution and introgression lines of 
Chinese Spring

Haematoxylin 
staining and root 
tolerance index 
(RTI)

The introgression lines revealed a major QTL on chromosome 
arm 4DL with LOD score 6.69, explaining about 31% of the 
phenotypic variation for RTI. The DH population revealed a 
major Al tolerance QTL on chromosome 3B (QaltCS.ipk-3B), 
which explained 49% of the phenotypic variation

Navakode et al. 
(2009)

67 F2 individuals derived from Carazinho 
(Al-resistant with citrate efflux) and 
EGA-Burke (Al-resistant without citrate 
efflux) genotyped with 676 polymorphic 
DArT markers and six polymorphic SSR 
markers

Citrate efflux and net 
root growth

Based on data from DArT markers, a major QTL, Qcec-4BL, 
was detected on chromosome 4BL which explained more than 
50% of the phenotypic variation for citrate efflux. The SSR 
markers revealed a significant QTL also on chromosome 4BL, 
which explained 51% of the phenotypic variation. The QTL 
explained 56% of the phenotypic variation for net root growth

Ryan et al. (2009)

Mapping methodology Traits evaluated QTLs and their contribution to Al resistance Reference

Table 7.1.  Continued.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	
M

olecular B
reeding for Im

proving A
lum

inium
 R

esistance in W
heat	

133

Association mapping in 1057 accessions of 
common wheat, originating from various 
parts of the world, genotyped with 178 
DArT markers

Haematoxylin 
staining, relative 
root elongation and 
malate efflux

At least 16 genomic regions located on chromosomes 1A, 1B, 
2A, 2B, 2D, 3A, 3B, 4A, 4B, 4D, 5B, 6A, 6B, 7A and 7B were 
significantly associated with Al resistance via GLM. When 
using a more stringent analysis (MLM), only three loci on 
chromosomes 3B, 4D and 5B were identified. The TaALMT1 
locus explained up to 95% of the variation in Al resistance

Raman et al. (2010)

217 RILs derived from Chinese landrace 
FSW (Al-resistant) cultivar Wheaton 
(Al-sensitive) genotyped with 35 
polymorphic SSR markers

Net root growth 
(NRG) and 
haematoxylin 
staining score 
(HSS)

Two QTLs accounting for about 74.9% of the phenotypic 
variation for HSS and 72.1% for NRG. QTL on chromosome 
4DL showed LOD score of 64.86 for HSS and 57.80 for NRG, 
and on chromosome 3BL, the LOD scores were 6.72 for HSS 
and 7.80 for NRG

Dai et al. (2013)

Association mapping in a core collection of 
96 winter wheat accessions, originating 
from several countries, genotyped with 
525 DArT markers

Haematoxylin 
staining

Significant or highly significant marker–trait associations were 
identified on chromosomes 1AL, 1DL, 3BL and 6AS by MLM. 
All associations except for chromosome 1AL were also 
detected by GLM. The major locus on chromosome 4DL 
(harbouring TaALMT1) was not detected

Navakode et al. 
(2014)

144 RILs derived from Jagger (acidic 
soil-tolerant) and 2174 (moderately 
tolerant to acidic soil) genotyped with 9K 
SNP markers and 400 SSR markers

Visual ratings of 
acidic soil tolerance 
under field 
conditions

Three QTLs for acidic soil tolerance were detected. QAlmt.
osu-4D (chromosome 4DL) was the major QTL, explaining up 
to 38.5% of the total phenotypic variation (LOD score from 4.6 
to 13.3). The other two QTLs were: QAlmt.osu-2D (on 
chromosome 2DL), observed in Jagger, explaining up to 32% 
of the total phenotypic variation (LOD score from 1.2 to 7.0); 
and QAlmt.osu-7B (chromosome 7BL), detected in 2174, 
explaining up to 25.1% of the total phenotypic variation (LOD 
score from 2.4 to 6.1)

Liu et al. (2015)

Association mapping in two diverse 
populations of winter wheat (Population A 
with 459 accessions of soft white wheat 
and Population B with 401 accessions of 
soft white and hard red) genotyped using 
90K (Population A) or 9K (Population B) 
SNP arrays

Field phenotyping 
where plants from 
both populations 
were rated on a 1 
to 5 scale (where a 
score of 1 
indicated tolerance 
and 5 indicated 
sensitivity); 
Population B was 
also phenotyped 
for root length in 
hydroponics

A total of 55 loci were detected and significant association with 
Al tolerance, in both field and hydroponics, was identified on 
all chromosomes except 1D, 5D and 6D. Fifteen loci, located 
on chromosomes 1A, 1B, 2A, 2B, 3B, 4A, 5A, 5B, 6A, 6B and 
7A, were equivalent between the two populations. Loci with 
superior stability across distinct environments were detected 
in chromosomes 1A, 3B, 4D, 6A, 6B and 7A. Region of 
chromosome 4DL, where TaALMT1 resides, was not detected 
in Population B

Froese and Carter 
(2016)

Continued
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167 RILs derived from SeriM82 (moderately 
tolerant to drought and environmental 
stresses) and Babax (tolerant to drought 
and environmental stresses) genotyped 
with 477 DNA markers (SSR, AFLP and 
DArT)

Measurements of flag 
leaf, canopy 
temperature and its 
degradation at 
grain-filling stage, 
RWC, cell-
membrane stability, 
WSC concentration, 
Al amount and grain 
yield

Single-locus QTL analysis revealed 48 QTLs (32 suggestive and 
16 putative), which explained 4.57 to 11.29% of the phenotypic 
variation with a LOD score of 2.06 to 4.40 for all traits. The 
QTLs were detected throughout the wheat genome (52.08, 
29.17 and 18.75% in the A, B and D genomes, respectively). 
The strongest QTL associated with Al concentration was 
detected on linkage group 7A

  Farokhzadeh et al. 
(2019)

167 RILs derived from SeriM82 (moderately 
tolerant to drought and environmental 
stresses) and Babax (tolerant to drought 
and environmental stresses) genotyped 
with 477 DNA markers (SSR, AFLP and 
DArT)

Vegetative growth 
period, grain-filling 
period, grain yield, 
biomass yield, 
straw yield and 
harvest index

Single-locus QTL analysis detected nine putative and 31 
suggestive QTLs, which explained from 4.57 to 14.21% of the 
phenotypic variation with a LOD score of 2.01 to 5.72. Major 
or stable Al tolerance QTLs were detected on linkage groups 
1A, 1B, 1D-a, 2A-b, 2A-d, 2B, 2D, 4A, 4B, 6A-a, 6B, 7A and 
7D-a

  Farokhzadeh et al. 
(2020)

Association mapping in a collection of 300 
synthetic hexaploid wheat accessions, 
obtained from crosses between Aegilops 
tauschii and durum parents, with 438 
DArT markers and 6223 SNPs

Haematoxylin 
staining

Statistically significant association with Al tolerance was detected for 
24 loci located to chromosomes 1B, 1D, 2A, 2B, 4A, 4D, 5A, 5B, 
6A, 6D and 7A. Genomes A and B harboured 71% of the QTLs 
identified. The phenotypic variation for Al tolerance varied from 3 
to 17% for the individual markers. Association with TaALMT1 was 
detected but not with TaMATE1B

  Emebiri et al. (2020)

RIL, recombinant inbred line; DH, doubled haploid; SSR, simple sequence repeat; AFPL, amplified fragment length polymorphism; NIL, near-isogenic lines; RWC, relative water content; 
WSC, water-soluble carbohydrate; LOD, logarithm of the odds; GLM, general linear model; MLM, mixed linear model.

Mapping methodology Traits evaluated QTLs and their contribution to Al resistance Reference

Table 7.1.  Continued.
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exploited a number of  these wild relatives to 
isolate or introgress important genes for several 
traits in bread wheat (Hajjar and Hodgkin, 2007). 
Advantages of  using wild relatives include revers-
ing breeding bottlenecks and helping identify 
stress tolerance genes and associated regulatory 
regions (Yumurtaci, 2015).

When focusing on Al tolerance, a number 
of  wheat wild relatives have been evaluated, but 
they usually do not outperform modern Al-resistant 
hexaploid wheat cultivars. For instance, only 22 
out of  523 accessions showed some level of  Al 
tolerance among 25 Triticum species evaluated 
by Berzonsky and Kimber (1986). However, the 
tolerance levels found in the 22 accessions were 
not as high as the Al resistance of  Atlas 66, an 
Al-resistant hexaploid wheat cultivar. Addition-
ally, none of  the 731 accessions of  six Triticum 
species studied by Ryan et al. (2010) displayed 
Al resistance. In the same study, five out of  29 
accessions of  Aegilops tauschii had moderate 
levels of  Al resistance which were comparable to 
ET8, an Al-resistant hexaploid wheat genotype. 
Interestingly, all the 29 accessions plus 360 other 
genotypes of  Ae. tauschii lack the promoter 
repeats commonly found in Al-resistant hexaploid 
wheat (Ryan et al., 2010). Aegilops uniaristata is 
another wheat wild relative that exhibits some 
level of  Al tolerance (Berzonsky and Kimber, 
1986). This species was used to obtain three sub-
stitution lines where the chromosome 3N from 
Ae. uniaristata replaced wheat chromosomes 3A, 
3B or 3D of  Chinese Spring, a hexaploid wheat 
cultivar showing moderate Al resistance (Miller 
et al., 1997). When evaluated in hydroponics 
under Al stress, all lines carrying the chromo-
some 3N achieved larger increase in yield in 
lower Al concentrations than the Chinese Spring 
parent and BH 1146, an Al-resistant cultivar. 
However, at higher Al concentrations, the lines 
carrying the chromosome 3N were as affected as 
BH 1146 (Miller et al., 1997).

The wild species Leymus racemosus that 
belongs to tribe Triticeae (Poaceae) was also tar-
geted for studies about Al tolerance (Mohammed 
et al., 2013). Thirteen addition lines, two substi-
tution lines of  wheat (Chinese Spring) and L. rac-
emosus, along with 15 addition lines from 11 
wheat wild relatives, were used to search for new 
genetic resources to improve wheat tolerance to 
Al. None of  the 15 addition lines from 11 wheat 
wild relatives achieved greater root growth 

under Al stress than Chinese Spring. However, 
three wheat–L. racemosus addition lines (A, E 
and O) showed better Al tolerance than Chinese 
Spring at 50 μM Al when grown for 48 h, but in 
Al concentrations up to 200 μM, only one line 
(E) had greater Al tolerance than Chinese Spring 
(Mohammed et al., 2013). When evaluated for 5 
days at 10 μM Al, the A and E lines achieved 
greater root growth than Chinese Spring. In 
long-term experiments (15 days), the two add-
ition lines also showed better growth param-
eters than Chinese Spring. Thus, the addition of  
L. racemosus chromosomes A and E improved Al 
tolerance in hexaploid wheat. The introgressed 
chromosomes did not affect the Al concentra-
tion in the root apices and the TaALMT1 expres-
sion, which was comparable among the addition 
lines and Chinese Spring. When cell-membrane 
integrity was evaluated, the addition line E had 
the lowest reduction for that trait. Thus, the im-
proved Al tolerance was attributed to improved 
cell-membrane integrity (Mohammed et al., 2013). 
Although the wheat–L. racemosus addition lines 
were not compared with the wheat cultivars 
that exhibited greater Al resistance than Chin-
ese Spring, the greater cell-membrane integrity 
of  the addition line E should be further investi-
gated. It would also be interesting to study the 
mechanisms of  Al tolerance different from OA 
efflux detected in Andropogon virginicus, a wild 
species of  Poaceae (Ezaki et al., 2013). Pyramiding 
malate and citrate efflux with mechanisms different 
from OA efflux could eventually improve even fur-
ther the wheat root growth under Al stress.

7.10  Transgenic Approach to  
Increase Aluminium Resistance in 

Hexaploid Wheat

Transgenesis to increase root growth of  wheat 
under Al stress could explore a variety of  genes 
(Ryan et al., 2011). However, only a few attempts 
have been reported with all of  them based on the 
overexpression of  genes coding for OA transporters 
(Magalhaes et al., 2007; Pereira et al., 2010; 
Zhou et al., 2013).

Wheat transformation with the SbMATE 
gene under control of  the maize ubiquitin (ubi) 
promoter was performed, along with several other 
experiments, to establish the role of  SbMATE in 
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coding for a citrate transporter in sorghum asso-
ciated with Al resistance (Magalhaes et al., 
2007). Four transgenic T1 lines, originated from 
Bobwhite (an Al-sensitive wheat genotype 
widely used as target for wheat transformation), 
were evaluated in nutrient solution under low Al 
stress (5 μM AlCl3). The transgenic lines had 
greater root length under Al stress compared 
with the non-transformed wild-type Bobwhite 
(Magalhaes et al., 2007). The transgenic line 
6001D achieved an average RRL near twofold 
greater than the non-transformed control. How-
ever, as cited in Pereira et al. (2010), the in-
creased Al resistance of  those lines was not 
maintained in subsequent generations.

Overexpression of  the wheat gene coding 
for malate transporter, TaALMT1, was used to 
obtain genetically modified (GM) wheat lines 
with greater Al resistance (Pereira et al., 2010). 
The Al-sensitive genotype Bobwhite (line SH 
98026) was transformed with a construct in 
which TaALMT1 was under the control of  the ubi 
promoter. Nine T

2 homozygous transgenic lines 
were accessed for root growth under Al stress, 
malate efflux and TaALMT1 expression, and 
compared with Bobwhite, ET8 (an Al-resistant 
genotype) and null segregant lines. Malate efflux 
from the root apices of  all T2 lines was signifi-
cantly greater than that of  Bobwhite and one null 
segregant line, while most lines showed similar 
malate efflux to the Al-resistant genotype. All 
transgenic lines exhibited greater root growth 
under Al stress on nutrient solution when com-
pared with the Al-sensitive wild type (Bobwhite) 
and the null segregant lines. However, when com-
pared to the Al-resistant genotype (ET8), only 
some lines were more Al-resistant at the higher 
Al3+ concentrations (40 and 60 μM AlCl3) (Perei-
ra et al., 2010). Plants were also compared in 
two soil experiments. In the first one, plants were 
grown for 4 days, and the three tested T2 lines 
performed better than Bobwhite while the line 
T2_20A.8 exhibited greater root length than 
ET8. In the second soil experiment, plants were 
evaluated after 31 days and the transgenic line 
(T2_4.4) and Al-resistant control (ET8) showed 
larger root systems than Bobwhite, with T2_4.4 
achieving greater root dry weight than both the 
Al-resistant and Al-sensitive controls (Pereira 
et al., 2010). In these experiments, the T

2 line ex-
hibiting the greatest root length under 20 μM 
AlCl3 (T2_5.4) had an average RRL nearly eight-

fold greater than the non-transformed control. This 
increase is significantly higher than the near 
twofold increment in root growth of  T1 wheat lines 
expressing SbMATE (Magalhaes et al., 2007).

Similar to the previous reports, the HvAACT1 
gene that codes for a citrate transporter in barley 
was overexpressed in wheat (Zhou et al., 2013). 
HvAAACT1 was engineered to be under control 
of  the ubi promoter and Bobwhite (line SH 
98026) was also used as receptor genotype. 
Additionally, a second wheat genotype, the 
Al-resistant cultivar Fielder, was used for trans-
formation (Zhou et al., 2013). All T

2 lines 
presented higher HvAACT1 expression than the 
controls (Bobwhite, Fielder, Carazinho and a 
null segregant line), and most lines had citrate 
efflux greater than their respective wild types 
(Bobwhite and Fielder) and the null segregants. 
The best T2 transgenic line derived from Bob-
white exhibited about 70% increase in root length 
compared with non-transformed Bobwhite 
when the plants were grown at low level of  Al 
stress (4 μM AlCl3). For the only T2 line obtained 
from Fielder, the HvAACT1 overexpression al-
lowed a near 20% increase in root length com-
pared with non-transformed Fielder growing at 
high level of  Al stress (30 μM AlCl3) (Zhou et al., 
2013). The root growth of  that line was even 
greater than of  the Al-resistant wheat cultivar 
Carazinho (Zhou et al., 2013). However, that line 
was not evaluated in soil. When the root growth 
of  the transgenic T2 lines derived from Bobwhite 
was evaluated under soil conditions, the plants 
did not outperform Carazinho. Their root growth 
was clearly greater than the non-transformed 
Bobwhite and one null segregant, but Carazinho 
showed the best root growth under soil condi-
tions. When comparing the results obtained 
from the GM lines derived from Bobwhite, the in-
crement in root growth was poorer than the 
twofold increase observed by overexpressing 
SbMATE (Magalhaes et al., 2007) and much 
lower than the eightfold improvement by overex-
pressing TaALMT1 (Pereira et al., 2010). This 
indicates that, as similarly observed for the nat-
urally occurred TaALMT1 and TaMATE1B 
genes, the overexpression of  TaALMT1 seems to 
be much more important for improving root 
growth under Al stress than overexpressing 
citrate transporters.

The low number of  genes used so far to 
obtain GM wheat for greater Al resistance is 
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possibly related to: (i) the difficulty in transform-
ing wheat, although some modern protocols are 
reported to be more efficient (Ishida et al., 2015; 
Hayta et al., 2019); and (ii) the questionable 
acceptance of  GM wheat. Progress to obtain 
commercial cultivars of  transgenic wheat is 
slow, with no GM wheat of  any nature approved 
yet for commercial cultivation (Araus et al., 
2019). Since other plants (such as Arabidopsis, 
rice and tobacco) are routinely easier to trans-
form, most of  the experiments to establish the 
role of  a specific gene in Al resistance/tolerance 
(such as those encoding OA transporters) have 
been performed with those species. Neverthe-
less, more research on this topic is necessary to 
clarify the importance of  the transgenic approach 
to increase Al resistance in wheat. There are still 
a number of  questions regarding the use of  that 
approach, such as: (i) the performance of  the 
GM plants under field conditions; (ii) the impact 
of  gene overexpression on productivity and 
quality of  the wheat; (iii) the consequences of  
combining the overexpression of  genes for higher 
OA synthesis (i.e. citrate synthase and malate 
dehydrogenase) with greater OA efflux (i.e. 
TaMATE1B and TaALMT1); (iv) the acceptance 
of  the GM wheat plants by farmers, industry and 
consumers; and (v) the impact of  root-specific 
promoters instead of  constitutive promoters. 
This last question needs to be investigated because 
it would prevent the expression of  the gene in 
parts of  the plant that are not relevant to Al 
resistance. For instance, interesting results may be 
obtained by evaluating GM wheat plants where 
the TaMATE1B gene is under control of  a superior 
TaALMT1 promoter (as Types V or VI). That strat-
egy has been previously used in Arabidopsis, in 
which the AtALMT1 promoter conferred a sig-
nificantly higher level of  gene expression than 
the AtMATE promoter (Liu et al., 2012). When the 
AtMATE gene was placed under the control of  the 
AtALMT1 promoter, the Al resistance significantly 
increased and the carbon-use efficiency for Al 
resistance was enhanced (Liu et al., 2012).

7.11  Improving Aluminium  
Resistance of Durum Wheat

Durum wheat (T. turgidum spp. durum) is known 
for its poor growth under Al stress compared 

with bread wheat (T. aestivum) (Bona et al., 
1992, 1995). In fact, no Al-tolerant or moder-
ately tolerant genotype has been detected in 
durum wheat (Bona et al., 1992). None of  the 
631 accessions of  durum wheat evaluated in 
nutrient solution containing 10 μM AlCl3 exhib-
ited Al resistance (Ryan et al., 2010), and all 
durum wheat genotypes evaluated by Wayima 
et al. (2019) were Al-sensitive. Interestingly, 
some studies have detected Al tolerance in 
durum lines, but after using a marker specific to 
the D genome, the lines were subsequently found 
to be bread wheat that likely contaminated the 
durum grain stocks (Foy, 1996; Han et al., 2014; 
Wayima et al., 2019). The lower Al resistance of  
durum wheat might have restricted its use in 
agriculture (Ryan et al., 2010). Because of  the 
superior rheological properties of  durum wheat 
pasta doughs and the cooking quality of  durum 
wheat pasta (Autran and Feillet, 1985), produc-
tion of  this wheat is important in many regions 
of  the world. Breeding greater Al resistance in 
durum wheat is important to expand its produc-
tion to regions where soil/subsoil acidity is a 
problem.

In contrast to bread wheat that contains a 
hexaploid genome (AABBDD), durum wheat has 
a tetraploid genome (AABB). This means that 
the major gene responsible for Al resistance 
in hexaploid wheat, TaALMT1 located on the 
chromosome 4D (D genome), is absent from the 
durum wheat genome. Thus, Al sensitivity of  
durum wheat might be essentially attributed to 
the lack of  TaALMT1. Even TaMATE1B may not 
‘naturally’ contribute to Al resistance in durum 
wheat, otherwise the research performed so far 
would have detected some level of  Al resistance. 
The superior TaMATE1B allele in hexaploid 
wheat, which is associated with a transposon 
insertion upstream from its coding region, is 
probably a relatively recent evolutionary event 
(Pereira and Ryan, 2019) that does not appear 
to have occurred during the evolution of  durum 
wheat. Wayima et al. (2019) argued that the hy-
bridization of  the D genome with the A and B 
genomes during the evolution of  hexaploid 
wheat may have resulted in genome instability 
that could have activated transposable elements. 
Thus, the current evidence indicates that durum 
wheat germplasm lacks the transposon insertion 
upstream of  the TaMATE1B gene that leads to 
citrate efflux by the root tip.
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Nevertheless, lines of  durum wheat have 
been developed where the chromosome 4D 
of  Chinese Spring (bread wheat) replaced 
its  homeologue (chromosome 4B) (Joppa 
and  Williams, 1988; Luo and Dvořák, 1996). 
These lines were more Al-resistant than the 
durum wheat cultivar Langdon (Luo and 
Dvořák, 1996) or had a performance under Al 
stress comparable to Al-resistant hexaploid 
wheat (Wayima et al., 2019). The disomic sub-
stitution lines developed by Luo and Dvořák 
(1996) were used to introgress the chromo-
some arm 4DL into Jandaroi, a modern durum 
wheat cultivar from Australia (Han et al., 
2014). Al-resistant lines with TaALMT1 in a 
homozygous state and Al-sensitive sister lines 
without TaALMT1 were obtained, and all resist-
ant lines showed greater root growth than 
Jandaroi and the sensitive lines up to 60 μM 
AlCl

3 (Han et al., 2014). All resistant lines were 
able to exude malate and express TaALMT1 in a 
slightly lower fashion than some controls. 
Measurements of  root growth in unlimed soil 
revealed that the resistant lines had longer 
roots than the sensitive lines and Jandaroi, 
but the Al-resistant bread wheat, ET8 and 
Chinese Spring, showed the greatest root 
length in the acid soil (Han et al., 2014). Although 
the durum wheat lines with the chromosome 
4DL exhibited increased Al resistance, most 
lines grown under non-acid soil in a glasshouse 
had lower grain weight than the sensitive 
lines (Han et al., 2014). Nevertheless, the im-
portance of  incorporating TaALMT1 for 
greater Al resistance in durum wheat was 
evidenced.

To reduce the size of  the chromosome 4D 
introduced into durum wheat and lower the 
chance of  detrimental effects on grain weight, a 
new line of  durum wheat was obtained (Han 
et al., 2016). For that, the disomic substitution 
lines derived from cultivar Langdon were crossed 
with the durum wheat cultivar Capelli that had 
a mutation in the pairing homoeologous gene 
(ph1c). That mutation allows non-homologous 
chromosomes to pair at a high frequency. The 
new durum line, named SF TaALMT1 line, has only 
a small translocation of  chromosome 4D (har-
bouring the TaALMT1 gene) into chromosome 
4B of  durum wheat. That small introgression 
containing TaALMT1 was able to increase Al 
resistance in durum wheat in hydroponics to a 

similar level as the disomic substitution lines 
previously developed by Han et al. (2014). Both 
lines were consistently more Al-resistant than 
Jandaroi (Han et al., 2016). However, when root 
growth was measured in soil, the SF TaALMT1 
line showed lower growth of  both thick and fine 
roots than the previous developed line (Han 
et al., 2016). In this same work, the TaMATE1B 
gene was introgressed in durum wheat by using 
a co-dominant marker. The line containing Ta-
MATE1B, which did not have TaALMT1, 
achieved greater total root growth in acid soil 
than the durum line containing TaALMT1. This 
result contrasts with what happens in bread 
wheat, in which TaALMT1 is responsible for 
most of  the root growth under Al stress (Raman 
et al., 2005; Aguilera et al., 2016, 2019; Han 
et al., 2016). It is not clear why TaMATE1B con-
ferred a stronger Al resistance in durum wheat 
than TaALMT1. Nevertheless, the separate intro-
gressions of  TaALMT1 and TaMATE1B increased 
the Al resistance in durum wheat, and the intro-
gression of  the small fragment containing 
TaALMT1, as in the SF TaALMT1 line, appears to 
have avoided the smaller grains that were ob-
served when the full 4DL arm was introgressed 
(Han et al., 2016).

When the durum wheat line with the su-
perior TaMATE1B allele was compared with a 
null sister line not having that superior allele, 
TaMATE1B allowed 76% greater total root 
growth under subsoil acidity when reaching 
anthesis (Pooniya et al., 2020). The citrate 
efflux conditioned by the superior TaMATE1B 
allele also resulted in vertical root growth that 
reached 1 m in comparison to only 25 cm of  
the null sister line. However, at final harvest, 
the plants did not present significant differ-
ences for grain yield, shoot biomass, number 
of  spikes and grains per plant (Pooniya et al., 
2020). An interesting point is that the experi-
ments were performed in rhizoboxes under 
glasshouse conditions and the soil was watered 
twice a week, keeping field capacity close to 
90%. These conditions are very different from 
the field, and the greater root growth shown 
by the durum wheat line having the TaMA-
TE1B superior allele will probably be benefi-
cial for grain yield under field conditions. 
Ongoing experiments are being performed to 
verify that hypothesis (E. Delhaize, Canberra, 
2019, personal communication).
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7.12  Conclusions and Outlook

The importance of  citrate efflux for root growth 
in acidic soils of  hexaploid wheat that already 
has the superior TaALMT1 allele is still a topic of  
debate. However, the evidence to date is that cit-
rate exudation by the root tip is not detrimental 
for plant development and yield. Thus, when tar-
geting molecular breeding of  hexaploid wheat 
for greater Al resistance, pyramiding superior 
alleles of  TaALMT1 and TaMATE1B should be 
considered. These alleles can be easily detected 
by PCR, which allows to screen their introgres-
sion by crossing and backcrossing. When con-
sidering durum wheat, both the introgression of  
TaALMT1 or TaMATE1B increases Al resistance. 
In contrast to bread wheat, TaMATE1B improves 
root growth of  durum wheat in acid soil with 
higher levels than TaALMT1. The greater import-
ance of  TaMATE1B for durum wheat remains to 
be explained. The breeding of  durum wheat is 
currently facing the task of  pyramiding TaALMT1 
and TaMATE1B, and a greater Al resistance is 
expected by combining both these OA trans-
porter genes in durum wheat. When considering 
genetic modification for greater Al resistance in 
wheat, several questions still need to be an-
swered. The uncertain acceptance of  GM wheat 

is an important factor that may change if, 
among other things, GM wheat with superior Al 
resistance also shows significantly increased 
yield under field conditions.

Although Al resistance mediated by OA efflux 
by wheat roots is the most studied mechanism in 
wheat, the characterization of  minor genes that 
are associated with Al tolerance may contribute 
to greater wheat root growth under Al stress. Pro-
gress towards this goal may use the better accuracy 
and lower price of  sequencing and SNP detection 
allied with new bioinformatics tools that can facili-
tate the analysis of  the wheat transcriptome and 
QTL mapping. Eventually, any minor gene associ-
ated with Al tolerance should be combined with 
superior TaALMT1 and TaMATE1B alleles. Never-
theless, breeding for greater root growth under Al 
stress in wheat requires a coherent method to 
screen root growth. Efforts to adjust the level of  Al 
toxicity in nutrient solution are valid if  the pheno-
typing aims to not only access Al resistance among 
lines but also to improve root growth under acidic 
soil/subsoil in the field. When assertive phenotyp-
ing is combined with the detection of  superior 
alleles for TaALMT1 and TaMATE1B and use of  
potential minor genes, wheat breeding pro-
grammes can obtain cultivars with better growth 
under Al stress.
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8.1  Introduction

Wheat is the most commonly grown crop around the 
world and is a major source of  energy, nutrients and 
dietary fibre. Its consumption is high in temperate 
countries, where it is a major staple food crop. How-
ever, the concentration or bioavailability of  Fe and Zn 
are low in wheat products and this leads to micronu-
trient deficiencies in the countries where it is con-
sumed as a main food by the population. Two major 
reasons contributing to low contents of  bioavailable 
Fe and Zn in wheat grains are: (i) the fewer amounts 
of  these minerals in wheat grains; and (ii) the low bio-
availability of  these nutrients due to the occurrence of  
phytates in wheat bran. Although wheat varieties 
with high micronutrient contents have been devel-
oped with various breeding approaches, this has not 
worked for all micronutrients. Merging breeding ap-
proaches with genetic engineering techniques, such as 
quantitative trait locus (QTL) analysis, marker-
assisted breeding, gene cloning and gene trans-
formation from wild wheat relatives, is significant 
for developing micronutrient-rich wheat cultivars.

8.2  Importance of Iron and Zinc 
in Daily Life

Micronutrient malnutrition is one of  the most 
important challenges the world is facing today. 

Key micronutrients lacking in diets globally are 
Fe, Zn, iodine, Se and vitamin A (Ghandilyan 
et  al., 2006). Dietary micronutrient deficiency 
can severely affect human health, increase 
health-care expenditures, and also reduce the 
economic progress of  countries. Fe and Zn are 
the two most vital micronutrients necessary for 
normal human growth and development. Fe de-
ficiency is the most ubiquitous and widespread 
across the globe (WHO, 2017). It causes Fe-defi-
ciency anaemia (50% of  cases) throughout the 
world (Fig. 8.1) and is associated with poor preg-
nancy outcomes, impaired cognitive develop-
ment, lowered immunity and increased tiredness 
(WHO, 2017). Zn is a cofactor for many enzymes 
and regulatory proteins in the body and also 
plays a vital role in DNA and RNA synthesis 
along with gene expression (Garcia-Oliveira et al., 
2018). Zn deficiency is related with stunted 
growth and neurobehavioural difficulties in chil-
dren below 5 years of  age and affects around 155 
million children worldwide (Nriagu et al., 2008; 
WHO, 2013). Zn deficiency is also reported to 
cause anaemia as Fe absorption in the intestine is 
controlled by Zn (Chang et al., 2010; Graham et 
al., 2012). Deficiency of  Zn and Fe in the diet af-
fects more than two billion people around the 
world (White and Broadley, 2009; WHO, 2012), 
mainly pregnant women and children below 
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5 years old. Fe can bind to proteins or S as Fe–S 
cofactors or as haem (Balk and Schaedler, 2014). 
The bioavailability of  haem Fe is very high due to 
its stability and uptake by a specific transporter in 
the small intestine (Knutson, 2017). Zn binds to 
proteins in the form of  Zn-finger structures.

There are two different strategies to address 
these challenges of  increasing Fe and Zn con-
tents in plant sources. These are: (i) fortification, 
i.e. adding chemical forms of  minerals to the 
diet; and (ii) biofortification, i.e. improving crops 
to produce more minerals. Many countries have 
made it mandatory to fortify wheat, maize and 
rice flours with Fe. However, Zn fortification of  
cereal flours is mainly on a voluntary basis in 
several countries (Brown et al., 2010). In the UK, 
milled white flour is fortified with inorganic Fe 
forms (16.5 mg/kg) according to The Flour and 
Bread Regulations 1998 (http://www.legisla-
tion.gov.uk/uksi/1998/141/contents/made, 
accessed 10 February 2021). However, this strat-
egy is most difficult to implement in developing 
nations where milling is carried out at domestic 
or small-scale level. Therefore, biofortification is 
required in developing nations which lack the 

proper infrastructure and capacity to implement 
fortification programmes.

8.3  Wheat: The Most Important 
Staple Crop

Wheat (Triticum aestivum L., 2n = 6x = 42, 
AABBDD) is the world’s most important cereal 
crop, which contributes about 30% of  the total 
cereal consumption in the world (FAO, 2003). It 
provides approximately 20% of  dietary energy 
and proteins to human populations consuming it 
(Braun et al., 2010). Wheat provides substantial 
amounts of  mineral elements which are benefi-
cial for human health. Fe and Zn are micronu-
trients that are recognized by the World Health 
Organization as limiting in wheat (Ortiz-Monas-
terio et al., 2007). Although wheat is poor in 
micronutrients Fe and Zn, it is dominant in the 
diet of  most resource-scarce populations in 
developing regions (Graham et al., 2001). There-
fore, it is necessary to develop wheat cultivars 
with improved micronutrient concentrations to 

<20 %
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30–40 %
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Fig. 8.1.  Anaemia prevalence in different parts of the world, showing that African and Asian countries 
have high prevalence of anaemia.
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lessen malnutrition among people consuming 
primarily cereals. Hence, biofortification of  wheat 
is a promising strategy to ameliorate Fe and Zn 
deficiencies in developing countries.

8.4  Location of Iron and Zinc in 
Wheat Grains and Difficulties  

Associated with It

Fe is mainly found in the aleurone and the embryo 
of  wheat grains (Fig. 8.2). Upon seed germination, 
the embryo grows into a young seedling and this 
requires several enzymes using Fe and Zn as cofac-
tors (Bastow et al., 2018). Plants store Fe as the 
protein ferritin or in bodies derived from vacuoles 
(Connorton et al., 2017a). Ferritin is considered 
the most bioavailable form of  stored Fe in plant tis-
sues and is mainly present in amyloplasts in the 
endosperm (Balmer et al., 2006). In wheat grains, 
Fe and Zn are mostly present in the aleurone layer 
which is lost during milling. Furthermore, Fe in 
these tissues is bound to phytate and polyphenols, 
which reduces the bioavailability of  Fe to humans 
(Borg et al., 2009; Hurrell et al., 2010; Neal et al. 
2013; De Brier et al., 2016). This presents a serious 
challenge to human nutrition as mineral–phytate 
complexes are insoluble. Thus, in spite of  good Fe 
and Zn contents in wheat grains, the tissue 
localization and speciation (chelation, binding to 
protein particles or antinutrients) ultimately 
determines their bioavailability. Fe–nicotianamine 
complexes have been found in wheat flour extracts 

(Eagling et al., 2014a). Studies based on Caco-2 
cells (Eagling et al., 2014b) and murine models 
(Lee et al., 2009) have proved that nicotianamine 
increases the bioavailability of  Fe and Zn.

The presence of  minerals in bread and other 
cereal products is estimated by their total content 
in the grain and by their bioavailability. Conven-
tional milling practices of  wheat by grinding 
seeds between stones produces wholemeal flour 
having a mixture of  all parts of  wheat seeds. 
However, the roller milling introduced at the end 
of  19th century enabled the accurate separation 
of  starchy endosperm from embryo (germ) and 
outer layers (including aleurone), which are to-
gether called bran. This increased the availability 
of  white bread at affordable prices. However, re-
moval of  bran significantly lowers the Fe and Zn 
contents in the refined wheat flour in comparison 
to whole wheat flour. For example, white wheat 
flour contains 6.7 mg Fe/kg and 8.4 mg Zn/kg, 
whereas whole wheat flour contains compara-
tively higher Fe and Zn contents: 28.2 mg Fe/kg 
and 28.6 mg Zn/kg (Tang et al., 2008). As a result, 
various campaigns and public health-care advert-
isements have focused on increasing the con-
sumption of  whole-grain wheat products.

8.5  Transport of Iron and Zinc from 
Roots to Seed

The accumulation of  Fe and Zn in wheat involves 
several processes, including mobilization and 

Starchy endosperm

Aleurone layer

Epidermis
Cross layer
Tube cells

Testa

Hyaline
Seedcoat

Pericarp

Fig. 8.2.  Scanning electron micrograph of wheat seed showing different tissue layers. Fe and Zn are 
mainly localized in the living cells of the aleurone layer between the seedcoat and starchy endosperm. 
(Adapted from Kumar et al., 2017.)
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uptake of  minerals from the soil, absorption by 
plant roots from the plant rhizosphere, trans-
location of  minerals from the roots, mineral 
remobilization from plant vegetative tissues and 
their accumulation in bioavailable forms in 
seeds. Each of  these processes is controlled by 
several genes (Bouis and Welch, 2010). Plant 
uptake of  Fe and Zn from the soil occurs via two 
processes: (i) the first strategy involves the direct 
uptake of  Fe2+ and Zn2+ ions from soil by ZRT/ 
IRT-like proteins (ZIPs); and (ii) the second strat-
egy involves the secretion of  phytosiderophores 
which are capable of  chelating Fe cations from 
the soil. The soluble Fe–siderophore complexes 
are then taken up by yellow stripe-like (YSL) 
transporters (Fig. 8.3) (Sperotto et al., 2012). 
The Fe-chelation strategy is common in mono-
cots like wheat. The chelated Fe cations reach 
the developing grain via vascular tissues (xylem 
and phloem). The organic acids citrate and mal-
ate enable Fe transport in the xylem, whereas 
nicotianamine enables Fe and Zn transport 
intracellularly as well as in the phloem (Connor-
ton et al., 2017a). Different classes of  proteins 
from multiple gene families are involved in Fe 
and Zn transport. These are ZIP, YSL, MFS (major 
facilitator superfamily transporter), MTP (metal 
tolerance protein), HMA (heavy metal ATPase), 
FPN (ferroportin), NRAMP (natural resistance-
associated macrophage protein) and VIT (vacu-
olar iron transporter). Epidermal cells of  the 
plant roots absorb free Zn2+ ions as well as phyto-
siderophore-bound Fe and Zn from the soil and 
move them to the pericycle through the apoplast 
and symplast, which results in their accumula-
tion in basal shoots or leaf  tissues. The radial 
movement of  Fe and Zn ions through the root 
occurs with the help of  metal chelators such as 
nicotianamine (Rellan-Alvarez et al., 2010; 
Deinlein et al., 2012). The vacuolar accumula-
tion of  Zn eventually affects the transport of  Zn 
to the shoots (Morel et al., 2009; Haydon et al., 
2012). In the xylem, Zn is transported in the 
form of  a chelated complex with organic acids 
such as citrate or as a free ion (Lu et al., 2013), 
whereas Fe is transported only in the chelated 
form with citrate (Rellan-Alvarez et al., 2010). 
ZIP, YSL and MTP protein families are involved in 
the translocation of  Fe and Zn complexes across 
the plasma membrane from xylem to phloem in 
plant roots or basal shoots or their remobiliza-
tion from leaves during grain filling. In wheat, 

accumulation of  nutrients in grains occurs via 
phloem (Zee and O’Brien, 1970). In phloem, Fe 
and Zn complexed with nicotianamine are 
transported and accumulated in protein storage 
vacuoles (PSVs) in the aleurone layer or as fer-
ritin in amyloplasts (Borg et al., 2009; Tauris 
et al., 2009).

8.6  Biofortification of Wheat  
for Essential Micronutrients

Enhancing micronutrient content in biofortified 
wheat has appeared as a key solution to the 
problem of  hidden hunger arising due to micro-
nutrient deficiency in the diet of  people from 
developing and poor nations (Pfeiffer and Mc-
Clafferty, 2007; Chattha et al., 2017). Although 
biofortified cereals and other foods do not have 
as high levels of  nutrients as those in dietary 
supplements or artificially fortified food products, 
they can increase the dietary intake of  micronu-
trients among people who consume them daily 
(Bouis et al., 2011). The goal of  biofortification is 
to reach poor rural people whose diets are defi-
cient in micronutrients and who have inadequate 
access to supplements, markets and health-care 
facilities. The supplementation of  Fe and Zn to 
the soil has its own set of  limitations such as 
its high cost, labour intensiveness, continuous 
demand for inputs, environmental concerns, 
nutrient solubility, nutrient mobility in soil, food 
toxicity when used in excess, and, above all, it 
may or may not enhance the nutrient content in 
the edible portion of  crops (Garg et al., 2018). To 
guarantee global nutritional and food security, it 
becomes necessary to develop and release suit-
able biofortified wheat varieties which have 
global acceptance as well. The successful biofor-
tified crop should enhance the micronutrient 
status of  human populations, should be easily 
available to farmers, and should be high yielding 
and disease resistant. In addition, its awareness 
and acceptability among farmers and consumers 
are of  utmost importance (Bouis and Welch, 
2010). Biofortification should involve various 
genetic, breeding and agronomic strategies to 
produce crops with higher micronutrient levels. 
Also, efforts should be made to reduce the levels of  
antinutrients in food crops (Bouis, 2003). Unlike 
mineral supplementation programmes, the effort, 
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Fig. 8.3.  Fe and Zn uptake and translocation pathway to the grain in wheat. ZIP, YSL, MFS, MTP, 
HMA, FPN, NRAMP and VIT are putative classes of transport proteins. Phytosiderophore-bound Fe 
and Zn along with free Zn2+ are absorbed by the root epidermal cells from the soil and moved to the 
pericycle by the apoplast and symplast, accumulated into xylem and transferred to root phloem, basal 
shoot or leaf tissues. From leaf cell plastids (P) and vacuoles (V), Fe and Zn are transferred to phloem. 
In the aleurone layer, Fe and Zn are sequestered in protein storage vacuoles (PSVs) bound to phytate 
(Phy), and a small quantity of these nutrients enters the endosperm and is stored as ferritin (Fer) in 
amyloplasts (A). ZIP, ZRT/IRT-like protein; YSL, yellow stripe-like transporter; MFS, major facilitator 
superfamily transporter; MTP, metal tolerance protein; HMA, heavy metal ATPase; FPN, ferroportin; 
NRAMP, natural resistance-associated macrophage protein; VIT, vacuolar iron transporter; NA, 
nicotianamine; PS, phytosiderophore; Cit, citrate; SP, small proteins; ?, unknown transporters. 
(Adapted from Borrill et al., 2014.)
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time and cost for producing biofortified crops is a 
one-time investment and people can take advan-
tage of  these crops over several decades and 
generations. In addition, using biofertilizers to 
enhance crop productivity also involves very high 
monetary and labour costs. On the other hand, 
biofortification through breeding is an econom-
ical and sustainable way to combat micronutrient 
malnutrition among the masses (White and 
Broadley, 2005; Graham et al., 2007).

Classical breeding approaches of  biofortifi-
cation aim to exploit the genetic variation among 
crops and their wild relatives for mineral con-
tents, and also involve marker-assisted breeding 
(Grusak, 2002). Advancements in genome se-
quencing have reduced the time requirement 
and helped in increasing the gene libraries. It 
has also made it cheaper to focus on genes fun-
damental to QTLs or to identify these genes 
straightforwardly using genome-wide associ-
ation studies. More than 10 years of  studies on 
Fe homeostasis genes and their expression in 

crops have provided sufficient understanding 
about developing various strategies for crop 
biofortification.

In comparison to the total number of  released 
wheat varieties, the number of  biofortified var-
ieties for Fe and Zn is quite small; moreover, only 
a few known cultivars are released for high Fe 
content (Table 8.1). Still, continuous efforts are 
being made across the globe to identify and 
develop superior breeding lines.

8.7  Breeding Strategies to Increase 
Bioavailable Forms of Iron and Zinc

Biofortification through breeding techniques is 
the most recognized method of  biofortification. 
It provides a sustainable, economical and envir-
onmentally friendly substitute to transgenic and 
agronomic strategies of  biofortification. Appro-
priate genotypic discrepancy in the traits of  

Table 8.1.  List of wheat varieties biofortified for various micronutrients.

Variety
Biofortified  
for

Year of  
release Institute Reference

HI 8627 (Malav Kirti) Carotene 2005 Indian Agricultural Research 
Institute (IARI), India

IARI (2019)

HD 2932 (Pusa  
Wheat 111)

Zn 2007 IARI, India IARI (2019)

BHU 1, Akshai  
(BHU 3), BHU 5,  
HU 6, BHU 17,  
BHU 18

Zn 2014 International Center for Tropical 
Agriculture (CIAT), Colombia; 
International Maize and Wheat 
Improvement Center (CIMMYT), 
Mexico; HarvestPlus, USA

Velu et al. (2015); 
Singh and 
Govindan (2017)

Abhay (ZincShakth) Zn 2015 Nirmal Seeds, India; HarvestPlus Velu et al. (2015, 
2018)

Zincol Zn 2015 CIMMYT; National Agricultural 
Research Center, Pakistan

Singh and Govindan 
(2017)

NABIMG-9,  
NABIMG-10, 
NABIMG-11

Anthocyanin 2016 National Agri-Food Biotechnology 
Institute, India

Garg et al. (2016)

Zinc-Shakti (Chitra) Zn 2016 HarvestPlus Singh and Govindan 
(2017)

HPBW-01  
(PBW 1 Zn)

Fe and Zn 2017 Punjab Agricultural University, 
India

Singh and Govindan 
(2017); Yadava 
et al. (2017)

WB02 Fe and Zn 2017 Indian Institute of Wheat and 
Barley Research (IIWBR), India

Singh and Govindan 
(2017); Yadava 
et al. (2017)

BARI Gom 33 Zn 2017 Bangladesh Agricultural Research 
Institute (BARI) collaborated 
with CIMMYT

CIMMYT (2019)
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interest is essential for conventional breeding 
programmes to be achievable. Breeding techniques 
exploit this variation among species to enhance 
the mineral and vitamin contents in crops. In the 
conventional plant breeding approach, donor 
lines having high nutrient content are crossed 
with recipient lines having desired agronomic 
traits for several generations. This is done until 
the target of  desired nutrient content and desired 
agronomic traits is achieved in the generations. 
However, the major limitation of  conventional 
breeding programmes is the presence of  limited 
genetic variation among different species. In 
many cases, this drawback is overcome by crossing 
wheat with distantly related species and moving 
the desired character slowly into the commercial 
varieties. In addition, mutagenesis can be used 
to get the desired character in the genome of  the 
species.

Several programmes involving conventional 
breeding techniques have been introduced by 

various international organizations. The Health-
grain Project (2005–2010) was carried out in 
the European Union and involved 15 countries 
and a budget of  £10 million. Its main aim was to 
develop high-quality food crops with high nutri-
ent content (Fardart, 2010; Tighe et al., 2010; 
Lafiandra et al., 2014). In addition, the Harvest-
Plus programme involving conventional breeding 
programmes among cereal and vegetable crops 
has been launched by CGIAR along with the 
International Center for Tropical Agriculture (CIAT) 
and the International Food Policy Research Insti-
tute. Figure 8.4 illustrates different breeding 
strategies to enhance Fe and Zn contents in wheat 
using different genetic approaches.

8.8  Genetic Variation

In breeding, to understand genetic variation is 
the key step. The present wheat cultivars have 
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Fig. 8.4.  Schematic representation of different breeding strategies using various genetic approaches for 
Fe and Zn improvement in wheat. TILLING, targeting induced local lesions in genomes; EcoTILLING, 
ecotype TILLING. (Adapted from Garcia-Oliveira et al., 2018.)
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less variation for Zn and Fe contents. Wide vari-
ation in grain Fe and Zn concentrations has been 
noticed in wild species and landraces of  wheat 
(Monasterio and Graham, 2000; Ortiz-Monasterio 
et al., 2007; Velu et al., 2011a). The available 
genetic variation from different wild species and 
landraces can be utilized in the biofortification 
breeding programme for the development of  
nutrient-enriched wheat germplasms with com-
parative yield potential and stress tolerance (Velu 
et al., 2014). Wheat–rye chromosome addition lines 
and their rye parents have been recorded for 
their capacity to improve Zn uptake from soils and 
build up tissue use efficiency (Cakmak et al., 1998; 
Schlegel et al., 1998; Erenoglu et al., 1999). In 
triticale and rye, Zn efficiency is very high, and the 
genes behind this can be used to develop wheat 
cultivars with improved Zn efficiency. Synthetic 
hexaploid wheats (Triticum turgidum × Aegilops 
tauschii and T. turgidum × Triticum monococcum), 
developed by transfer of  the DD genome from Ae. 
tauschii (2n = 2x = 14, DD) or the AA genome 
from T. monococcum (2n = 2x = 14, AA) to tetra-
ploid wheat (T. turgidum, 2n = 4x = 28, AABB), 
have been recorded to have a clear effect on total 
Zn content (Cakmak et al., 1999).

8.9  Genotype × Environment  
Interaction

Apart from genetic variation, precision phenotyping 
plays an important role in Fe and Zn biofortifica-
tion through breeding. There are different soil 
and environmental factors such as pH, tempera-
ture, radiation, precipitation, organic matter and 
soil texture which have the potential to influ-
ence concentration, solubility and absorption of  
micronutrients by plant roots (Tisdale and Nelson, 
1975; Cakmak, 2008a; Joshi et al., 2010). The 
other environmental factors, such as increasing 
atmospheric CO

2, are likely to lead to a further 
drop in Fe content in wheat (Myers et al., 2014). 
Soil composition is also an issue for breeding to 
increase Zn concentration in wheat (Trethowan 
et al., 2007). Therefore, increase in uptake effi-
ciency or mobilization to the grain through breed-
ing has less impact on grain Zn concentration 
due to Zn availability in the soil (Ortiz-Monasterio 
et al., 2007, 2011). Genotype and location 
interactions have significant impact on Zn and Fe 

contents in both wild and improved wheat culti-
vars (Oury et al., 2006; Ortiz-Monasterio et al., 
2007; Trethowan et al., 2007; Gomez-Becerra 
et al., 2010a). The International Maize and Wheat 
Improvement Center (CIMMYT), Mexico, devel-
oped high-Zn wheat lines which when evaluated 
in India at multiple locations acknowledged 
that wheat grain Zn concentrations were highly 
unstable (Joshi et al., 2010) as the growth of  the 
elite lines differed with location. The greater 
gene × environment (G × E) interaction for Zn 
concentration has another reason for its quan-
titative inheritance in wheat (Trethowan et al., 
2007). Contrarily, a recent study conducted in 
South Asia to test biofortified wheat lines at mul-
tiple locations revealed high heritability and high 
genetic interaction between locations for grain 
Zn, proposing that G × E may not be a serious 
concern in breeding high-Zn wheat genotypes 
(Velu et al., 2012). Understanding the connec-
tion between micronutrients and different param-
eters like grain yield, plant height, grain size and 
end-use quality parameters would facilitate the 
selection of  mineral-dense progenies through 
breeding with desired phenological and consumer-
preferred traits. According to former studies, 
grain Zn and Fe are positively correlated in wheat 
(Morgounov et al., 2007; Genc et al., 2009; Peleg 
et al., 2009; Zhang et al., 2010; Gomez-Becerra 
et al., 2010a; Velu et al., 2011a,b, 2012), sug-
gesting that the alleles for both Zn and Fe depos-
ition in the grain co-segregate or are pleiotropic, 
and therefore Zn and Fe can be improved simul-
taneously. Rawat et al. (2009a,b) have shown in 
the flag leaves of  Aegilops species that Zn and Fe 
are positively correlated. In many studies, there 
is no negative linkage of  grain Zn and Fe with 
grain yield (Graham et al., 1999; Welch and 
Graham, 2004; Velu et al., 2012). On the con-
trary, some reports showed a slightly negative 
association between Zn and grain yield in wheat 
(Morgounov et al., 2007; Peleg et al., 2009; Zhao  
et al., 2009; Gomez-Becerra et al., 2010b).

8.10  Quantitative Trait Locus  
Mapping

Past evidence has shown that grain Zn and Fe 
are quantitatively inherited traits in wheat (Tre-
thowan et al., 2005, 2007). Therefore, identify-
ing the QTLs that regulate the accumulation of  
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high mineral nutrient concentration in wheat 
grains and the yield-related agronomic traits 
would allow breeders to develop biofortified cul-
tivars more efficiently by using closely linked 
molecular markers to screen and select the most 
favourable genotypes. Many QTLs have been 
identified in diverse germplasm and advanced 
breeding lines for Fe and Zn; some selected 
studies are presented in Table 8.2. QTL analysis 
provides an effective means of  resolving quanti-
tative traits into single components to study their 
relative impacts on a specific trait. Such QTL 
analyses for micronutrient concentration have 
been conducted on wheat (Shi et al., 2008; Genc 
et al., 2009) and related species (Peleg et al., 
2009; Tiwari et al., 2009). In recent years, many 
QTLs of  micronutrient concentration in wheat 
grain have been mapped using recombinant in-
bred lines or doubled haploid populations (Dis-
telfeld et al., 2007; Ozkan et al., 2007; Shi et al., 
2008; Peleg et al., 2009; Tiwari et al., 2009). 
Epistatic and QTL × environment (Q × E) inter-
actions are important genetic components. Most 
quantitative traits are greatly affected by either 
one of  them or both. The detection of  Q × E 
interaction was greatly affected by the accuracy 
of  phenotyping in a particular environment (Xu 
and Crouch, 2008). Epistasis and Q × E analyses 
have been conducted in wheat (Yang et al., 
2007; Zhang et al., 2008, 2009) and other plant 
species. However, differences in mapping results 
among various environments have resulted in 
unreliable indications of  the significance of  Q × 
E interactions in some cases (Jansen et al., 1995).

A major QTL Gpc-B1 (transcription factor 
NAM-B1) from wild emmer wheat (T. turgidum 
ssp. dicoccoides) was mapped on chromosome 
arm 6BS (Joppa et al., 1997). It was cloned and 
confirmed to be effective in improving Fe and Zn 
by 18 and 12%, respectively (Uauy et al., 2006; 
Distelfeld et al., 2007). A molecular marker 
Xuhw89 was tightly linked to the Gpc-B1 locus 
with a 0.1 cM genetic distance (Distelfeld et al., 
2006). A QTL mapping study organized on the 
diploid A genome of  wheat showed identifica-
tion of  two QTLs for grain Fe on chromosomes 
2A and 7A, and one QTL for grain Zn on chromo-
some 7A (Tiwari et al., 2009). A major QTL has 
been found on chromosome 5B in T. monococcum 
that is linked with high grain content of  Fe, Zn, 
Co and Mn (Ozkan et al., 2007). In addition, 
Singh et al. (2010) also identified QTLs for Fe and 

Zn, which are QFe.pau-2A and QFe.pau-7A for Fe 
and QZn.pau-7A for Zn, from Aegilops kotschyi 
and Aegilops peregrine. Furthermore, Genc et al. 
(2009) reported four QTLs for Zn (on chromo-
somes 3D, 4B, 6B and 7A) and a single QTL for Fe 
in a doubled haploid population. Recently, a new 
study on Chinese winter wheat gave QTLs for Fe 
and Zn accumulation after evaluation under 
two different environments (Xu et al., 2012).

8.11  Novel Experiments using 
Sequence Data Resources

The low cost of  sequencing and the data generated 
from it are quite helpful in finding new alterna-
tives for exploring and finding gene functions 
associated with regulating Fe and Zn content in 
grains. During the last 5 years, data on the gen-
ome sequencing of  wheat in the public domain 
have increased substantially. Identifying and dis-
tinguishing homeologous genome sequences in 
wheat genome-specific contigs have been made 
possible through the EnsemblPlants database. In 
addition, physical maps of  bacterial artificial 
chromosome (BAC) libraries have been con-
structed for reference (Paux et al., 2008). More-
over, accessing the genome sequences through 
whole-genome shotgun sequencing, RNA-seq 
and exome capture (Saintenac et al., 2011; Trick 
et al., 2012; Winfield et al., 2012) has been used 
to develop genome-specific markers for genetic 
mapping and identifying single-nucleotide poly-
morphisms in wheat (Wilkinson et al., 2012; 
Allen et al., 2013).

In a study by Cantu et al. (2011), RNA-seq 
was used to find differentially expressed genes in 
lines having decreased NAM genes expression. 
RNA-seq was used to identify genes related to 
transporter proteins, hormone-regulated genes 
and transcription factors. This study produced 
data related to early senescence stages and 
nutrient remobilization.

RNA-seq data (Duan et al., 2012) and 
homoeologue-specific gene models could deliver 
enhanced resolution to transcriptome studies 
(Krasileva et al., 2013). In addition, knowledge 
from one particular species could be used to 
identify candidate genes in other species. Borrill 
et al. (2014) studied sequences of  the NRAMPs 
in rice to identify wheat homologues. Genes 
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involved in Fe and Zn transport in wheat could 
be cloned and characterized in mutant yeast 
strains and could be eventually expressed in 
transgenic wheat plants to enhance the nutrient 
content in grains.

8.12  Marker-Assisted Breeding

Nowadays, breeders have mainly focused on 
marker-assisted selection (MAS) rather than 
conventional breeding for generating improved 

Table 8.2.  List of QTLs identified for Fe and Zn in wheat.

Trait Cross/Parents QTL Reference

Fe and Zn Triticum dicoccoides GPC-B1 Joppa et al. (1997); Uauy 
et al. (2006); Distelfeld 
et al. (2007)

Fe and Zn T. dicoccoides TtNAM-B1 Distelfeld et al. (2007)
Fe RIL (Triticum boeoticum × Triticum 

monococcum)
QFe.pau-7A
QFe.pau-2A

Tiwari et al. (2009)

Fe and Zn RIL (Xiaoyan × 54 Jing 411) QZn-5A
QFe-5A2
QGpc-5A1
QGpc-6A

Xu et al. (2012)

Zn RIL (PBW343 × KenyaSwara) QGzncpk.cimmyt-1BS
QGzncpk.cimmyt-2Bc
QGzncpk.cimmyt-3AL

Hao et al. (2014)

Fe and Zn RIL (Triticum spelta (H+26 
(PI348449)) × Triticum aestivum  
cv. HUW 234)

QZn.bhu-2B
QZn.bhu-6A
QFe.bhu-3B

Srinivasa et al. (2014)

Fe and Zn DH (Berkut × Krichauff) hexaploid 
(Adana99 × 70711)

QGfe.ada-2B
QGfe.ada-2B
QGZn.ada-2B
QGfe.ada-2B
QFe.bhu-2B

Tiwari et al. (2016); Velu  
et al. (2016)

Fe Tetraploid (Saricanak98 × MM5/4) QGfe.sar-5B Velu et al. (2016)
Zn Tetraploid (Saricanak98 × MM5/4) Qzneff.sar-6A

Qzneff.sar-6B
Velu et al. (2016)

Zn DH (Berkut × Krichauff) QZn.bhu-1B
QZn.bhu-2

Tiwari et al. (2016); Velu  
et al. (2016)

Zn Tetraploid (Saricanak98 × MM5/4) QGzn.sar-1B
QGzn.sar-6B
QGZn.sar-1B

Velu et al. (2016)

Zn Hexaploid (Adana99 × 70711) QGzn.ada-6B
QGzn.ada-1D
QGzn.ada-7B

Velu et al. (2016)

Fe and Zn RIL (synthetic hexaploid wheat ×  
T. spelta)

QGZn.cimmyt-7B_1P2
QGFe.cimmyt-4A_P2
QGZn.cimmyt-7B_1P2
QGZn.cimmyt-7B_1P1

Crespo-Herrera et al. 
(2017)

Fe and Zn Triticum dicoccon (PI94624)/ 
Aegilops squarrosa [409] × BCN

QGFe.iari-2A
QGFe.iari-5A
QGFe.iari-7A
QGFe.iari-7B
QGZn.iari-2A
QGZn.iari-4A
QGZn.iari-5A
QGZn.iari-7A
QGZn.iari-7B

Krishnappa et al. (2017)

RIL, recombinant inbred line; DH, doubled haploid.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



156	 L. Kaur et al.	

varieties. There are various molecular markers 
used in MAS that are highly associated with 
important traits. Therefore, molecular markers 
prove as tools used to spot the presence of  a 
desired character in crossing, which greatly 
enhances the efficiency of  selection. With MAS 
phenotypic selection, it would be easy and less 
time consuming and would also save costs for 
the selection of  desired traits (Koide et al., 2009). 
This method proves to be a more accurate tool in 
introducing novel cultivars and enabling breed-
ing research in crops based on the genotype 
rather than on the phenotype. After finding the 
link between molecular markers and genes of  
interest, the development of  new cultivars with 
specified traits could be made at an early level 
(Zhu et al., 2012). Pyramiding of  linked genes 
into a single line or cultivar is one of  the com-
mon applications of  MAS. In addition to MAS, 
marker-assisted backcrossing (MABC) also util-
izes markers, but here markers are used to select 
target loci which reduce the length of  the donor 
segment holding a target locus and stimulate the 
recovery of  the recurrent parent (RP) genome 
during backcrossing (Charcosset, 1997; Hospital, 
2001; Hasan et al., 2015). MABC has the main 
purpose of  transferring the desired character or 
targeted gene into the recipient along with re-
covering the RP characters and/or genes. One 
successful example of  MAS is the transfer of  
Gpc-B1 locus (Uauy et al., 2006). The presence 
of  Gpc-B1 locus in near-isogenic lines increased 
Fe and Zn grain concentrations (Distelfeld et al., 
2007). This gene is being widely used in breeding 
programmes over several continents for marker-
assisted breeding (Kumar et al., 2011; Randhawa 
et al., 2013; Tabbita et al., 2013).

8.13  Classical Breeding

Utilizing this variation, HarvestPlus has worked 
extensively to increase the Fe and Zn contents in 
wheat. Breeding for Fe and Zn was decided by 
expected bioavailability percentage, daily intake 
of  wheat per capita, type of  food preparation and 
estimated average requirements. The prelimin-
ary breeding target is to increase Fe and Zn levels 
by 25 and 10 mg/kg, respectively.

There are several varieties of  wheat having 
4–10 ppm higher Zn content which have been 

released by HarvestPlus. Six varieties (BHU 1, 
BHU 3, BHU 5, BHU 6, BHU 17 and BHU 18) 
were released in India (2014) and one variety in 
Pakistan (2015) (Zincol). Recently, HPBW-01 
(PBW 1 Zn) and WB02 varieties with high Fe 
and Zn contents have been released by Punjab 
Agricultural University and the Indian Institute 
of  Wheat and Barley Research (IIWBR), respect-
ively (Garg et al., 2018). Several scientists have 
observed the use of  plant breeding to increase Fe 
and Zn contents in wheat (Cakmak et al., 1999; 
Monasterio and Graham, 2000; Cakmak et al., 
2004; Welch et al., 2005). In some countries, 
high-Zn wheat varieties developed by CIMMYT 
are also being released after testing by national 
programmes (Velu et al., 2012; Baloch et al., 
2015). Some of  these varieties are Zinc-Shakti, 
HPBW-01 and Ankur Shiva, released in India by 
both public and private partners, and one variety 
named Nohely-F2018 has also been released in 
Mexico. Interestingly, BARI Gom 33 (Kachu/
Solala) released in Bangladesh during 2017 
showed 7–8 mg Zn/kg advantage and offered 
resistance against wheat blast.

There has been successful improvement in 
the concentration of  Fe in grains, with the ac-
cess of  chromosomal regions in modern wheat 
from wild Aegilops species (Neelam et al., 2011). 
In addition, to overcoming the genetic variability 
for low Fe and Zn levels in wheat, more than 180 
lines of  Aegilops have been analysed. These 
different lines can be used for fixing the Fe and Zn 
contents in wheat grain. Amphiploids (Tiwari et 
al., 2010) and partial amphiploids (Rawat et al., 
2009b) produced by crossing Ae. kotschyi acces-
sions with wheat lines appeared to have higher 
grain Fe and Zn contents. This exploration for 
higher grain Fe and Zn contents has been carried 
out in different countries but the significant 
exploration is from India (158 lines and acces-
sions) as compared with other countries. Addition 
of  chromosome pairs 1Sl (Wang et al., 2011), 2Sl 
(Wang et al., 2011; Kumari et al., 2012) and 7Sl 
(Wang et al., 2011) of  Aegilops longissima into 
wheat showed higher Fe and Zn contents in 
wheat grain. The substitution of  wheat 4B chromo-
some with the 3 Mb chromosome of  Aegilops 
biuncialis led to increased Fe and Zn contents 
(Farkas et al., 2014). Interspecific hybrids of  Ae. 
longissima with T. turgidum and Ae. kotschyi pro-
duced after crossing with tetraploid and hexa-
ploid genotypes also showed higher levels of  Fe 
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and Zn in wheat grain (Tiwari et al., 2008; 
Sheikh et al., 2018).

Another important criterion for enhancing 
grain Fe and Zn contents is the lowering of  antinu-
trients such as phytic acid. Significant genetic 
variation in the phytate content of  different wheat 
species has been detected in different studies 
(Erdal et al., 2002; Welch et al., 2005; White and 
Broadley, 2009) and wheat genotypes and mu-
tants with low phytic acid contents will be desir-
able (Guttieri et al., 2004).

8.14  Transgenic Strategies to  
Increase Bioavailable Forms of Iron 

and Zinc

The transgenic approach involves the exploitation 
of  unlimited genetic resources for the transfer of  
desirable genes from one species to another us-
ing molecular biology and genetic engineering 
techniques. This approach is independent of  the 
evolutionary history and taxonomic status of  
donors and recipients, and, hence, exogenous 
genes from bacteria and other organisms can 
also be introduced into plants to get the desirable 
characteristics (Aken and Dotty, 2009). Different 
phenomena including mineral uptake, transport 
and grain deposition in wheat are critically im-
portant for understanding and identifying the 
bottlenecks and target genes in molecular and 
genetic studies. Researchers have also tried to 
address the challenges of  Fe and Zn in wheat by 
this strategy. The most common genes targeted 
by transgenic strategies for Fe and Zn enhance-
ment across the plant kingdom are those encod-
ing ferritin and nicotianamine synthase (NAS) 
(Garg et al., 2018).

In one of  the transgenic studies in wheat, 
Borg et al. (2012) cloned and carried out 
endosperm-targeted overexpression of  wheat 
ferritin genes (TaFer1-A), finding a 1.5- to 1.9-
fold increase in grain Fe content in comparison 
to normal wheat. Similarly, improvement of  1.1- 
to 1.6-fold in the Fe content of  wheat grain by 
soybean ferritin expression cassette has also 
been reported (Sui et al., 2012). Singh et al. 
(2017) showed that overexpression of  OsNAS2 
gene in wheat resulted in the production of  
grain Fe content up to 93.1 μg/g. Similarly, Bea-
sley et al. (2019) also carried out cloning and 

overexpression of  OsNAS2 in wheat and reported 
80 μg Fe/g in grains under field conditions. Con-
norton et al. (2017b) cloned and expressed vacu-
olar Fe transporter (TaVIT) in wheat and observed 
double Fe concentration in wheat flour after gene 
expression. The silencing of  wheat ABCC13 
transporter could be helpful to decrease the phytic 
acid content in wheat (Bhati et al., 2016).

Researchers have tried to increase Fe and 
Zn levels in the starchy endosperm also. The NAS 
expression in wheat led to an increase in the 
concentration of  Fe and Zn in grains (Masuda  
et al., 2009; Zheng et al., 2010; Johnson et al., 
2011; Singh et al., 2017). As nicotianamine 
serves as a chelator for Fe and Zn in their ionic 
forms, increasing its level would therefore also 
increase Fe and Zn contents in wheat. In con-
trast, overexpression of  metal transporter genes 
redirects minerals into the starchy endosperm 
which leads to increase of  a single mineral, due 
to the high specificity of  metal transporters, un-
less several genes are overexpressed at the same 
time. For example, expression of  TaVIT2 using a 
starchy endosperm-specific promoter doubled 
the Fe content of  the white flour fraction (Con-
norton et al., 2017b). The increase in Fe in trans-
genic lines is not followed by P increase, showing 
accumulation of  Fe without being linked with 
phytic acid. More recently, studies have shown 
that preventing Fe storage in the vacuoles, while 
at the same time overexpressing the Fe-storage 
protein ferritin especially in the starchy endosperm 
cells, greatly increases Fe (Wu et al., 2018). 
Hence, it is now approved that transgenesis can 
be used to increase the contents of  bioavailable 
Fe and Zn in the starchy endosperm of  cereals 
several-fold by redirecting mineral transport 
and/or providing a sink to sequester Fe.

8.15  Agronomic Strategies for Iron 
and Zinc Improvement in Wheat

In agronomic biofortification, micronutrients 
are applied to the soil and/or directly to the plant 
leaves. This method results in increased grain 
yield of  wheat, due to which an increase was re-
corded in the use of  Zn fertilizer from 0 in 1994 
to 400,000 tonnes per annum over 10–15 years 
in Turkey (Cakmak, 2008a). In many countries 
like Turkey, application of  Zn fertilizers has 
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increased grain Zn concentration, and this ultim-
ately has contributed to human nutrition and 
health, especially in rural regions where 50% of  
energy intake comes from wheat on a daily basis 
(Cakmak et al., 2008a). The improvement in Zn 
concentration of  wheat grain with application 
of  Zn-containing fertilizers depends on Zn defi-
ciency of  soil (Cakmak, 2008a; Zou et al., 2012). 
After testing various forms of  Zn fertilizer, Zn as 
ZnSO

4 gives more promising results compared 
with other Zn forms (Zhang et al., 2012). Several 
studies have recorded improvement in grain Zn 
concentration after application of  Zn fertilizers 
to the soil (Hao et al., 2003; Cakmak et al., 
2010). Another advantage of  Zn application is 
protection from soilborne pathogens (Cakmak, 
2012). Among the sources of  Fe for agronomic 
fortification, FeSO

4 is the most important. The 
combination of  N fertilizers with Zn and Fe has 
been reported to further increase the yield and 
uptake of  these elements in the seed (Kutman et al., 
2011; Pascoalino et al., 2018; Liu et al., 2019).

Alternatively, foliar application of  Zn on the 
plants resulted in better grain yield and Zn con-
centration. Micro elements applied as foliar spray 
prove to be more beneficial than soil spray. How-
ever, application rates are minor as compared 
with soil application, but it could be achieved 
easily and the crop reacts to nutrient application 
immediately (Zayed et al., 2011). Normally, Zn 
fertilizer solution for foliar spray contains 2–5 g 
ZnSO

4·7H2O per litre. According to this, the 
amount of  Zn used for foliar spray is about 1 kg/
ha or less, which counts as five times less than 
used for soil application and is also considered as 
safe for the ecosystem (Cakmak et al., 2010; 
Boonchuay et al., 2013; Ram et al., 2016). Foliar 
application of  Zn during grain developmental 
stages results in increased grain Zn concentra-
tion as the leaf  epidermis absorbs Zn and trans-
ports it via phloem (Haslett et al., 2001) to other 
parts and translocates it into developing wheat 
grains (Haslett et al., 2001; Erenoglu et al., 
2011). Furthermore, foliar application of  Zn 
also increased Zn content in starchy endosperm. 
In addition, Fe concentration in wheat grains is 
also elevated by foliar Zn application (Fang et al., 
2008; Habib, 2009; Aref, 2010; Zeidan et al., 
2010). Increase of  20–70% in Fe concentration 
in grains of  bread wheat has been recorded 
(Shukla and Warsi, 2000; Habib, 2009; Zeidan 
et al., 2010; Zhang et al., 2010).

However, such agronomic practices are less 
effective for Fe, except if  combined with increased 
N fertilization (Aciksoz et al., 2011) which may 
not be economically or environmentally accept-
able. According to published data, the foliar ap-
plication of  Zn fertilizer is economical because 
its cost of  application is less than the benefits 
earned through it (Harris et al., 2007; Shivay 
et al., 2008; Manzeke et al., 2014; Joy et al., 
2016). Residual effects of  Zn fertilization can be 
seen for up to 10 years because a small amount 
of  the Zn applied to soil is taken up in a single 
season by annual crops. Hence, there is no need 
to undertake Zn fertilization every year (Bren-
nan, 2001; Alloway, 2008; Cakmak, 2008b; 
Singh, 2008).

8.16  Challenges in Wheat Iron and 
Zinc Biofortification

The exact mechanisms of  transportation and 
regulation of  Fe and Zn are different among dif-
ferent species in monocots. So, there is no par-
ticular mechanism of  action in all plants. Zn 
transportation in wheat is dependent upon two 
major factors: (i) the root–shoot barrier; and (ii) 
grain filling. However, in rice excess of  Zn is 
stored in both roots as well as shoots and hence 
these barriers are reduced (Jiang et al., 2008; 
Stomph et al., 2009). In addition, Zn is loaded 
from xylem to grains without transferring to 
phloem and this further reduces the barriers in 
rice (Zee, 1971), as shown in Fig. 8.5.

Furthermore, in rice, both secretion of  phy-
tosiderophores and direct uptake of  Fe from the 
soil take place (Bughio et al., 2002; Inoue et al., 
2009; Nozoye et al., 2011), whereas wheat ab-
sorbs Fe only via phytosiderophores (Romheld 
and Marschner, 1986; Zaharieva and Romheld, 
2000; Murata et al., 2006; Walker and Connolly, 
2008). Other challenges include a lack of  know-
ledge about the specificity of  transporters and 
the control of  flux through different pathways. 
Further research is required on the role of  source 
and sink in metal deposition and limits of  ma-
nipulating the particular metal on the total 
metal content of  the grain.

Also, Cd is a strong competitor of  Zn that is 
toxic and is hazardous to human health (Welch, 
1999; Reeves and Chaney, 2008; Cakmak, 2009). 
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Hence, Zn biofortification in wheat through 
breeding or transgenic approaches might increase 
the risk of  Cd accumulation in plants. Further-
more, Zn is a heavy metal and at high concentra-
tions, it poses several toxic effects on plants such 
as inhibitory effects on the root uptake and re-
tardation of  root-to-shoot translocation (Welch, 
1999; Cakmak et al., 2000; Jiao et al., 2004).

8.17  Conclusions and Future  
Directions

Use of  biofortified wheat varieties with increased 
contents of  Fe and Zn and other vital nutrients is 
the new face of  modern agriculture. It will help 
in combatting hidden hunger and micronutrient 
deficiencies, especially among people of  the poor 
and developing world. Biofortification requires one-
time investment but is better than conventional 

agronomic techniques which have budgetary 
and legal constraints. Hence, biofortification is a 
cheap, sustainable and environmentally friendly 
approach to increase micronutrient contents in 
plants. Usually increasing crop yield dilutes the 
mineral content in grains but applying biofortifi-
cation strategies will help in preventing this micro-
nutrient dilution. This will require the joint efforts 
of  scientists, breeders, farmers and consumers, 
however, to get sustainable results. The new 
wheat varieties enriched in Fe and Zn contents 
will have the potential to improve the health and 
lives of  millions of  people across the world.
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9.1  Introduction

Among the cereals, wheat (Triticum aestivum) is 
the major food source for humans. It was the first 
ever domesticated food cereal crop and for 8000 
years it has been the main food of  the major 
civilizations of  Europe, West Asia and North 
Africa (Fuller, 2007; Giraldo et al., 2019).  
It belongs to grass family Poaceae of  tribe Triticeae 
(Sramkova et al., 2009). Globally, four wheat 
species, namely bread wheat or common wheat 
(T. aestivum; 2n = 42, hexaploid, AABBDD), 
durum wheat (Triticum durum; 2n = 28, tetraploid, 
AABB), spelt wheat (Triticum spelta; 2n = 42, 
hexaploid, AABBDD) and dwarf  Polish wheat 
(Triticum polonicum; 2n = 4x = 28, tetraploid, 
AABB), are available (Vasil, 2007; Sramkova 
et al., 2009). Of  them, common wheat is the wheat 
species largely (95%) cultivated worldwide and 
used for human consumption, and the other 
three species cover the remaining 5% of  the glo-
bal wheat production (Shewry, 2009). As wheat 
supplies >20% of  the daily protein and energy 
consumed globally, it is considered a principal 
food crop for 35% of  the human population 
(Vasil, 2007; Shewry, 2009). Wheat-derived 
components are also valuable raw materials for 

varied food-based industries and animal feed 
(Shewry, 2009). Wheat contains high amounts 
of  carbohydrate, proteins, fibres, lipids, vitamins, 
minerals and phytochemicals (Shewry and Hey, 
2015). Besides, it has agronomic adaptability, 
easy grain storage and easy conversion of  grain 
into flour for making many different foods. 
Therefore, it serves as a staple food crop in devel-
oped and developing regions and countries 
like Western Europe, West Asia, North America, 
Nigeria, South Africa, China, India and Mexico 
(Shewry and Hey, 2015). Presently, wheat is the 
most widely grown crop in the world, on more 
than 218 million hectares, and its world trade is 
greater than for all other crops combined (Giral-
do et al., 2019). Also, wheat production ranks 
second worldwide compared with the other 
major cereals.

Wheat is the second most important food 
crop after rice (Oryza sativa) as 80 million farmers 
depend on wheat for their livelihoods in the de-
veloping world (Giraldo et al., 2019). Low-quality 
wheat grain is used by industry to make adhesives, 
paper additives and several other products 
including alcohol (Giraldo et al., 2019). In the 
‘green revolution’ era, numerous dwarf  wheat 
varieties were introduced which showed very 
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good response to fertilizer application. This wheat 
response emphasized the significant usage of  
different fertilizers for high wheat production. 
Remarkable research work in the past has 
confirmed the relationship between the use of  
fertilizers with macro- (N, P and K) and micro-
nutrients and higher yield. N, P and K fertilizers 
were applied extensively to improve the shelf-life, 
growth, yield and resistance to stresses in wheat 
and other plants (Khan et al., 2015). The global 
wheat consumption is increasing even in coun-
tries with unfavourable climates for wheat pro-
duction. It is an important crop for ensuring 
food security. According to estimates by the Food 
and Agriculture Organization of  the United 
Nations, by 2050 the world will require an add-
itional 198 million tonnes of  wheat to meet the 
future global food demand; wheat production 
needs to be augmented by 77% in the developing 
countries (Sharma et al., 2015). Such a significant 
increase in wheat yield is possible only by integrated 
approaches including marker-assisted breeding 
(MAB) methods, employing useful genes from 
any plants, animals or microorganisms to attain 
the dramatic yields, eliminating productivity losses 
caused by pests, pathogens and weeds (Oerke 
et al., 1994), minimizing losses due to abiotic fac-
tors (nutrient, drought, salinity, etc.) and post-
harvest spoilage during storage. This increase 
must focus on improving productivity on land 
that is already under cultivation rather than 
bringing new land into use by destruction of  
forests, grasslands, etc. (Vasil, 2003). Added to 
that, attaining higher yields with improved 
nutritional quality must also be the focus of  the 
plant breeders. In the context of  growing food 
demand worldwide, plant breeders, plant physi-
ologists, biotechnologists and ecophysiologists 
work to investigate various new ways to improve 
the acquisition and use efficiencies of  N, P and K 
in wheat.

9.1.1  The importance and implications  
of nitrogen

N is the most essential among all the nutrients 
used by plants for their growth, development and 
yield (Barker and Bryson, 2016). N is required 
by plants in the greatest amount, accounting for 
1.5–2.0% of  plant dry matter and about 16% of  

total plant protein (Frink et al., 1999; Chen et al., 
2003; Alvarez et al., 2012). N is also the essential 
component of  all proteins and enzymes and is 
involved in many vital metabolic processes of  en-
ergy transformation (Street and Kidder, 1997). 
Sufficient N in plants is one of  the major key fac-
tors for plant metabolic systems (Ahanger and 
Agarwal, 2017) and crop production (Nadeem 
et al., 2014). As N is an essential constituent of  
chlorophylls, it is associated closely with the 
photosynthetic process (Nursuaidah et al., 2014). 
N also improves plant nutritional make-up includ-
ing protein content, crop quality, forage crops, 
leaf, fruit and seed production (Wang et al., 
2003; Pettigrew, 2008; Marschner and Marsch-
ner, 2011). It also plays a very important role in 
the N signalling connected to the phytohor-
mones abscisic acid (ABA), indole-3-acetic acid 
(IAA) and cytokinins in many plant species (Kiba 
et al., 2011; Pavlíková et al., 2012). Particularly, 
the metabolism and translocation of  cytokinins 
are regulated by N status in plants (Sakakibara 
et al., 2006; Pavlíková et al., 2012). In plants, 
sufficient N increases the height, dry matter, 
protein content and yield (Bahmanyar and Ran-
jbar, 2008). In natural ecosystems and agricul-
ture, N occurs in many forms such as nitrate, 
nitrite, ammonium, amino acids, etc. and plants 
take up N directly from fertilizers, air, water, rain 
and other available sources (Bernhard, 2010; 
Khajuria and Kanae, 2013). In low-N (LN) soils, 
optimum N fertilization has almost doubled crop 
production (Shaviv, 2001). Globally, ~120 million 
tonnes of  N are used as fertilizer every year (Sal-
im and Raza, 2020). Of  this, 90% of  N fertilizer 
is consumed by wheat, maize (Zea mays) and 
rice. N application in LN-input soils increases 
dry matter accumulation, tiller number (TN) 
and number of  green leaves, plant height (PH), 
straw yield, number of  grains per spike (GPS) 
and grain yield (GY) and enhances the cumula-
tive uptake of  N-P-K (Chaturvedi, 2006). Overuse 
of  fertilizers also causes serious environmental 
problems. On the other hand, N deficiency is 
common among all plants and agronomic crops 
including wheat. N deficiency minimizes the bio-
mass production and GY in wheat (Zhai and Li, 
2001; Berry et al., 2002; Zhai and Li, 2005). 
Furthermore, LN during the tillering period of  
wheat reduces the production of  new tillers and 
other tillers up to three leaves will stop growing 
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and die without producing a spike (Jeuffroy and 
Bouchard, 1999).

9.1.2  The importance and implications  
of phosphorus

P is one of  the most indispensable macronutrients 
required by plants and animals for their growth, 
development, metabolism and other regulatory 
processes. P plays a key role in many vital pro-
cesses of  plants including seed germination, 
flowering and fruit formation. P is an important 
component of  cell membranes as phospholipids, 
and it does a multitude of  functions in energy 
transfer, photosynthesis, many aspects of  metabol-
ism, intracellular signalling and gene replication 
and expression (Baker et al., 2015; Maharajan 
et al., 2018; Roch et al., 2019). After N, P is 
considered the next most essential nutrient 
contributing about 0.2% of  dry weight (Theo-
dorou and Plaxton, 1993). Nearly 97% of  the 
absorbed P by humans is deposited in the skel-
eton together with Ca (Penido and Alon, 2012). 
P is a main structural constituent of  vital  
biomolecules including ATP, NADPH, nucleic 
acids, phospholipids and sugar-phosphates in-
volved in the metabolism of  proteins and lipids, 
transpiration, photosynthesis and secondary 
metabolism (Poirier and Bucher, 2002; Baker 
et al., 2015; Maharajan et al., 2018). P consti-
tutes up to 0.5% of  cell dry weight (Nussaume 
et al., 2011) and it affects the physiochemical 
and biological properties of  the soil (Richard-
son et al., 2009).

In soil, P is available in organic form existing 
in plant residues, microbial tissues and manures 
and inorganic form existing in many soils that is 
not readily accessible to plants due to complexation 
with cations like Fe2+, Al3+ and Ca2+ (Baker et al., 
2015; Maharajan et al., 2018). Globally, about 
70% of  arable land is P deficient, with P concen-
tration of  ~1 μmol/l against the optimum plant 
P requirement of  ~30 μmol/l (Adhya et al., 2015). 
Around 5.7 billion hectares of  agricultural land 
worldwide lack P (Batjes, 1997; Heuer et al., 
2009). Plants absorb inorganic phosphate (Pi) 
from soil solution in monovalent forms ( H PO2 4

- ) 
which tend to change according to the soil pH 
(Maharajan et al., 2018; Roch et al., 2019). P de-
ficiency adversely affects the growth and yield of  
several crop plants including rice (Wissuwa and 

Ae, 2001), maize (Plenet et al., 2000), wheat 
(Lázaro et al., 2010), sorghum (Sorghum bicolor) 
(Camacho et al., 2002), common bean (Phaseolus 
vulgaris) (Bonser et al., 1996), soybean (Glycine 
max) (Mahamood et al., 2009) and small millets 
(Ceasar et al., 2014; Maharajan et al., 2019). 
Pi-deficient soil reduces food production, and 
hence to improve crop yield farmers are forced to 
apply Pi fertilizers, which are very expensive. Pi 
fertilizers are obtained from mining rock phos-
phate (RP), the major source of  Pi fertilizers. 
Annually, 50 million tonnes of  Pi fertilizer are 
required for crop production worldwide and this 
non-renewable RP is projected to be exhausted 
in the next 100 years (Sattari et al., 2012; Ceasar, 
2018). Intense agricultural practices have led 
to a depleted Pi level in various soils which  
calls for a collective effort from biotechnologists, 
agronomists and plant breeders to develop newer 
crop plants with high P-acquisition efficiency 
(PAE) and P-use efficiency (PUE) to acclimatize 
under low-P (LP) soils. PAE is defined as the abil-
ity of  plants to uptake Pi from the rhizosphere, 
and PUE is the efficiency of  allocation/mobiliza-
tion of  P within the plant for sustaining biomass 
production (van de Wiel et al., 2016). Among 
the essential N-P-K nutrients, P is the most 
crucial nutrient for wheat growth. P level in the 
soil varies from area to area and most wheat-
cultivatable soil suffers from P deficiency (Ahmad 
et al., 1992) which makes the application of  P to 
the soil imperative for sustainable wheat produc-
tion (Alam et al., 2003). Pi fertilizer application 
enhances wheat crop growth and GPS due to an 
increased rate of  photosynthesis (Reuter et al., 
1995). Although the fertilizer should be crop- 
and site-specific, factors like application method 
and application time of  Pi fertilizer also affect 
the fertilizer’s efficiency (Ahmad et al., 1992). 
The Pi-fertilized plants show improved growth 
with enhanced agronomic traits and grain pro-
duction (Iqbal et al., 2003). P deficiency is a 
yield-reducing factor in wheat as well; for ex-
ample, P deficiency reduces the TN and leaf  area 
(LA) by producing smaller and fewer number of  
leaves (Sato and Jiang, 1996). P deficiency in 
wheat also causes early maturation (Hussain et 
al., 2008), reduced root growth and its spread-
ing pattern (Lynch and Brown, 2001). In gen-
eral, P deficiency limits biological yield, PH, TN, 
P efficiency (PE), harvest index (HI) and overall 
agronomic production (Ali et al., 2014).
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9.1.3 The importance and implications of 
potassium

K is another important macronutrient for plant 
growth, contributing ~10% of  the plant total dry 
weight (TDW) (Adams and Shin, 2014). K also 
regulates various biochemical and physiological 
mechanisms and directly influences photosyn-
thesis due to its role in ATP formation (Maathuis, 
2009; Wang, M. et al., 2013). K has an essential 
role in enzyme activation (Hussain et al., 1997), 
plant growth (Bukhsh et al., 2011), grain pro-
duction in cereals (Ahmad et al., 2009) and 
for sustainable crop production (Anser Ali and 
Hussain, 2012) in agriculture. It is an osmoreg-
ulator which regulates the movement of  CO

2 
and water through stomata (Gorcek and Erdal, 
2015). K is an extremely mobile macronutrient 
in plants that is abundantly present in the vascu-
lar region of  cells and young parts of  the plant. 
It plays a major role as a cationic inorganic ele-
ment and therefore plants cannot survive with-
out its presence (Mengel, 2007). It is also linked to 
many physiological processes that help in water 
relations, assimilation and transportation (Petti-
grew, 2008; Zlatev and Lidon, 2012). Both 
transcription and translation are not possible 
without sufficient K supply to plants (Wakeel 
et  al., 2011) as K is frequently associated with 
the binding of  transfer RNA (tRNA) to ribo-
somes. K also plays a vital role in minimizing the 
heavy-metal stress from Cd, Cr and Al (Shaviv, 
2001). In cereals like wheat, K regulates the re-
action of  photosynthesis (Dibb and Thompson, 
1985). K uptake in turn regulates the uptake of  
other nutrients; for example, plants require a 
large amount of  K to increase the uptake of  N. 
Combined application of  N and K has a tremen-
dous effect on wheat growth, GY and TN (Bundy 
and Andraski, 2004). As N enhances wheat 
vegetative growth, K increases the root growth 
(Deng et al., 2004). Most K is stored in wheat 
straws and grains (Saifullah et al., 2002). In low-K 
(LK) soils, commercial fertilizer is generally used 
as a supplement to fulfil the K requirement of  
the crop. Globally, 15 kg/ha is the average use of  
K, while its application rate is 0.8 kg/ha (Wakeel 
and Magen, 2017). Of  the applied K, about 4 kg 
K/ha is leached down with rainwater, another 
4  kg K/ha is removed after harvest and some 
amount is fixed in soil (Salim and Raza, 2020). 
Continuous cultivation of  the same crop leads to 

low level of  K and it gets lower day after day. The 
available K in soil is not sufficient to fulfil the 
demand of  the crop. Until now K has received very 
little attention and/or is ignored. Since plants 
require a fair quantity of  K for their optimum 
growth and yield, K deficiency in soil decreases 
the production of  wheat (McCauley et al., 2009). 
K deficiency severely affects the time of  grain fill-
ing and decreases the seed size in wheat (Saiful-
lah et al., 2002). K deficiency also reduces the 
spike growth and grain number per spike (GNPS) 
(Bly and Woodard, 2003; Tripathi et al., 2003), 
the quantity of  spikes in wheat (Tao et al., 2006) 
and the uptake of  P and N in wheat (Saifullah 
et al., 2002).

Most soils in the world lack the essential 
macronutrients N, P and K which affect the 
production of  crops, including wheat. In the 
context of  global food security, wheat plays a key 
role both in developed and developing countries. 
To increase yields from soils deficient in these 
triple nutrients, farmers are forced to apply 
fertilizers which are not only harmful to the 
environment but also the sources of  these fertil-
izers like RP are getting depleted. In order to 
overcome this crisis and to enhance the wheat 
production, the need of  the hour is to improve 
the acquisition and use efficiency of  N, P and K 
which calls for in-depth understanding and 
applications of  plant breeding and functional 
genomics studies. This chapter attempts to gather 
all the necessary information on the influence of  
the three essential macronutrients N, P and K, as 
well as on quantitative trait locus (QTL) and 
functional genomics studies related to these three 
nutrients, for developing wheat varieties with 
improved N-use efficiency (NUE), PUE and K-use 
efficiency (KUE) for utilization in sustainable 
agriculture and ensuring food security in devel-
oping countries like those in Asia and Africa.

9.2  Application of Molecular  
Breeding for Improving Nutrient-Use 

Efficiency in Wheat

Over the past four decades, global wheat yield 
has improved remarkably due to the green 
revolution and post green revolution through 
high-input-responsive varieties along with the 
application of  more chemical fertilizers and 
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pesticides and ample water supply. This approach 
now seems to be exhausted amidst our hope to 
raise productivity, primarily due to low N, P and 
K nutrient retrieval from the fertilized soils 
(Ladha et al., 2005; Xu et al., 2015). Over the 
years, new wheat genotypes to maximize nutri-
ent absorption were not developed. On the other 
hand, efficient farming management practices 
like tillage, seeding, weeding, pest control, irriga-
tion and harvesting together escalated the 
overall production costs (Balafoutis et al., 2017). 
Considering the high production costs and pro-
gressively unpredictable sources for fertilizers, the 
focus of  future agricultural systems must be on 
improving yield productivity with low input 
of  fertilizers and irrigation water. Nutrient-use 
efficiency (NtUE) in wheat can be understood 
through two step approaches: (i) decoding the 
processes affecting wheat under nutrient-deficiency 
stress and identifying the various responses of  
wheat and its genotypes to cope with the low-
nutrient-input stress (Bilal et al., 2018); and (ii) 
exploiting genetic variability (both natural and 
induced) through innovative molecular breed-
ing programmes and functional genomics to 
improve the wheat crop efficiency under low-
nutrient-input soils (Bilal et al., 2018). And 
breeding wheat cultivars with improved NtUE is 
a prerequisite for lowering the overall produc-
tion costs. NtUE improvement in wheat is an 
indispensable prerequisite for expanding its pro-
duction into marginal lands with low nutrient 
availability. Wheat cultivars with improved NtUE 
also protect the environment by reducing fertil-
izer application, the rate of  nutrient application 
loss to ecosystems and input costs. On the other 
hand, improved NtUE wheat cultivars will enhance 
wheat yield and maintain soil and groundwater 
quality. In this context, the identification and de-
velopment of  wheat varieties with superior GY 
with high N-recovery efficiency under low input 
conditions is a top breeding priority (Vinod and 
Heuer, 2012). Despite the existence of  significant 
genotypic differences in NtUE in wheat, genetic 
selection for this trait has not been carried out 
systematically due to complexity involved in the 
overall phenotype and its evaluation and the 
non-availability of  genetic tools to use (Singh 
et al., 1998; Han et al., 2015; van Bueren and 
Struik, 2017). Plants in general are more efficient 
in the absorption and use of  nutrients in con-
trolled experimental environments. However, 

both genetic and physiological traits change 
drastically in the field due to plants’ complex 
interactions with environmental variables. This 
calls for a systematic breeding programme to 
develop wheat cultivars with high nutrient-
acquisition efficiency (NtAE) and NtUE traits for 
enhanced nutrient absorption, transport, use 
and mobilization for augmented wheat produc-
tion (Baligar et al., 2001). The recent use of  
high-throughput markers offers ease and high 
precision in this area of  research to improve 
wheat yield under low-nutrient-input soils 
(Chen et al., 2014; Thomson et al., 2017) where 
N-recovery efficiency for farmer-managed fields 
under rainfed conditions is 20–30%, for irri-
gated conditions 30–55% (Roberts, 2008; Liu 
et al., 2016) and although it reaches up to 57% 
in experimental plots, rarely exceeds 50% for 
wheat. To broaden the genetic basis of  wheat 
and to enrich existing varieties, high-resolution 
research on the wild species of  wheat and its 
native landraces becomes vital for exploiting the 
untapped pool of  useful QTLs and genes (Kole 
et al., 2015; Stein et al., 2018). Genetic selection 
and plant breeding techniques facilitate the de-
velopment of  wheat varieties resistant to pests, 
diseases and adverse environmental conditions 
like drought, submergence and salinity. Never-
theless, proper genetic selection tactics are cru-
cial for improving NtUE in wheat.

Molecular linkage genetic maps, QTLs and 
characterizing these QTLs to their map positions 
in the wheat genome, their phenotypic effects 
and interactions with other QTLs and loci have 
facilitated exploring genetic loci associated with 
drought, salinity, NtUE, disease and insect resist-
ance in crop plants (Gahlaut et al., 2017; Gupta 
et al., 2017; Ren et al., 2017, 2018). The recent 
fast progress in genome sequencing technolo-
gies and MAB approaches have led to a change 
in breeding methods (Vinod and Heuer, 2012). 
Association mapping is widely used in plant 
breeding to identify genes and QTLs determining 
quantitatively inherited variation based on a di-
verse set of  fixed lines. QTLs/genes can be identi-
fied through historical phenotypic data and 
eventually gene functions, underused alleles and 
allele combinations which are useful for crop im-
provement (Flint-Garcia et al., 2005; Ersoz et al., 
2009). Genome-wide association mapping is based 
on the strength of  linkage disequilibrium across 
a diverse population apart from identifying the 
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relationships between markers and traits of  
agronomic and evolutionary interest (Clark 
et al., 2007; Zhao et al., 2007). Unveiling the 
genetic base of  agronomic, physiological and 
morphological traits in wheat is essential for de-
veloping new and improved wheat varieties. This 
genetic information can be used to select paren-
tal lines efficiently for hybridization. Unlimited 
access to the enormous online wealth of  gen-
omic and plant breeding resources, including 
high-quality genome sequences (International 
Wheat Genome Sequencing Consortium, 2014), 
dense single-nucleotide polymorphism (SNP) 
maps (Chao et al., 2009; van Poecke et al., 2013), 
extensive germplasm collections and public 
databases of  genomic information (Varshney et al., 
2005; Perez-de-Castro et al., 2012), is very use-
ful for plant breeders and researchers.

9.3  Identification of Quantitative 
Trait Loci for Improving Nitrogen-Use 

Efficiency in Wheat

N is the most important macronutrient for 
wheat growth in natural ecosystems and the 
green revolution mainly focused on the develop-
ment of  high-yielding modern wheat varieties 
with N fertilization. The ability of  the plant to ab-
sorb and use N under various environmental 
and ecological conditions depends primarily on 
the genetic make-up and physiological compo-
nents of  the plant (Baligar et al., 2001). NUE is 
mostly dependent on interactions and the opti-
mum use of  N, water availability, light intensity, 
disease pressure and genotype. N-efficient wheat 
genotypes will assist in identification of  more ef-
ficient N-management strategies in wheat pro-
duction (Cormier et al., 2016). In this context, 
NUE improvement of  wheat varieties is of  great 
concern. All the identified QTLs associated with 
NUE-related agro-morphological traits in wheat 
are mentioned below.

Seventeen QTLs for N uptake (NUP) were 
detected in 120 double haploid lines (DHLs) of  
winter wheat derived from Hanxuan 10 and 
Lumai 14 genotypes using 395 markers (132 
amplified fragment length polymorphisms (AFLPs), 
257 simple sequence repeats (SSRs) and six 
expressed sequence tags (ESTs)) (Table 9.1) (An 
et al., 2006). Of  the 17 NUP QTLs, nine QTL 

were detected under LN conditions (LNC) and 
eight QTLs were detected under high-N (HN) 
conditions (HNC) in the field.

In the same study, four QTLs were detected 
for shoot dry weight (SDW), root dry weight 
(RDW) and TN via hydroponic culture supplied 
with all sufficient nutrients. In total, 96 DHLs 
were derived from a cross between Chinese 
Spring and SQ1 and they were used to identify 
more QTLs for GY components such as ears per 
plant (EPP), grains per ear (GPE) and 1000-grain 
weight using 596 restriction fragment length 
polymorphism (RFLP), AFLP and SSR markers 
under LNC (Quarrie et al., 2005). Similarly, 
many QTLs for kernel-related traits such as pro-
tein content in grain (PCG), wet gluten content 
(WGC), dough tractility (DT), test weight (TW), 
water absorption (ABS), zeleny sedimentation 
value (ZEL), kernel hardness (KH), kernel length 
(KL), kernel width (KW), kernel diameter ratio 
(KDR) and 1000-grain weight were identified in 
188 recombinant inbred lines (RILs) derived 
from Kenong 9204 × Jing 411 using 1127 SSR 
markers under both LNC and HNC (Table 9.1) 
(Cui et al., 2016). For kernel-related traits, 17 
QTLs each for KW, total kernel weight (TKW), 
KL and KDR, nine QTLs each for PCG, WGC and 
DT, eight QTLs each for TW and ABS and six 
QTLs each for ZEL and KH were detected. All 
the identified QTL traits responded well to LN 
stress. The same 188 RILs were used to detect 
22 and 12 QTLs for GY and yield difference be-
tween the value (YDDV), respectively, under LNC 
using 174 genomic simple sequence repeat 
(g-SSR), 42 EST-derived microsatellite (e-SSR), 
289 Diversity Arrays Technology (DArT), 15 
sequence-tagged sites (STS), 27 sequence-related 
amplified polymorphism (SRAP) and three 
inter-simple sequence repeat (ISSR) markers 
(Cui et al., 2014).

Two bread wheat cultivars, Arche and Re-
cital, were used to develop 241 DHLs and they 
were used to detect 104 QTLs for physiological 
traits and 44 QTLs for agronomic traits under 
LN stress using 197 SSR markers (Fontaine et al., 
2009). Both physiological and agronomic QTLs 
were located on chromosomes 2A, 2B, 2D, 5A, 
5B and 5D. Similarly, 131 RILs derived from a 
cross of  Chuan 35050 and Shannong 483 were 
used to detect 87 QTLs for six morphological 
traits such as number of  axial roots, maximal 
root length (MRL), shoot height (SH), SDW, 
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Table 9.1.  List of QTLs identified for various traits of N, P and K nutrient-use efficiency in wheat.

Study no.
Population 
type

Total no. of 
RILs/DHLs Crosses Trait namea

Type of markers 
used

Total no.  
of markers

No. of 
QTLs

LODb  
score Reference

Nitrogen
1 DHL 96 Chinese  

Spring × SQ1
EPP, GPE and 1000-grain weight RFLP, AFLP and 

SSR
595 50 2.0 Quarrie et al. 

(2005)
2 DHL 120 Hanxuan 10  

× Lumai
SDW, RDW, TN and NUP AFLP, SSR and 

EST
395 17 2.08–7.25 An et al. (2006)

3 DHL 241 Arche × Recital LRL, PRL, LRN, TRL, SRL, RUE, 
RDM, TDM, NUR, NTA, LA, TDM, 
ADM, RDM and NTA

SSR 183 32 2.61–5.13 Laperche et al. 
(2006)

3 DHL 241 Arche × Recital FLAA, CFLL, CNRFLL, DTH, FLLDW, 
FLLS, GDHDM, GDHPR, PCG, 
GNPS, GSDM, GSPR, FLLNC, 
PROT, QPG and 1000-grain weight

SSR 197 148 2.50 Fontaine et al. 
(2009)

4 RIL 131 Chuan 35050  
× Shannong 
483

No. of axial roots, MRL, SH, SDW, 
RDW, TDW, RNC, SNC, TNC, 
SNUtE, RNUtE and TNUtE root

SSR 380 87 3.0–10.2 Guo et al. (2012)

5 RIL 142 Xiaoyan 54  
× Jing 411

MRL, PRL, LRL SRN and TRL SSR 470 16 2.10 
–29.89

Ren et al. (2012)

6 RIL 131 Chuan 35050  
× Shannong  
483

RFW, SFW, TFW, RSFW, RRFW, 
SDW, TDW, RSDW and RRDW

DArT, SSR, 
EST-SSR, and 
other molecular 
and biochemical 
markers

719 113 2.5–33.0 Sun et al. (2013)

7 DHL 188 Kenong 9204  
× Jing 411

GY and YDDV g-SSR, e-SSR, 
DArT, STS, 
SRAP and ISSR

550 34 2.01 
–10.24

Cui et al. (2014)

8 RIL 182 Xiaoyan 54  
× Jing 411

NHI, NUP, NUtEDM, NUtEGY, StNUP SSR, EST-SSR 541 21 – Xu et al. (2014)

9 RIL 188 Kenong 9204  
× Jing 411

PCG, WGC, DT, TW, ABS, ZEL, KH,  
KL, KW, KDR and 1000-grain weight

SSR 1,127 109 2.07 
–18.23

Cui et al. (2016)

10 RIL 142 Xiaoyan 54  
× Jing 411

MRL and RDW SSR 470 5 2.7–6.5 Ren et al. (2017)

11 NAM RDW, SDW and TDW SNP 2,050 67 >2.5 Ren et al. (2018)
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Phosphorus
1 RIL 114 W7984 × 

Opata85
WPUE and SPUE RFLP 918 5 2.05–3.35 Weidong et al. 

(2001)
2 DHL 92 Lovrin 10 × 

Chinese 
Spring

TN, SDW, SPU and PUE SSR 253 20 3.3–17.9 Su et al. (2006)

3 DHL 119 Hanxuan 10 × 
Lumai 14

PC and P content SSR 395 10 2.05–5.74 Shi et al. (2008)

4 DHL 120 Hanxuan 10 × 
Lumai 14

SDW, TN, PUP, SPUtE, BY, GY, EN, 
GNE, TGW and 1000-grain weight

195 2.01 
–12.98

Su et al. (2009)

5 RIL 142 Xiaoyan 54 × 
Jing 411

MRL and RDW SSR 470 5 2.5–5.4 Ren et al. (2017)

6 RIL 138 SHW-L1 × 
Chuanmai 32

Root diameter SSR, DArT and 
SSR

121,222 16 2.04–5.36 Wu et al. (2017)

7 RIL 181 TN 18 × LM 6 GNPS, GPC, GPUtE, GY, PE, PH, 
PUPE and PUtE

DArT, SNP and 
SSR

10,739 178 3.00 
–31.55

Yuan et al. (2017)

Potassium

1 RIL 152 Langdon ×  
wild emmer

K concentration SSR and DArT 690 8 3.2–16.7 Peleg et al. 
(2009)

2 RIL 131 Chuan 35050  
× Shannong 
483

RDW, SDW, RSDW, RRDW, TDW, 
RKUE, SKUE, TKU, RKC, SKC, 
RSKC/RKC, TKC, GY, StW, SN, 
GNPS, 1000-grain weight GKC, 
StKC, GKUE, StKUE

DArTs, SSR, 
EST-SSR and 
other molecular 
and biochemical 
loci

719 138 3.00–9.66 Kong et al. 
(2013)

3 DHL 168 Huapei 3 × 
Yumai 57

TRL, TRS, TRV, RDW, SDW, RAD, 
RSDW, RRDW, CHL, POD, RA, 
SOD, SKC, RKC and MDA

SSR, EST and 
ISSR

322 48 3.01 
–13.76

Zhao et al. (2014)

4 RIL 131 Chuan 35050  
× Shannong 
483

RKCE, SKCE, TKCE, RKC, SKC, 
TKC, RSKC, RKUE, SKUE and 
TKUE

SSR 719 127 3.10–8.12 Gong et al. 
(2015)

Continued
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5 RIL 184 Tainong 18 × 
Linmai 6

RDW, SDW, TDW, RSDW, RKC, SKC, 
TKC, RKCE, SKCE, TKCE, SKUE, 
RKUE, TKUE, RCaCE, SCaCE, 
TCaCE, RCaC, SCaC, TCaC, 
SCaUE, RCaUE, TCaUE, RMgCE, 
SMgCE, TMgCE, SMgC, RMgC, 
TMgC, SMgUE, TMgUE, RMgUE, 
PH, SN, GNPS, 1000-grain weight, 
GWP, TAW, HI, GKCE, StKCE, 
GKC, StKC, AKC, KHI, GKUE, 
StKUE, AKUE, GCaCE, StCaCE, 
ACaCE, GCaC, StCaC, ACaC, 
CaHI, GCaUE, StCaUE, ACaUE, 
GMgCE, StMgCE, GMgC, AMgC, 
MgHI, GMgUE and StMgUE

SSR 10,739 306 24.56 Shen et al. 
(2019)

aABS, water absorption; ACaC, above-ground Ca content; ACaCE, above-ground Ca concentration; ACaUE, above-ground Ca-use efficiency; ADM, aerial dry matter; AKC, above-ground 
K content; AKUE, above-ground K-use efficiency; AMgC, above-ground Mg content; BY, biomass yield; CaHI, Ca-harvest index; CFLL, carbon in flag leaf lamina; CHL, chlorophyll 
concentration; CNRFLL, C:N ratio in flag leaf lamina; DT, dough tractility; DTH, heading date; EN, ear number; EPP, ears per plant; FLLA, flag leaf lamina area; FLLDW, flag leaf lamina 
dry weight; FLLNC, flag leaf lamina N content; FLLS, flag leaf lamina senescence; GCaC, grain Ca content; GCaCE, grain Ca concentration; GCaUE, grain Ca-use efficiency; GDHDM, 
glutamate dehydrogenase activity expressed per dry matter; GDHPR, glutamate dehydrogenase activity expressed per protein; GKC, grain K content; GKCE, grain K concentration; 
GKUE, grain K-use efficiency; GMgC, grain Mg content; GMgCE, grain Mg concentration; GMgUE, grain Mg-use efficiency; GNE, grain number per ear; GNPS, grain number per spike; 
GPC, grain P concentration; GPE, grains per ear, GPUtE, grain P-utilization efficiency; GSDM, glutamine synthetase activity expressed per dry matter; GSPR, glutamine synthetase activity 
expressed per protein; GWP, grain weight per plant; GY, grain yield; HI, harvest index; KDR, kernel diameter ratio; KH, kernel hardness; KHI, K-harvest index; KL, kernel length; KW, kernel 
width; LA, leaf area; LRL, lateral root length; LRN, lateral root number; MDA, malondialdehyde; MgHI, Mg-harvest index; MRL, maximal root length; NHI, N-harvest index; NTA, N total 
amount; NUP, N uptake; NUtEDM, N-utilization efficiency for above-ground dry matter; NUtEGY, N-utilization efficiency for grain yield; NUR, N-specific uptake rate; PC, P concentration; PCG, 
protein content in grain; PE, P efficiency; POD, peroxidase; PH, plant height; PRL, primary root length; PROT, protein content of the flag leaf; PUE, P-use efficiency; PUP, P uptake; PUPE, P 
uptake-use efficiency; PUtE, P-utilization efficiency; QPG, quantity of protein per grain; RA, root activity; RAD, root average diameter; RCaC, root Ca content; RCaCE, root Ca concentration; 
RCaUE, root Ca-use efficiency; RDM, root dry matter; RDW, root dry weight; RFW, root fresh weight; RKC, root K content; RKCE, root K concentration; RKUE, root K-use efficiency; RMgC, 
root Mg content; RMgCE, root Mg concentration; RMgUE, root Mg-use efficiency; RNC, root N content; RNUtE, root N-utilization efficiency; RRDW, ratio of root dry weight; RRFW; ratio of 
root fresh weight; RSDW, ratio of shoot dry weight; RSFW, ratio of shoot fresh weight; RSKC, ratio of shoot K content; RUE, radiation-use efficiency; SCaC, shoot Ca content; SCaCE, shoot 
Ca concentration; SCaUE, shoot Ca-use efficiency; SDW, shoot dry weight; SFW, shoot fresh weight; SH, shoot height; SKC, shoot K content; SKCE, shoot K concentration; SKUE, shoot 
K-use efficiency; SMgC, shoot Mg content; SMgCE, shoot Mg concentration; SMgUE, shoot Mg-use efficiency; SN, spike number; SNC, shoot N content; SNUtE, shoot N-utilization 
efficiency; SOD, superoxide dismutase; SPU, shoot P uptake; SPUE, shoot P-use efficiency; SPUtE, shoot P-utilization efficiency; SRL, specific root length; SRN, seminal root tip number; 
StCaC, straw Ca content; StCaCE, straw Ca concentration; StCaUE, straw Ca-use efficiency; StKC, straw K content; StKCE, straw K concentration; StKUE, straw K-use efficiency; StMgCE, 
straw Mg concentration; StMgUE, straw Mg-use efficiency; StNUP, straw N uptake; StW, straw weight, TAW, total above-ground weight; TCaC, total Ca content; TCaCE, total Ca concentra-
tion; TCaUE, total Ca-use efficiency; TDM, total dry matter; TDW, total dry weight; TFW, total fresh weight; TGW, total grain weight; TKC, total K content; TKCE, total K concentration; TKUE, 
total K-use efficiency; TMgC, total Mg content; TMgCE, total Mg concentration; TMgUE, total Mg-use efficiency; TN, tiller number; TNC, total N content; TNUtE, total N-utilization efficiency; 
TRL, total root length; TRS, total root surface area; TRV, total root volume; TW, test weight; WGC, wet gluten content; WPUE, whole-plant K-use efficiency; YDDV, yield difference between 
the value; ZEL, zeleny sedimentation value.
bLogarithm of the odds.

Table 9.1.  Continued.

Study no.
Population 
type

Total no. of 
RILs/DHLs Crosses Trait namea

Type of markers 
used

Total no. of 
markers

No. of 
QTLs LODb score Reference
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RDW and TDW which were located on 13 
chromosomes (1A, 1B, 1D, 2B, 3A, 3B, 4A, 4B, 
5D, 6A, 6B, 7A and 7B) using 380 SSR markers 
(Guo et al., 2012). Employing the same 131 RILs 
and markers, a total of  144 QTLs were identified 
for root N content (RNC), shoot N content (SNC) 
and total N content (TNC) and another 144 
QTLs were found for to be associated with  
root N-utilization efficiency (RNUtE), shoot 
N-utilization efficiency (SNUtE) and total N- 
utilization efficiency (TNUtE) (Table 9.1) (Guo  
et al., 2012). Using 183 SSR markers, 32 QTLs 
were detected in 241 DHLs derived from the 
cross between Arche and Recital under LNC  
(Laperche et al., 2006). Out of  32 QTLs, six were 
specific for root architectural traits such as  
lateral root length (LRL), primary root length 
(PRL), lateral roots number (LRN), total root 
length (TRL) and specific root length (SRL) and 
QTLs were located on chromosomes 4B, 5A, 5D 
and 7B; six QTLs were for C:N efficiencies such as 
radiation-use efficiency (RUE), root dry matter 
(RDM), total dry matter (TDM), N-specific up-
take rate (NUR) and N total amount (NTA) and 
were located on chromosomes 1B, 2B, 6A, 6B, 
7A, 7B and 7D; and the remaining 20 QTLs were 
for integrative traits such as LA, TDM, aerial dry 
matter (ADM), RDM and NTA and were located 
on chromosomes 1A, 1B, 2B, 4B, 5A, 5B and 6B 
(Laperche et al., 2006).

A high-resolution study using 470 SSR 
markers helped to identify many root-related 
QTLs; two for MRL, three for PRL, six for LRL and 
seminal root tip number (SRN) and five for TRL. 
They were detected in 142 RILs of  wheat derived 
from Xiaoyan 54 and Jing 411 and located on 
chromosomes 2B, 7B, 1A, 6A, 6D, 3A, 3D and 
4B (Ren et al., 2012). Similarly, the same set of  
RILs were used to detect three and two QTLs for 
RDW and MRL, respectively, under LNC in 
hydrophobic culture and they were located on 
chromosomes 2B, 4B, 4D, 5A and 6A (Ren et al., 
2017). The same group recently identified 67 
QTLs for RDW, SDW and TDW under LNC and 
HNC at the seedling stage using as many as 
2059 SNP markers via nested association map-
ping (NAM) (Ren et al., 2018). In NAM methods, 
RIL populations derived from crosses between a 
single female parent Yanzhan 1 and four different 
male parents (Hussar, Cayazheda 29, Yunnan 
and Yutian) were used to detect 67 QTLs for 
RDW, SDW and TDW under LNC and HNC (Ren 

et al., 2018). Furthermore, 131 RILs derived 
from the cross between Chuan 35050 and Shan-
nong 483 were used for the identification of  18 
QTLs for root fresh weight (RFW), 15 for shoot 
fresh weight (SFW), 16 for total fresh weight 
(TFW), 22 for ratio of  SFW (RSFW) and ratio of  
RFW (RRFW), 18 for SDW, 14 for TDW and 25 
for ratio of  SDW (RSDW) and ratio of  RDW 
(RRDW) through 361 DArT, 170 SSR, 100 EST-
SSR, and 88 other molecular and biochemical 
markers (Table 9.1) (Sun et al., 2013). Identified 
QTLs were mapped on chromosomes 1A, 1D, 2B, 
2D, 4A, 4B, 5B, 5D, 6B, 7A and 7B. A set of  182 
RILs derived from a cross between wheat culti-
vars Xiaoyan 54 and Jing 411 were used to de-
tect one QTL for N-harvest index (NHI), two for 
NUP, five for N-utilization efficiency in above-
ground dry matter (NUtE

DM), nine for NUtE for 
GY (NUtEGY) and four QTLs for straw NUP (StNUP) 
using 523 SSR and 18 EST-SSR markers (Xu 
et al., 2014). Among the factors affecting plants 
under LN soil, responses of  plants to cope with N 
deficiency in soil and QTLs to improve NUE in 
wheat would help not only to optimize N inputs 
in agriculture but also to increase wheat yield 
under LN-input soils.

9.4  Identification and Characterization 
of Genes Involved in Nitrogen  

Transport

Plant N transporters were first characterized in 
the model plant Arabidopsis thaliana (Tsay et al., 
1993). N transporter gene families in plants are 
largely divided into low-affinity (nitrate transporter 
1 (NRT1)/peptide transporter (PTR)) and high-
affinity (NRT2) (Tsay et al., 2007; Fan et al., 
2017). T. aestivum NRT 2;3 (TaNRT2;3) was 
highly expressed in wheat roots under LNC and 
HNC and it was not expressed in shoots under 
both N conditions (Zhao et al., 2004). Therefore, it 
was suggested that TaNRT2;3 might be a high-
affinity N transporter in wheat as it was not con-
firmed with its K

M (Michaelis constant) value. 
Similarly, TaNRT2;1 was also considered a high-
affinity transporter (Yin et al., 2007) (KM = 50μM), 
its expression level was 30- to 33-fold higher in 
roots at 1 and 4 h, respectively, under LNC and 
its expression was not found in leaves. The ex-
pression patterns of  low-affinity N transporters 
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such as TaNPF2;1, 2;2, TaNPF4;1, TaNPF6;1, 
6;2, 6;3, 6;4, 6;5, 6;6 and TaNPF7;1 and 7;2 
were analysed in roots and shoots of  3-week-old 
hydroponically grown wheat plants (Buchner 
and Hawkesford, 2014) (Fig. 9.1). Among these 
low-affinity N transporters, TaNPF6;1, 6;2, 6;3, 
6;4 and TaNPF7;1 were highly expressed in 
roots and TaNPF2;1, 2;2, TaNPF4;1, TaNPF6;3, 
6;4, 6;6 and TaNPF7;1 had higher expression in 
shoots under LNC than under HNC. Expression 
patterns of  two putative low-affinity (TaNRT1;1 
and 1;2) and three putative high-affinity (TaN-
RT2;1, 2;2 and 2;3) N transporters were identi-
fied under LNC and HNC in the roots of  wheat 
colonized by four species of  arbuscular mycor-
rhiza fungi (AMF), namely Acaulospora delicata, 
Claroideoglomus etunicatum, Funneliformis mosse-
ae and Rhizophagus intraradices (Duan et al., 
2015). Under LNC, all five genes (TaNRT1;1, 1;2, 
TaNRT2;1, 2;2 and 2;3) were expressed in 
AMF-colonized roots but their expression levels 
were higher in roots colonized by A. delicata and 
R. intraradices compared with the other two AMF 
species. Contrastingly, under HNC, the expres-
sion of  TaNRT1;1, TaNRT2;1 and 2;2 was highly 

induced by F. mosseae and R. intraradices and 
TaNRT1;2 and TaNRT2;3 expression levels were 
high in roots inoculated by C. etunicatum and F. 
mosseae and R. intraradices. The same group also 
analysed five NRT genes (TaNRT1;1, 1;2, TaN-
RT2;1, 2;2 and 2;3) in the roots of  two winter 
wheat genotypes, XY107 (efficient N up-taker) 
and XY6 (inefficient N up-taker), in response to 
drought with contrasting N supplies (LNC and 
HNC) during the vegetative and reproductive stages 
(Duan et al., 2016). At vegetative and reproduct-
ive stages, the expression of  TaNRT1;1 and 1;2 
was highly induced by drought stress in the root 
of  XY6 genotype under LNC compared with the 
XY6 genotype. Contrastingly, TaNRT2;1, 2;2 and 
2;3 were highly induced by drought stress in the 
root of  XY107 under LNC compared with XY6 
genotype. The expression levels of  eight NRT1 
family genes (TaNRT1;1 to 1;8) and five NRT2 
family genes (TaNRT2;1 to 2;5) were analysed in 
the root of  Yumai 34 genotype under LNC (Guo, 
T. et al., 2014). The transcripts of  TaNRT1;1 and 
TaNRT2;3 were highly expressed at 2 and 4 days; 
TaNRT1;3 at 2, 4 and 6 days; TaNRT1;4, 1;7 and 
1;8 and TaNRT2;1 and 2;2 at 2 days under LNC.

Grains

Leaves

AMF-colonized roots

Roots

Shoots
TaPHT1;1, 1;2 1;6, 1;7 and 1;8

TaPHT3;1 and 3;2
TaPHT4;2 and 4;4 TaNPF2;1 and 2;2, TaNPF4;1,

TaNPF6;3, 6;4 and 6;6, TaNPF7;1
TaPHT1;3, 1;6, 1;7 and 1;8

TaNRT1;1, 1;2, 1;3, 1;4, 1;7 and 1;8
TaNRT2;1, 2;2 and 2;3

TaNPF6;1, 6;2, 6;3, 6;4 and 7;1
TaPHT1;1, 1;2, 1;3, 1;4, 1;6, 1;7,

1;8, 1;9, 1;10 and 1;11
TaHAK1, 2, 7, 9, 11, 16, 17, 18 and

23 and TaKHT2;1

TaPHT1;2, 1;3 and 1;6

TaNRT1;1, and 1;2
TaNRT2:1, 2;2 and 2;3

TaPHT1;8, 1;10, 1;11 and 1;12

Fig. 9.1.  N, P and K family transporters identified in direct and AMF-mediated (indirect) uptake, export 
and remobilization of nutrients in wheat. N, P and K transporters identified in wheat shoots, leaves, grains, 
roots and AMF-colonized roots are listed in rectangular boxes in different colours. The AMF-colonized 
roots are indicated by blue circular structures in the root zone.
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9.5  Identification of Quantitative 
Trait Loci for Improving Phosphorus- 

Use Efficiency of Wheat

Under LP conditions (LPC), two and three QTLs 
were detected for whole-plant PUE (WPUE) and 
shoot PUE (SPUE), respectively, in 114 RILs 
developed from a cross between W7984 and 
Opata85 using 918 RFLP markers (Table 9.1) 
(Weidong et al., 2001). The QTLs for SPUE were 
located on chromosomes 2D, 3B and 6D and for 
WPUE on chromosome 2D. Similarly, under HP 
conditions (HPC), two QTLs for SPUE located on 
chromosomes 1B and 5A and three QTLs for 
WPUE on chromosomes 2B, 5A and 7A were 
identified in the same study (Weidong et al., 
2001). Totally, 20 QTLs associated with panicle 
number and dry weight matter were identified in 
92 DHLs derived from Lovrin 10 and Chinese 
Spring under LPC using 253 SSR markers (Su 
et al., 2006). Among them, six QTLs were found 
for TN and they were located on chromosomes 
1A, 2D, 3A, 4B and 5D, and four QTLs for SDW 
were located on chromosomes 5A, 5D and 7B. 
Six QTLs for shoot P uptake (SPU) were located 
on chromosomes 2A, 4A, 4B, 5A and 5D and 
four QTLs for PUE were located on chromosomes 
5A, 6B and 7A under LPC (Su et al., 2006). Four 
QTLs for P concentration (PC) and six QTLs for P 
content were identified in 119 DHLs developed 
from a cross between Hanxuan 10 and Lumai 
14 by 395 SSR markers (Table 9.1) (Shi et al., 
2008). The PC QTLs were located on chromosomes 
3A, 3B, 4A and 4D and the P content QTLs were 
located on 2A, 2B, 2D, 3A, 3D and 4A. The par-
ents Hanxuan 10 and Lumai 14 were used to de-
velop 120 DHLs which were used to detect 195 
QTLs for SDW, TN, P uptake (PUP), shoot P-
utilization efficiency (SPUtE), biomass yield (BY), 
GY, ear number (EN), grain number per ear 
(GNE), total grain weight (TGW) and 1000-grain 
weight which were identified at seedling and 
maturity stages under LPC and HPC (Su et al., 
2009). Among the 195 QTLs, 63 QTLs were de-
tected at the seedling stage and 132 QTLs were 
detected at maturity stage and they were distrib-
uted on different loci of  21 chromosomes (Su et al., 
2009). Remarkably, three RILs were developed 
from crosses among four Chinese genotypes, namely 
Weimai 8 × Luohan 2, Weimai 8 × Yannong 19 and 
Weimai 8 × Jimai 20, which comprised 179, 175 and 
172 lines, respectively. Among these genotypes, 

Weimai 8 was more P-utilization efficient than 
Yannong 19, Luohan 2 and Jimai 20 (Zhang and 
Wang, 2015). These three related RILs were 
used to identify 43 QTLs for 12 traits such as PH, 
MRL, numbers of  axial roots, SDW, stem and leaf  
dry weight (SLDW), RDW, P-utilization efficiency 
(PUtE) of  stem and leaf  (SLPUtE), root PUtE 
(RPUtE), SPUtE, stem and leaf  PC (SLPC), root 
PC (RPC) and shoot PC (SPC) under LPC using 
576 DArT and 496 EST-SSR markers (Table 9.1) 
(Zhang and Wang, 2015). Among the 43 QTLs, 
two QTLs for PH were detected on chromosomes 
3B and 5A, six for RDW, four for RL, one for RPC, 
four for SDW, four for SLDW, five for SLPC, five 
for SLPUtE, two for SPC and seven for SPU 
(Zhang and Wang, 2015). Yuan et al. (2017) 
developed 184 RILs derived from the cross be-
tween TN 18 and LM 6 grown under hydroponic 
culture trials and field trials. In total, 178 QTLs 
were identified for several traits including GNPS, 
grain PC (GPC), grain PUtE (GPUtE), GY, PE, PH, 
P-uptake efficiency (PUPE) and PUtE using 5548 
DArT, 5085 SNP and 106 SSR or EST-SSR mark-
ers (Table 9.1). One and four QTLs for RDW and 
MRL, respectively, were detected on chromosomes 
2B, 4B, 5A, 6B and 7B in 142 RILs of  wheat 
derived from Xiaoyan 54 and Jing 411 using 
470 SSR markers (Ren et al., 2017). Furthermore, 
seven and nine QTLs for root diameter were 
identified in 138 RILs derived from SHW-L1 and 
Chuanmai 32 under LPC and HPC, respectively, 
by 120,370 SNP, 733 DArT and 119 SSR mark-
ers (Wu et al., 2017), and the seven and nine 
QTLs were located on chromosomes 1A, 2A, 2B, 
2D, 3B, 3D, 4A and 7D. Unlike rice and maize, the 
study of  QTLs is in its juvenile stage in wheat  
although it is one of  the major cereal crops. 
When we compare wheat RILs with those of  other 
cereals, only very few wheat RILs have been 
deployed in research without much diversity for 
mining QTLs for PUE in wheat. Furthermore, the 
identified QTLs in wheat ought to be further 
mapped and validated to develop new wheat var-
ieties with enhanced PUE in LP soils worldwide.

9.6  Identification and Functional 
Characterization of Genes Involved in 

Phosphorus Transport

P is an important nutrient which is acquired 
from soil as Pi and redistributed within the plant 
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by several specific transporters. Five types of  
phosphate transporter family, namely PHT1, 
PHT2, PHT3, PHT4 and PHT5/vacuolar phos-
phate transporter1 (VPT1), have previously been 
reported in many plants. Each transporter family is 
located in different organs and plasma membranes 
of  plants, like PHT1 in plasma membranes, 
PHT2 in plastids (Versaw and Harrison, 2002; 
Rausch et al., 2004), PHT3 in mitochondria 
(Rausch and Bucher, 2002), PHT4 in plastid en-
velope or the Golgi apparatus (Guo et al., 2008) 
and PHT5 in tonoplasts/vacuoles (Liu, T.Y. et al., 
2016), and each plays a different role in Pi trans-
port. Among these, PHT1 transporter proteins, 
which belong to the major facilitator superfam-
ily (MFS) transporters, are the important ones 
that are involved in Pi uptake from root, Pi trans-
port from root to shoot via xylem, remobilization 
of  Pi from older leaves to younger leaves and 
maintenance of  Pi homeostasis in plants (Baker 
et al., 2015; Roch et al., 2019). To date, PHT1 
genes were identified and functionally character-
ized in Arabidopsis (Muchhal et al., 1996; Mudge et 
al., 2002), rice (Paszkowski et al., 2002), maize 
(Liu, F. et al., 2016), wheat (Grün et al., 2018), 
sorghum (Walder et al., 2015), barley (Rae et al., 
2003; Sisaphaithong et al., 2012) and foxtail 
millet (Ceasar et al., 2014) and other millets 
(Maharajan et al., 2019). This section discusses 
the identification and characterization of  PHT 
genes in wheat in detail.

The first full-length PHT1 gene sequence of  
T. aestivum TaPHT1;2, 1;3 and 1;6 was analysed 
by Davies et al. (2002). The expression pattern of  
these three individual PHT1 family transporters 
was analysed in roots and leaves of  four wheat 
varieties (Xiaoyan 54, Lovrin 10, 81(85)-5-3-3-3 
(line), Jing 411) under LPC and HPC. The TaPHT1;2 
gene was highly induced in roots under LPC in 
all the genotypes. TaPHT1;3 was highly expressed 
only in the root of  Lorvin 10 genotype under 
LPC when compared with the other three geno-
types. In leaves, TaPHT1;2, 1;3 and 1;6 were 
expressed in Xiaoyan 54, Lovrin 10 and Jing 411 
under both LPC and HPC but their expression 
level was higher only under LPC in these three 
genotypes (Davies et al., 2002). Yeast comple-
ment analysis revealed that TaPHT1;2 encodes a 
high-affinity Pi transporter with an apparent K

M 
of  23.6 μM (Guo, C. et al., 2014). Overexpression 
of  TaPHT1;2 significantly increases plant dry 
weight and Pi acquisition. These results suggest 
that TaPHT1;2 acts as a high-affinity Pi transporter 

and facilitates Pi uptake under LP soils (Zeng 
et al., 2002; Guo, C. et al., 2014).

Later, the expression pattern of  PHT1 genes 
was studied in the AMF-colonized roots of  wheat 
(Glassop et al., 2005; Sisaphaithong et al., 2012). 
Four PHT1 genes, namely TaPHT1;8, 1;10, 1;11 
and 1;12, were identified in wheat roots colonized 
by Glomus spp., Scutellospora calospora and R. irreg-
ularis and the higher expression of  these four PHT1 
genes in wheat was confirmed by RT-PCR (Fig. 9.1) 
(Glassop et al., 2005; Sisaphaithong et al., 2012). 
The expression pattern of  TaPHT1;4 was studied in 
leaves and roots of  Shixin 828 genotype under LPC 
and HPC (Liu et al., 2013). TaPHT1;4 transcript 
was detected in the root and was highly induced 
under LPC in that study. Also, yeast complementa-
tion analysis in LPC confirmed that TaPHT1;4 (K

M 
= 35.3 μM) is a high-affinity transporter and plays 
a critical role in wheat Pi acquisition under Pi de-
privation (Liu et al., 2013). Miao et al. (2009) char-
acterized the promoter of  TaPHT1;2 in roots of  
P-efficient (Xiaoyan 54) and P-inefficient geno-
types (Jing 411) under both LPC and HPC. The pro-
motor of  TaPHT1;2 was more strongly activated in 
the roots of  P-efficient genotypes than in those of  
P-inefficient genotypes irrespective of  Pi condition. 
Another study showed that the expression levels of  
TaPHT1;1, 1;2, 1;9 and 1;10 were higher in root at 
flowering stage under LPC compared with HPC in 
a field experiment (Teng et al., 2013). The same 
group also identified 12 PHT1 genes in the whole 
genome of  wheat grown in the field and hydropon-
ically and analysed the expression pattern of  these 
genes in shoot and root tissues of  Xiaoyan 54 
genotype under both low and high Pi conditions 
(Teng et al., 2017). Those authors reported that 
TaPHT1;1, 1;2, 1;8 and 1;10 were predominantly 
expressed in roots and TaPHT1;6 and 1;7 in shoots 
under both Pi conditions, but these genes were 
highly induced by LP in the hydroponic culture 
(Fig. 9.1). Similarly, TaPHT1;3, 1;6, 1;7 and 1;8 
were expressed in root tissues and TaPHT1;3, 1;6 
and 1;8 were expressed in shoot tissues under LPC 
and HPC. The study suggests that TaPHT1;1, 1;2, 
1;3, 1;6, 1;7, 1;8 and 1;10 contributed to Pi up-
take and TaPHT1;6, 1;7 and 1;8 were involved in Pi 
translocation from old leaves to younger leaves 
(Teng et al., 2017).

After the advent of  whole-genome sequen-
cing in wheat, 14 putative members of  the PHT1 
family genes were identified in Hereward cultivar 
under LPC and HPC in both hydroponics and 
field conditions (Grün et al., 2018). The 14 PHT1 
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genes were located on chromosomes 1 (TaPHT1; 
14), 2 (TaPHT1;2, 1;9 and 1;13), 4 (TaPHT1;1, 
1;2, 1;5 and 1;7), 5 (TaPHT1;3, 1;4 and 1;6), 6 
(TaPHT1;8) and 7 (TaPHT1;10) (Grün et al., 
2018). Gene expression analysis showed that 
TaPHT1;2 gene was induced greater than five-
fold more than all other PHT1 genes in roots of  
hydroponically grown 0-day-old seedlings under 
HPC. TaPHT1;1 and 1;2 genes were upregulated 
in roots after 3 days of  Pi starvation and the ex-
pression levels were further increased to 27- to 
50-fold higher in roots after 6 days of  Pi starva-
tion when compared with day 0. Similarly, the 
expression levels of  TaPHT1;8 and 1;10 were 
more than threefold higher in roots on day 6 
under LPC. The expression level of  TaPHT1;6 and 
1;11 was eight- to 15-fold higher in roots on day 
12 compared with day 0 under LPC. The expres-
sion of  TaPHT1;1, 1;2 and 1;8 was found in ears, 
glumes, grains and rachis. TaPHT1 also showed 
different levels of  expression in various tissues 
during the developmental stages of  wheat. For 
example, in roots, the expression level of  TaPHT1;1, 
1;2 and 1;8 increased at the beginning of  stem 
elongation, decreased at booting and anthesis, 
and again increased during ripening. Expression 
of  TaPHT1;5 in root was the highest at tillering 
and milk ripening, the lowest at elongation and 
at an intermediate level in ear tissues. Similarly, 
the expression of  TaPHT1;6 increased in root at 
tillering, stem elongation, anthesis and ear, par-
ticularly in the rachis. Notably, TaPHT1;6 was 
expressed only in the ear and particularly in the 
rachis, whereas transcript of  TaPHT1;7 was 
found to be very low in all tissues except in ear 
tissues at late booting stage under Pi starvation. 
Expression of  TaPHT1;10 and TaPHT1;11 was 
much higher in roots throughout the wheat de-
velopmental stages than in shoot tissues and 
was the highest at maturity but decreased in the 
grain (Grün et al., 2018).

Recently, Shukla et al. (2016) identified 13 
PHT1, one PHT2, three PHT3 and four PHT4 family 
genes in root, leaf, stem, flag leaf, rachis, glume, 
aleurone, endosperm and embryo of  C306 geno-
type of  wheat during grain-filling stage. Notably, 
the expression patterns of  TaPHT1;1, 1;2 and 
1;4 were higher in aleurone, TaPHT3;1 in em-
bryo and TaPHT4;2 in endosperm of  C306 geno-
type under LPC in 28-day-old seedlings. TaPHT2;1 
was upregulated in the leaves of  wheat under 
LPC (Guo et al., 2013; Aziz et al., 2014). Knockout 
of  TaPHT2;1 reduced the Pi concentration in the 

chloroplast under LPC and HPC (Guo et al., 
2013). This result suggests that TaPHT2;1 has 
an important role in the mediation of  Pi trans-
location from the cytosol to the chloroplast 
under LPC and HPC. Similarly, TaPHT3;1 in em-
bryo and rachis, TaPHT3;2 in the aleurone and 
TaPHT4;2 and 4;4 in endosperm were involved 
in wheat grain development and Pi allocation 
within grains (Shukla et al., 2016). PHT1 expres-
sion is directly proportional to PUE in wheat 
(Aziz et al., 2014), where the highly P-efficient 
wheat cultivar Chinese 80–55 has a higher Pi 
acquisition and accumulates higher Pi concen-
trations in all organs than the less-efficient culti-
var Machete. This correlated with differential 
organ-specific expression of  Pi transporters 
TaPHT1.4, 1;6 and 1;10 (Aziz et al., 2014). 
When comparing research on PHT family genes 
in wheat with that on A. thaliana and rice, very 
little research has been carried out even with re-
gard to the important PHT1 genes. Similarly, 
minimally studied PHT2, PHT3 and unexplored 
PHT4 and PHT5 in wheat call for a systematic 
functional and molecular study on these genes, 
their tissue-specific expression, affinity, AMF as-
sociation and their functional characterization, 
which will aid development of  new varieties of  
food security-important wheat with high PUE 
and other nutritional efficiencies.

9.7  Identification of Quantitative 
Trait Loci for Improving Potassium- 

Use Efficiency in Wheat

Eight QTLs for K concentration in grain were 
identified in 152 RILs derived from a cross be-
tween durum wheat Langdon and wild emmer 
using 197 SSR and 493 DArT markers under 
field condition (Peleg et al., 2009). Similarly, as 
many as 138 QTLs for biomass weight, yield and 
KUE-related traits were detected on 32 chromo-
somes at seedling and adult stage of  131 RILs 
derived from the cross of  Chuan 35050 and 
Shannong 483 by 361 DArTs, 170 SSRs, 100 
EST-SSRs, and 88 other molecular and biochem-
ical loci (Kong et al., 2013). Of  these 138 QTLs, 
50 were found to be associated with RDW, SDW, 
ratio of  RDW and SDW (RSDW/RDW), TDW, 
root KUE (RKUE), shoot KUE (SKUE) and total 
KUE (TKUE), and 37 QTLs for root K content 
(RKC), shoot K content (SKC), ratio of  RKC and 

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



184	 T. Maharajan et al.	

SKC (RSKC/RKC) and total K content (TKC), 33 
QTLs for GY, straw weight (StW), spike number 
(SN), GNPS and 1000-grain weight and 18 QTLs 
for grain K content (GKC), straw K content 
(StKC), grain KUE (GKUE) and straw KUE (St-
KUE) were identified under LK conditions (LKC) 
(Table 9.1) (Kong et al., 2013). The same 131 
RILs were used to detect 87 QTLs for six morpho-
logical traits such as number of  axial roots, 
MRL, SH, RDW, SDW and TDW using 380 SSR 
markers (Guo et al., 2012). In the same study, 
11, 20 and 23 QTLs for RKC, SKC and TKC, re-
spectively, and 23, 15 and 13 QTLs for RKUE, 
SKUE and TKUE, respectively, were identified us-
ing the same 380 SSR markers under LKC (Guo 
et al., 2012).

Later, at the seedling stage under LKC, 168 
DHLs derived from a cross between Huapei 3 and 
Yumai 57 were used to investigate 29 QTLs for 
morphological and 19 QTLs for physiological 
traits in root and shoots, respectively, using 284 
SSR, 37 EST and one ISSR markers (Zhao et al., 
2014). Of  the 29 morphological QTLs, five for 
TRL, three for total root surface area (TRS), five 
for total root volume (TRV), and four for each of  
RDW, SDW, root average diameter (RAD), RRDW 
and RSDW were detected under LKC and they 
were distributed on chromosomes 1A, 1B, 1D, 
2A, 3A, 3B, 4B, 5B, 6A, 6B and 7B. Similarly, 
under LKC, among 19 physiological trait QTLs, 
one for chlorophyll concentration (CHL), two for 
peroxidase (POD), three for each of  root activity 
(RA), superoxide dismutase (SOD), SKC and 
RKC, and four for malondialdehyde (MDA) were 
detected that were located on chromosomes 1B, 
1D, 3A, 4A, 4B, 4D, 5B, 7B and 7D (Table 9.1) 
(Zhao et al., 2014). Furthermore, 131 RILs de-
rived from a Chuan 35050 × Shannong 483 
cross were used to identify 127 QTLs detected on 
20 chromosomes associated with RKC, SKC, 
total K content (TKC), root K concentration 
(RKCE), shoot K concentration (SKCE), total K 
concentration (TKCE), root KUE (RKUE), shoot 
KUE (SKUE), ratio of  SKC (RSKC), ratio of  RKC 
(RRKC) and total K-utilization efficiency (TKUtE) 
(Gong et al., 2015). Of  these 127 QTLs, 35, 55 
and 37 were found for the RKCE, SKCE and 
TKCE, four for the RKC, SKC, TKC and RSKC, and 
three for the RKUE, SKUE and TKUE, respect-
ively. More recently, 217 QTLs for seedling traits 
and 89 QTLs for adult traits were detected at the 
seedling stage in a hydroponic culture and at the 

mature stage in a field trail, respectively, in 184 
RILs derived from a cross between Tainong 18 
and Linmai 6 under low- and high-K conditions 
(Shen et al., 2019). Among 217 QTLs in a green-
house trail, 28 QTLs for four biomass weight 
(RDW, SDW, TDW, RSDW and RRDW), 52 for K 
efficiency-related traits (RKC, SKC, TKC, RKCE, 
SKCE, TKCE, SKUE, RKUE and TKUE), 67 for Ca 
efficiency-related traits (root Ca concentration 
(RCaCE), shoot Ca concentration (SCaCE), total 
Ca concentration (TCaCE), root Ca content 
(RCaC), shoot Ca content (SCaC), total Ca con-
tent (TCaC), Ca-use efficiency (CaUE) of  shoot 
(SCaUE), root CaUE (RCaUE), total CaUE 
(TCaUE)) and 70 for Mg efficiency-related traits 
(root Mg concentration (RMgCE), shoot Mg con-
centration (SMgCE), total Mg concentration 
(TMgCE), shoot Mg content (SMgC), root Mg 
content (RMgC), total Mg content (TMgC), Mg-
use efficiency (MgUE) of  shoot (SMgUE), total 
MgUE (TMgUE), root MgUE (RMgUE)) have been 
detected (Table 9.1). Similarly, among 89 adult 
QTLs in a field trial, 21 QTLs for yield traits (PH, 
SN, GNPS, 1000-grain weight, grain weight per 
plant (GWP), total above-ground weight (TAW) 
and HI), 22 QTLs for K efficiency-related traits 
(such as grain K concentration (GKCE), straw K 
concentration (StKCE), grain K content (GKC), 
straw K content (StKC), above-ground K content 
(AKC), K-harvest index (KHI), grain KUE 
(GKUE), straw KUE (StKUE), above-ground KUE 
(AKUE)), 35 QTLs for Ca efficiency-related traits 
(grain Ca concentration (GCaCE), straw Ca con-
centration (StCaCE), above-ground Ca concen-
tration (ACaCE), grain Ca content (GCaC), straw 
Ca content (StCaC), above-ground Ca content 
(ACaC), Ca-harvest index (CaHI), grain CaUE 
(GCaUE), straw CaUE (StCaUE), above-ground 
CaUE (ACaUE)) and 11 QTL for Mg efficiency-
related traits (grain Mg concentration (GMgCE), 
straw Mg concentration (StMgCE), grain Mg 
content (GMgC), above-ground Mg content 
(AMgC), Mg-harvest index (MgHI), grain MgUE 
(GMgUE) and straw MgUE (StMgUE)) have 
been reported. Under LKC, the majority of  
traits related to K content and KC were de-
creased but KUE-related traits were increased 
at the seedling and maturity stages in both 
trials. Increases in Ca and Mg contents and 
decreases in Ca- and Mg-use efficiencies 
under LKC in both trials may facilitate further 
understanding of  the effects of  K deficiency on 
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K, Ca and Mg nutrition at the phenotypic 
and QTL levels.

9.8  Identification and Functional 
Characterization of Potassium  

Transporters

Plants have various K transporters that have 
been grouped into four families such as K+ trans-
porter (KT)/high-affinity K+ transporter (HAK)/
K+ uptake transporter (KUP), transport of  K+ 
(Trk)/high-affinity K+ transporters (HKT), K+ ef-
flux anti-porter (KEA) and cation/hydrogen ex-
changer (CHX). All these K transporters play a 
vital role in plant growth and development as 
well as K uptake and transport. Among the four 
families, HAK/KUP/KT is the largest K trans-
porter family and it is further subdivided into 
four groups: clusters I, II, III and IV. The first K 
transporter, T. aestivum TaHKT1, was identified 
in root of  wheat by Schachtman and Schroeder 
(1994). TaHKT1 was reported to be a high-affin-
ity transporter (K

M = 10–40 μM) based on yeast 
complementation assay. TaKHT2;1 transporter 
was found to be a Na+/K+ symporter when 
expressed in Xenopus oocytes and downregula-
tion of  its expression in planta reduces root Na+ 
accumulation and improves growth in saline 
conditions. Recently, the expression patterns of  
56 HAK family transporter genes were identified 
in wheat root at various time periods (0, 1, 3, 6, 
9, 12 and 24 h) under LKC (Cheng et al., 2018). 
Among 56 HAK family genes, TaHAK1, 2, 7, 9, 
11, 16, 17, 18 and 23 were expressed in roots at 
all time periods under LKC. Notably, the trans-
porters TaHAK9, 11, 16 and 17 had higher 
expression at 3 h, TaHAK1, 12 and 23 at 12 h 
and TaHAK2 and 7 at 9 h than at other time 
periods. TaHAK1 transporter was functionally 
characterized and found to be localized in plasma 
membrane involved in the transport of  K from 
root to shoot. Upon an imposition of  K deficiency 
treatment, TaHAK2, 9, 11, 16 and 17 were up-
regulated for a short period and then rapidly 
downregulated, suggesting that they might be 
involved in LK responses in wheat. Similarly, K 
deficiency treatment resulted in continuous up-
regulation of  TaHAK1, 7, 18 and 23, suggesting 
that they might function in the K uptake and 
maintain normal growth of  the plant under 

LKC. In wheat, the study of  K transporters is at 
an early stage stage when compared with P and 
N transporter studies. Further study on K trans-
porters’ structure, function, affinity and other 
molecular studies will throw more light on the 
complex function of  K transporters in K uptake, 
transport, remobilization and utilization in wheat 
and other plants. Apart from P and N transporter 
studies in wheat, further high-resolution study 
on various aspects of  K transporters in wheat 
and future development of  new wheat varieties 
with high acquisition and use efficiencies for K 
will surely aid in enhancing wheat production 
globally, which is intrinsically connected to food 
security of  the poor in the developing world.

9.9  Improving Nitrogen-,  
Phosphorus- and Potassium-Use 
Efficiencies Through Transgenic 

Approach

Development of  biotechnological tools helps us 
to characterize the function of  key genes in plants. 
Some important transporter and transcription 
factors related to N and P transport in wheat are 
overexpressed in wheat transgenic modification. 
Transcription factors of  CCAAT box-binding 
were conserved among all eukaryotes, which are 
called nuclear factor Y (NF-Y) in plants (Mantovani, 
1999). The NF-Y transcription factors are heter-
otrimers and composed of  three different protein 
subunits: NFYA, NFYB and NFYC. The NF-Y 
family members play a vital role in photosyn-
thesis, nodule development, control of  flowering 
and seed development in plants (Yamamoto et al., 
2009; Zanetti et al., 2010; Stephenson et al., 
2011; Yan et al., 2011). Similarly, several studies 
reported that the NF-Y family members enhance 
plant growth and development under several 
abiotic stresses such as drought (Nelson et al., 
2007; Ni et al., 2013), salinity (Zhao et al., 2009; 
Leyva-González et al., 2012), cold (Leyva-
González et al., 2012; Shi et al., 2014) and 
low-nutrient stresses (N, P and other nutrients) 
(Qu et al., 2015). For example, overexpression of  
TaNFYA-B1 in wheat stimulated root develop-
ment, upregulated the expression of  N and P 
transporters, and increased N and P uptake and 
GY under LNC and LPC (Qu et al., 2015). This 
study revealed that NF-Y transcription factors 
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are involved in root development and N- and 
P-use management in wheat. Furthermore, NAC 
transcription factors family genes were also in-
volved in many developmental and physiological 
processes of  plants, such as embryo and shoot 
meristem development, lateral root formation, 
auxin signalling, defence, abiotic stress responses 
and senescence (Olsen et al., 2005; Nakashima 
et al., 2012; Nuruzzaman et al., 2012). In trans-
genic wheat, overexpression of  TaNAC-S delayed 
leaf  senescence and increased GY and grain N 
concentration (Zhao et al., 2015). Similarly, 
overexpression of  TaNAC2-5A in transgenic 
wheat increased GY, grain N concentration, NHI 
and root growth under LNC (He et al., 2015). 
This clearly reveals that the NAC transcription 
factors play a crucial role in uptake of  N from the 
soil. Recently, wheat miRNA transcription factors 
such as TamiR444a and TamiR2275, when over-
expressed in tobacco, improved plant growth and 
biomass along with increasing N concentration 
and content, NUP, photosynthetic parameters 
and antioxidant enzymatic activities under LNC 
(Gao et al., 2016; Qiao et al., 2018). This report 
suggests that wheat miRNA transcription factors 
may help to improve NUE in wheat under LNC.

The PHT1 genes were also overexpressed 
through transgenic modification in wheat. Until 
now, only two PHT1 genes were used for overex-
pression analysis in wheat. Under LPC, overex-
pression of  TaPHT1;2 increased the plant dry 
mass accumulation, total P content and photo-
synthetic efficiencies in transgenic wheat (Guo, 
C. et al., 2014). Similarly, overexpression of  
TaPHT1;4 also improved the root and leaf  
growth and increased uptake of  P under LPC 
(Liu et al., 2013). By contrast, downregulation of  
TaPHT1;4 reduced plant growth, fresh and dry 
weight of  shoot and root, and Pi acquisition in 
the roots and leaves under LPC (Liu et al., 2013). 
In total, 12 PHT1 genes were identified in wheat. 
Hence, the overexpression study of  other PHT1 
genes of  wheat would help in understanding 
the complex mechanism of  plant Pi uptake, 
translocation and homeostasis. MYB–coiled-coil 
(MYB-CC) type transcription factor of  phosphate 
starvation response 1 (PHR1) regulates the ex-
pression of  Pi starvation-responsive/induced (PS-
R/PSI) genes in plants (Rubio et al., 2001). 
TaPHR1 and TaPHR3 overexpressed in trans-
genic wheat upregulated other PSI genes, stimu-
lated lateral root branching and increased PUP, 

GY and GNPS under LPC (Wang, J. et al., 2013; 
Zheng et al., 2020). Phosphate2 (PHO2) plays a 
key role in Pi starvation-signalling in plants 
(Huang et al., 2013). Overexpression of  TaPHO2 
increased PUP and GY under LPC (Ouyang et al., 
2016). Transcription factors of  basic he-
lix-loop-helix (bHLH) are involved in various 
biological processes in plants including flower 
induction, trichome and root hair development, 
organelle differentiation, biosynthesis metabol-
isms of  flavonoids, isoquinoline alkaloids and an-
thocyanins, and nodule vascular patterning 
(Godiard et al., 2011). Yang et al. (2016) overex-
pressed TabHLH1 in transgenic wheat which in-
creased plant growth, biomass, Pi and N acquisi-
tion under LNC and LPC. Notably, until now, K 
transporter genes have not been overexpressed 
in wheat. Therefore, researchers need to focus on 
overexpression of  the genes already identified as 
related to KUE in wheat, which may help to bet-
ter understand their function. Also, few of  the 
N- and P-related genes overexpressed in wheat 
compared with rice and other crops.

9.10  Impact of Climate Change on 
Wheat Nitrogen, Phosphorus and 

Potassium Management

Natural resources such as light, carbon, water 
and nutrients are essential for the normal growth 
and yield of  plants (Vitousek et al., 1997). These 
natural resources are severely affected by climate 
change. For example, the intensity and frequency 
of  thunderstorms, tropical storms, hurricanes, 
cyclones, tornadoes, hailstorms, ice storms, dust 
storms and erosion of  beaches during storms are 
the effects of  climate change that severely affect 
the management of  N, P, K and other nutrients 
(Moore and Allard, 2011). Importantly, the 
changes in climatic conditions along with geo-
graphical gradients greatly affect soil nutrient 
cycling. Therefore, climate change intensively 
affects agriculture that feeds 6 billion people glo-
bally; furthermore, in Asia and the Pacific, more 
than two-thirds of  the working population de-
pends on agriculture for their livelihoods. The 
increases in temperature and atmospheric CO

2 
severely affect soil microbial physiology, altering 
the availability of  soil P in terrestrial ecosys-
tems (Delgado-Baquerizo et al., 2013). Similarly, 
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global mean temperature and precipitation are 
projected to show variation over the 21st century 
where the Mediterranean region will be drier 
while the northern hemisphere latitude region 
will be wetter, although a general global trend 
would be towards dryness (Cook et al., 2014). 
Apart from the elevated temperature and CO2, 
other climate-change-driven effects such as agri-
cultural runoff, drought, ozone depletion and 
water pollution have been intrinsically linked to 
human activity (Vitousek et al., 1997). The glo-
bal mean temperature has increased by >1.5°C 
over the last 100 years due to both natural and 
human causes (Karmakar et al., 2016). In the 
21st century it will rise by another 2–3°C, 
contributed mainly by intensified agriculture 
(Compant et al., 2010). Importantly, P is affected 
by temperature, rainfall, drought and CO

2 con-
centration (Short et al., 2016). Temperature at 
its optimum level is very vital for nutrient uptake, 
plant growth and development. For example, 
optimum temperature for vegetative growth of  
wheat is 20–30°C and optimum temperature for 
yield is 15°C (Tuteja and Gill, 2013). Low soil 
temperature reduces root growth, diffusion of  P 
and the subsequent lowering of  energy leading 
to decreased kinetic energy, fluidity of  protoplasm, 
solubility of  certain solids and reaction velocities 
(Amstrong, 1999). Extremely low temperature 
will also decrease soil-bound enzyme activities to 
a large extent (Tuteja and Gill, 2013). Low soil 
temperatures also limit the plants with slower 
metabolic processes, poor growth and develop-
ment. Soil temperature below 25°C reduced 
translocation of  Pi from the shoots to roots, Pi 
uptake by the roots, or both, having a great 
negative impact on root growth, root extension, 
Pi uptake, yield and growth of  plants with and 
without Pi fertilizer (Ketcheson, 1957). Elevated 
temperature (34–40°C) also decreased biomass, 
GPS and yields in winter wheat (Ju et al., 2010; 
Tuteja and Gill, 2013). These findings clearly in-
dicate that low and high temperatures suppress 
the nutrient uptake, translocation, soil microbial 
activity, kinetic energy, root and shoot growth 
and overall yield of  plants. Furthermore, elevated 
CO

2 modifies the root development, biomass al-
location and nutrient uptake including N, P and 
K in wheat during vegetative growth. For example, 
elevated CO2 reduced the N, P and K contents in 
roots and acquisition of  N, P and K in wheat 
under drought and moisture conditions (Van 

Vuuren et al., 1997). Similarly, elevated CO2 
reduced the leaf  N concentration in wheat 
under LNC (Sinclair et al., 2000). The change in 
the climate adversely affects not only the soil 
chemistry and properties but also the growth 
and yield of  plants. At this juncture, knowledge 
about the impact of  climate change on nutrient 
management and especially the management of  
N, P and K is very important to ensure global 
food security. A high-resolution study of  various 
climatic factors and their cumulative effects on 
N, P and K availability, uptake and mobilization, 
and scientific and eco-friendly N, P and K mitiga-
tion and recovery methods, is needed to under-
stand the complex N, P and K management in the 
changing climate and improve it to ensure food 
security, particularly in the developing world.

9.11  Conclusions and Outlook

In conclusion, the deficiency of  the essential 
macronutrients N, P and K in soils is a major 
problem for global wheat production. Low N, P 
and K have caused severe yield losses in major 
crops including wheat. Developing and improv-
ing wheat varieties for enhanced wheat produc-
tion under low N, P and K soils worldwide is a 
major challenge not only for farmers but also for 
plant breeders and scientists. The balanced man-
agement of  N, P and K nutrients is indispensable 
to maintain soil fertility, as well as uptake and 
transport of  these nutrients from soil to grain, 
to have higher yield with nutrient qualities. 
Improving the use efficiencies of  N, P and K in 
wheat is an important component of  agronomic 
and economic aspects apart from the well-discussed 
environmental issues. To improve the internal 
NUE, PUE and KUE in wheat, the identification, 
mapping and validation of  QTLs will play an im-
portant role in marker-assisted selection and 
MAB. An array of  QTLs for N-P-K identified so 
far will help to develop wheat varieties with bet-
ter NtUE which are suitable for poor farmers. To 
decode this complex nutrient efficiency problem 
in wheat, functional genomics studies cannot be 
ignored. Apart from the identification of  N, P 
and K transporters, various studies have been 
carried out on their characterization, tissue-
specific expression, structure, function, trans-
genic studies, etc. in order to understand these 
transporters for improving crop efficiency of  
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major cereals like wheat. Further study on the 
post-transcriptional and post-translational regula-
tion of  N, P and K transporters needs to be 
fine-tuned to exploit them in higher wheat pro-
duction where the global population is ever-
increasing and food demand is on a continuous 
rise. The recent clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) gene-editing tool is 
projected to play a vital role in crop improve-
ment. The expression of  functionally character-
ized N, P and K genes may be edited or silenced 
by CRISPR/Cas9 in the future to improve the 
wheat yield under low N, P and K soils. Further-
more, a combined holistic research with next-
generation sequencing (NGS), genotyping by 
sequencing (GBS), high-density and SNP linkage 
maps, genome-wide association studies (GWAS) 
and functional genomics will give more insights 
for identifying wheat cultivars with higher yield 
under these nutrient-deficient soils. The crosstalk 

among N, P, K and other nutrients in the soil, 
enhancing their mutual uptake and utilization 
in wheat and other major cereals, should also be 
paid more attention in our tactics as the lion’s 
share of  the population in developing countries 
is still facing the basic problem of  malnutrition. 
This chapter will offer a new opportunity for cre-
ative partnerships among plant breeders, geneti-
cists, physiologists, crop physiologists and soil 
scientists and others to work collectively towards 
improved wheat production all over the world to 
ensure global food security.
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10.1  Introduction

Wheat is the staple diet for many, playing an 
important role in human nutrition by providing 
20% of  energy and protein intakes globally (FAO, 
2017). It is also a widely adapted crop which can 
be cultivated in different regions of  the world, at 
altitudes ranging from sea level to 4570 m above 
sea level and at latitudes in the range of  30–60°N 
and 27–40°S, providing year-round harvest 
(Nuttonson, 1955). Total wheat production in the 
world in 2017 was around 772 million tonnes 
with China, India, Russia, the USA and France 
being the leading producers (FAO, 2017). The 
demand for wheat is increasing annually, and 
most of  the countries in Asia and sub-Saharan 
Africa are currently net importers of  wheat. 
Accordingly, a total volume of  184 million 
tonnes of  wheat was traded internationally in 
2016, amounting to a worth of  US$36 billion 
(Shiferaw et al., 2013).

Wheat yields have recorded a net increase 
over the years. For example, in 1961, the world 
wheat production was 222 million tonnes, aver-
aging a productivity level of  1.2 tonnes per hectare, 
compared with 772 million tonnes in 2017. 
Over the years, an average annual grain yield in-
crement of  1% has been recorded, but currently 

the demand has been calculated to increase by 
1.7% per annum, creating a deficit between sup-
ply and demand (Dixon et al., 2009). Moreover, it 
has been estimated that grain yield will have to 
be doubled from that of  2005 to meet demand 
by the year 2050 (Ray et al., 2013). To meet this 
demand, a considerable increase in grain yield, 
which presently lies at 3 t/ha, will be required 
(FAO, 2017).

Increasing wheat yield has been a primary 
objective in global wheat breeding programmes. 
The net grain yield increment can be via directly 
targeting the yield character itself  or indirectly 
by focusing on traits such as resistance/tolerance 
to biotic (pests, diseases and weeds) and abiotic 
(drought, salinity, effects of  changing climate) 
stresses. Out of  the different objectives of  wheat 
breeding, this chapter focuses on the direct incre-
ment of  wheat yields via genetic improvement of  
the crop.

10.2  Wheat Genetics and Genetic 
Resources

Wheat is recorded to have originated 8000–
10,000 years ago and has made a significant 
contribution to human civilization (Dubcovsky 
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and Dvorak, 2007; Brenchley et  al., 2012). 
Genetically, wheat is a polyploid with cultivated 
species comprising of  diploids (2n = 2x =14, AA), 
tetraploids (2n = 4x = 28, BBAA) and hexaploids 
(2n = 6x = 42, BBAADD) (Devos et  al., 2009). 
Out of  these the tetraploids and hexaploids are 
formed by duplications of  different genomes. 
Currently, there are two widely cultivated wheat 
species commonly referred to as durum wheat 
and bread (common) wheat. Common wheat, 
Triticum aestivum, is an allohexaploid compris-
ing of  three genomes A, B and D with a large 
genome of  5.1 Gbp (Doležel et  al., 1989) and 
more than 124,000 gene loci annotated by the 
International Wheat Genome Sequencing Con-
sortium in 2014. It is reported to have evolved 
from hybridization between the tetraploid wheat 
species Triticum turgidum (2n = 4x = 28, BBAA) 
and the diploid progenitor Aegilops tauschii var. 
strangulata (2n = 2x = 14, DD) (Feldman, 2001; 
Gill and Friebe, 2001). Durum wheat (Triticum 
turgidum L. ssp. durum) is an allotetraploid com-
prising of  A and B genomes. Tetraploid and 
hexaploid wheat performs similar to diploids in 
meiosis by pairing only between the homologous 
chromosomes due to the suppression activity of  
Ph1 and Ph2 genes (Riley and Chapman, 1958; 
Sears, 1976). Of  these two, bread wheat is the 
most common comprising over 95% of  the total 
wheat production. Spring wheat accounts for 
65% of  the total bread wheat production while 
the remaining 35% is of  the winter wheat type 
(Braun et al., 2010). Being polyploids, cultivated 
wheat is characterized by high levels of  pheno-
typic buffering. This situation has been highly 
advantageous in the genetic improvement pro-
cess as it compensates for the deletions and dis-
ruptions that occur in wheat, providing fine 
gene dosage effects and facilitating the use of  an-
euploidy techniques in breeding (Dubcovsky 
and Dvorak, 2007).

The genetic resources in a crop are included 
in three gene pools as primary, secondary and 
tertiary based on the constitution of  their gen-
omes, evolutionary pathways and the ability for 
cross-pollination. Landraces, first domesticated 
types and the wild relatives are identified in the 
primary gene pool of  wheat (Feuillet et al., 2007; 
Qi et al., 2007), while the polyploid Triticum and 
other species (such as Aegilops) that share one or 
more homologous genomes represent the sec-
ondary gene pool (Feuillet et al., 2007). Wheat 

tertiary gene pool consists of  most of  the peren-
nial diploids or polyploids which do not have 
common genomes of  the cultivated species. Of  
the three gene pools, cultivated wheat can be 
crossed with members in the primary gene pool 
and also with the secondary gene pool but with 
some difficulties. But the cultivated wheat can-
not be hybridized by traditional methods with 
members in the tertiary gene pool (Ogbonnaya, 
2013).

Wheat germplasm collection and conserva-
tion have been undertaken in different countries 
to provide material for breeding, especially to in-
corporate resistance to biotic and abiotic stresses. 
Only about 10% of  the conserved germplasm 
has already been used in wheat breeding (Chap-
man, 1986). Low levels of  characterization and 
evaluation for specific traits, unwillingness of  
breeders to disturb the already developed elite 
cultivars and long time required for incorporation 
of  traits from poorly defined germplasm are 
some reasons for the usage of  low levels of  con-
served germplasm in wheat breeding. However, 
the most important fact is that there is conserved 
and unutilized germplasm to be used in future 
wheat breeding for yield, both in a conventional 
manner and also by advanced molecular breed-
ing methods (Maxted et al., 2016).

10.3  Yield Components and Harvest 
Index of Wheat

Crop yield is a complex character governed by 
several interrelated factors. The genotype of  the 
plant, its environment and complex interactions 
between these two factors determine the yield. 
The yield of  any given genotype is also complex 
and accounted for by several to many alleles gov-
erning different yield components. Division of  
the total yield among its simpler yield compo-
nents is the best approach in understanding and 
determining the total yield. In wheat, the total 
yield is divided into two broad aspects, namely 
the number of  grains per unit land area and the 
average grain weight. Further, the total wheat 
yield is determined by the number of  plants per 
unit land area and the numbers of  spikes per 
plant, spikelets per spike and grains per spikelet. 
These traits are directly associated with crop 
yield potential.
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Understanding the physiological basis of  crop 
yield and yield components is of  paramount im-
portance in the genetic manipulation of  wheat for 
higher yields (Araus et al. 2004; de Oliveira Silva 
et al. 2020). While yield is a highly complex charac-
ter, the yield components are easier to work with 
and manipulate in breeding programmes (Slafer, 
2003; Philipp et al., 2018). The knowledge on the 
scientific basis of  yield components can be directly 
used in parental selection or further related analysis 
in the process of  genetic improvement for yield. 
However, most of  the yield components are nega-
tively related to each other (Slafer, 2003) and this is 
a major concern in use of  the yield component ap-
proach in breeding for a net increase in total grain 
yield in wheat (Fischer, 1996; Philipp et al., 2018).

Harvest index of  wheat is the proportion of  
dry matter of  the plant that is stored in the grain; 
accordingly, an increase in harvest index will re-
sult in the increase of  grain yield (Qin et al., 2013). 
During the process of  genetic improvement of  
wheat, the harvest index has been increased from 
0.35 in 1951 to 0.50 by 1995–2013 (Wiesmei-
er et al., 2014). A maximum harvest index of  0.62 
has been predicted for modern winter wheat cul-
tivars (Austin, 1993) and considering the al-
ready achieved levels of  harvest index, further 
yield increment should focus on the increase in 
total dry matter of  the wheat plant (Parry et al., 
2010). On the contrary, there are suggestions 
that the breeding programmes for yield improve-
ment should focus on the harvest index rather 
than the total dry matter because high levels of  
total dry matter exceeding 18,000 kg/ha have 
already been recorded (Parry et al., 2010). Con-
sidering both views, it is also suggested that the 
wheat yield has plateaued (Yu et al., 2017). Ac-
cordingly, it will be essential to break the barriers 
arresting the wheat yield increment to meet the 
expected demand on grain yield by the year 
2050 (Tadesse et  al., 2019) and this would re-
quire improvements in both yield components 
and harvest index, which is the greatest chal-
lenge for wheat breeders in the 21st century.

10.4  Conventional Approaches in 
Breeding Wheat for Yield

Scientific wheat breeding was initiated in the 
19th century with the selection and crossing of  

different wheat landraces and cultivars, repre-
senting diverse origins, to develop new varieties 
with agriculturally desirable traits. The funda-
mental objective at these initial stages of  wheat 
improvement was the increase of  wheat yields. In 
Italy, in the early 20th century, a Japanese wheat 
variety named Akakokomugi was crossed with 
Italian wheat breeding lines to produce some highly 
desirable cultivars (Salvi et al., 2013). These culti-
vars, for example Ardito and Mentana, showed 
insensitivity to photoperiod and reduced height, 
which were very desirable traits that played a cru-
cial role in increasing wheat yield potential. Later, 
it was revealed that these lines possessed the al-
leles Ppd-D1 governing photoperiod insensitivity 
and Rht8c governing the short length of  the 
straw. These wheat lines produced in Italy laid 
the foundation for the improved wheat cultivars 
in the Mediterranean region, Soviet Russia, China 
and even in a few countries of  the South Ameri-
can continent (Yang and Smale, 1996).

A Japanese landrace, Shiro Daruma, which 
possessed genes responsible for dwarfism, was 
used for breeding the wheat variety Norin10. In 
the 1950s this line was used by Dr Norman Bor-
laug to produce the semi-dwarf  ideotype in the 
‘green revolution’ (Borlaug, 2008), marking a 
milestone in the improvement of  cereal yields in 
the world. The varieties of  the green revolution 
were resistant to lodging and highly responsive 
to inputs. The semi-dwarf  trait of  these cultivars 
was governed by Rht1 and Rht2, which are the 
genes insensitive to gibberellic acid-controlled 
growth resulting in the semi-dwarf  stature of  
plants. Photoperiod insensitivity, governed by 
the three genes Ppd1, Ppd2 and Ppd3, was the se-
cond dominant trait that characterized these 
cultivars (Hedden, 2003). The evaluation of  these 
cultivars was carried out in a shuttle breeding 
programme in two different environments to 
maximize the advantage of  photoperiod insensi-
tivity for expanded cultivation of  wheat across 
different environments. Ultimately, these two traits 
governed by dominant genes were responsible 
for the yield increment in green revolution wheat 
cultivars by improving the harvest index and 
facilitating the cultivation in larger extents com-
pared with traditional cultivars.

Over the years, the green revolution has been 
instrumental in the increased yield of  wheat and 
other cereals facilitating to feed the ever-increasing 
human population. Since the beginning of  the 
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green revolution, until the application of  molecular 
markers, wheat breeding depended on the intro-
gression of  various desirable traits into cultivated 
varieties through conventional means by select-
ing, crossing and backcrossing procedures. The 
international wheat breeding programmes were led 
by the International Maize and Wheat Improve-
ment Center (CIMMYT) and the International Cen-
ter for Agriculture Research in the Dry Areas (ICAR-
DA), and such conventional breeding programmes 
were successful in the improvement of  grain yield to 
very high levels. However, the conventional breed-
ing programmes are highly time-consuming and 
currently the yield levels have plateaued, not keep-
ing up with the increase in demand for grain yield. 
Under such circumstances, the molecular ap-
proaches that have been developing over the last 
three decades together with the high-throughput 
phenotyping platforms are perceived to break the 
barriers in the genetic improvement of  wheat in in-
creasing the grain yields to expected levels.

10.5  Wheat Molecular Breeding

Molecular breeding methods apply DNA finger-
printing and genotyping techniques in the iden-
tification of  the allelic make-up of  the plant to 
predict the phenotype. The novel molecular marker 
technologies – marker-assisted selection (MAS), 
genome-wide studies, targeting induced local le-
sions in genomes (TILLING), gene silencing and 
genomic selection (GS), etc. – provide more 
gene-targeted approaches in breeding crops, in 
addition to expediting the process of  genetic im-
provement compared with conventional plant 
breeding techniques. Over the last three decades, 
molecular breeding approaches have been 
progressively used in breeding wheat for higher 
yields. These efforts have considerably enhanced 

the cisgenic genetic improvement process in 
transferring the desirable alleles and allelic com-
binations by maximized germplasm and progeny 
screening and selection.

In conventional breeding, scientists focus on 
the phenotype or the manifestation of  the geno-
type. A major difference of  molecular breeding is 
the ability to detect the gene and the allelic effects 
for breeding to be more targeted and gene specific. 
Accordingly, molecular breeding techniques have 
assisted in classifying wheat yield-related genes 
(Table 10.1), elucidating that many are individ-
uals of  multigenic families rather than single 
genes (Nadolska‑Orczyk et al., 2017).

In addition, the genes and the specific alleles 
rendering different phenotypes in wheat have been 
extensively studied (Table 10.2) and utilized in 
breeding via the molecular breeding techniques.

The widely adopted molecular techniques 
to genetically improve yields, the resources that 
are needed and their limitations are discussed in 
the following sections.

10.5.1  Molecular markers

It is essential to have specific resources for the mo-
lecular breeding of  a crop to be efficient and suc-
cessful. The availability of  polymorphic molecular 
markers is one such primary essentiality. A variety 
of  molecular marker types have so far been used in 
wheat breeding. Beginning from first-generation 
marker resources, restriction fragment length 
polymorphism (RFLP), random amplified poly-
morphic DNA (RAPD), amplified fragment length 
polymorphism (AFLP) and simple sequence repeat 
(SSR) markers have been extensively used in genome 
mapping, quantitative trait locus (QTL) analysis 
and MAS in wheat. Out of  these primary marker 
systems SSRs have been the preferred choice of  

Table 10.1.  Categories of yield-related genes in wheat.

Gene/transcription factor category Governed yield trait

Transcription factors governing spike development Grain number
Genes governing metabolism or signalling growth 

regulators cytokinin, gibberellin and 
brassinosteroids

Plant architecture resulting in grain yield and stem 
hardiness

Genes governing cell division and cell proliferation Grain size
Floral regulators Inflorescence architecture governing seed number
Genes involved in carbohydrate metabolism Plant architecture and grain yield
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many in MAS in wheat (Gupta and Varshney, 
2000; Zhang et al., 2015; Su et al., 2018) while 
the low-throughput and practically difficult RFLP 
and RAPD markers are rarely used nowadays. The 
high-throughput molecular marker system of  
today, namely single-nucleotide polymorphism 
(SNP), has also been developed and utilized in QTL 
mapping in wheat (Rostoks et al., 2005; Su et al., 
2018; Xin et al., 2020; Yang et al., 2020).

Development of  molecular markers for 
wheat has been comparatively challenging due 
to its polyploid nature, including the subge-
nomes and the larger genome size. This con-
straint has been eased now with the elucidation 
of  the whole-genome sequence of  wheat in 
2012 (Brenchley et al., 2012). Molecular breed-
ing research, in the beginning, relied on linked 
markers which were located in proximity to a 
gene of  interest but not directly within the gene 
itself. This was a handicap to harness the poten-
tial of  molecular breeding. Later, functional or 
gene-specific markers, which are present within 
the polymorphic sites of  genes, have been identi-
fied to be used in wheat breeding (Liu et  al., 
2012). Among the functional markers derived 
from expressed sequence tags (EST), EST-SNPs 
(Rafalski, 2002; Wang et  al., 2017) and EST-
SSRs (Varshney et al., 2007; Yang et al., 2016) 
have been prominently used in wheat. By now 
there is a large collection of  molecular markers, 
deposited in publicly available sequence data-
bases, to be effectively used in wheat breeding.

10.5.2  High-throughput genotyping

Genotyping at the beginning of  the molecular 
era was limited to simultaneous screening of  only 
a few loci. However, the genotyping facilities 
underwent rapid improvements giving rise to 

high-throughput genotyping assays. High-
throughput genotyping technologies utilize SNPs 
in detecting genetic loci. The technological ad-
vances in detecting SNPs at large scale, along 
with the methods for next-generation sequen-
cing (NGS) that provided a method of  discovery 
of  SNPs in data sets, were instrumental in facili-
tating high-throughput genotyping. The simul-
taneous development of  bioinformatics tools 
enabled the management of  huge data sets and 
the extraction of  important genetic information 
that resulted from high-throughput genotyping 
assays. The early experiments using high-throughput 
genotyping relied on the fixed array SNP platforms 
using microarrays and subsequently flexible SNP 
platforms were developed. The developments in 
high-throughput genotyping technologies were 
coupled with the involvement of  large-scale com-
mercial investment by life science companies that 
mediated to develop sophisticated sequencing and 
genotyping platforms. The related developments 
combined the advances in different disciplines in-
cluding computer science, bioengineering, auto-
mation and nanotechnology (Thompson, 2014). 
The high-throughput genotyping facilities are ex-
pensive to set up, but the end result has been the 
decrease in the cost per sample resulting from the 
high throughput of  the experiment and accord-
ingly wheat breeding has also been benefited by 
high-throughput genotyping techniques (Rimbert 
et al., 2018). High-throughput genotyping will be 
essential in future, in tagging the array of  multiple 
genes governing wheat yields.

10.5.3  High-throughput phenotyping 
(phenomics)

The precision and the success of  gene identification 
in molecular biology depend on the accurate 

Table 10.2.  Some of the yield-determining genes in wheat and their orthologues in other cereals.

Gene Known orthologues (crop) Reference

TaCKX6-D1 OsCKX2 (rice) Nadolska‑Orczyk et al. (2017)
TaTEF-7A OsTEF1 (rice) Nadolska‑Orczyk et al. (2017)
TaGW2 (6A, 6B) OsGW2 (rice) Nadolska‑Orczyk et al. (2017)
TaTGW6-A1 (4A) OsTGW6 (rice) Hu et al. (2016)
TaGS5-3A-T OsGS5 (rice) Nadolska‑Orczyk et al. (2017)
TaSus1 (7A), TaSus2 (2A, 2B, 2D) OsSUS (rice); ZmSUS1 (maize) Jiang et al. (2011)
TaNAC2-5A HvNAC (barley) Christiansen et al. (2016)
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phenotyping of  germplasm, progeny and breed-
ing lines. The efforts on molecular breeding of  
wheat for higher yields were crucially dependent 
on the phenotypic data of  yield parameters and 
other related agronomic traits. Further, there 
was a need for the phenotyping facilities to keep 
pace with the genotyping, resulting in the need 
for high-throughput phenotyping to generate 
better-quality data free from manual errors 
(Araus et al., 2018). Generally, plants are grown 
in densely populated plots in the field, which af-
fects the kinds of  traits that can be measured ef-
fectively at the plot level compared with those at 
the single plant level. The data on parameters 
such as canopy size, light penetration, water use, 
chlorophyll fluorescence, whole plant architec-
ture, etc. combined with genomics can be used 
to develop the high-yielding plant ideotype and 
precision models.

Recording the biological features in chan-
ging environments across a multitude of  spatial 
and temporal dimensions has been a daunting 
task, limiting breeding research to very-low-
throughput phenotyping efforts. However, novel 
high-throughput phenotyping platforms have 
evolved during the last two decades facilitating 
the combining of  phenomics with other ‘om-
ics’-based approaches and leading the path to-
wards precision breeding that is highly essential 
in improving a complex trait such as yield. The 
developments in sensor technology coupled with 
computer vision tools, ranging from charge-
coupled devices (CCDs), complementary metal–
oxide–semiconductor (CMOS) technologies to 
three-dimensional shoot imaging approaches – 
have revolutionized the plant phenotyping tech-
nologies (Pieruschka and Schurr, 2019). These 
developments have led to the installation of  
high-throughput facilities, from greenhouses to 
extensive high-throughput field-phenotyping (HTFP) 
facilities, which use technologies such as magnetic 
resonance imaging (MRI), positron emission 
tomography (PET), computer tomography (CT) 
or even a combination of  them. As of  today, the 
high-throughput phenotyping facilities use sat-
ellite imaging, unmanned aerial vehicles (UAVs) 
and ground-based vehicles and sensors for prox-
imal phenotyping, providing plant breeders with 
technologically advanced options for large-scale 
precision phenotyping (Chawade et al., 2019).

The feasibility of  extensive phenotyping for 
important traits leads to the novel technique 

referred to as ‘phenomics’, which comes under the 
current ‘omics’ approaches. With the development 
of  remote sensing technologies, high-throughput 
phenotyping became a practical feasibility 
allowing the recording of  phenotypic data in a 
large population within a very short time period. 
Accordingly, the phenotyping technique of  spec-
tral imagery has been used to record yield, bio-
mass and other yield-related traits in breeding 
wheat for higher yields (Reynolds et al., 2015). 
In another study, a robotic phenotyping platform 
was used to measure the canopy height of  a wheat 
population (Lyra et al., 2020). Genetic dissection 
of  lodging (Singh et  al., 2019) and early selec-
tion for desirable traits (Hu et al., 2020) are some 
recent examples of  the use of  high-throughput 
phenotyping in wheat breeding for higher yields.

10.6  Quantitative Trait Locus/Gen-
ome Mapping and Marker- 

Assisted Selection

Gene/QTL mapping is the location of  genes/QTLs 
to different chromosomes and specific places 
along chromosomes. Location of  genes/QTLs is 
essential for subsequent MAS and breeding. The 
availability of  populations such as F2s, back-
crosses, recombinant inbred lines (RILs) and 
doubled haploid lines (DHLs) that are segregat-
ing for yield and related traits and a high-density 
marker coverage of  the genome are essential re-
quirements for mapping genes for yield in wheat. 
The mapped genes/QTLs for yield are expected to 
enhance breeding programmes by defining more 
gene-targeted selection criteria and identifying 
desirable parents in a cross (Austin, 1993).

The first-ever genome map of  wheat was 
developed in 1989 using RFLP markers (Chao 
et al., 1989). Following this, many QTL maps of  
wheat have been developed using AFLP, SSR, Di-
verse Arrays Technology (DArT), SNP and other 
functional markers. There have been several 
genome maps specifically concentrating on the 
mapping of  yield-related traits: length and width 
of  the kernel, spike number and length, fertile 
and sterile grain numbers per spike, and the 
weight of  1000 grains (Li et  al., 2007; Ramya 
et al., 2010; Sun et al., 2010; Carter et al., 2011; 
Deng et al., 2011; Heidari et al., 2011; Cui et al., 
2012; Liu et al., 2012).
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Despite the achievements in mapping yield-
related QTLs in wheat, there has been a deficit in 
actually transferring such identified genes/QTLs 
from the mapping populations to a cultivated 
variety followed by successful cultivation of  that 
variety by wheat farmers (Slafer, 2003). The 
reasons for this drawback would be the intrinsic 
complications: the complexity of  the trait involv-
ing many QTLs governing yields (Stuber et  al., 
1999), the low resolution of  yield-related QTLs, 
the negative correlation of  yield components 
negating the net effect of  identified QTLs and the 
more significant gene × environment (G × E) 
interaction. The grain yield, the final product of  
any crop, is determined by the genotypic poten-
tial (G), the environmental effect (E) and the G × 
E interaction (Yan and Kang, 2002). In the pres-
ence of  G × E interaction, the phenotyping ex-
periments for tagging QTLs should carefully be 
designed to capture the effects of  genotype. 
Under such circumstances, the selection of  
genotypes based solely on the mean yield is inad-
equate as described by Sharifi et al. (2017).

Mapping genes/QTLs subsequently allows 
MAS in crops. MAS is based on the linkage of  a 
trait to molecular markers facilitating selection 
via the linked or functional markers, without 
being entirely dependent on the phenotypic ex-
pression. MAS possess the advantages of  reveal-
ing the true genetic effects independent of  the 
environment and the facility for detection of  the 
phenotype at any growth stage without waiting 
for the ultimate expression of  the trait.

It has been recorded that more than half  of  
the wheat varieties that are recommended have 
been developed with the utilization of  molecular 
markers at some stage of  the breeding pro-
gramme (Varshney et  al., 2007) and the per-
centage has risen to almost 100% by now. The 
time taken for the development of  such varieties 
has been recorded to be about half  that taken 
with the methods utilizing conventional breed-
ing strategies alone. MAS has also been used in 
wheat in pyramiding genes mainly for pathogen 
resistance (Anderson et al., 2007), with records 
for yield traits being scarce. Therefore, it is highly 
important to consider the efficiency of  the ap-
proach used compared with the phenotypic se-
lection, the appropriateness of  the marker and 
the contribution of  the gene to the phenotype in 
using MAS to improve such a complex and 
QTL-governed trait as yield.

10.7  Marker-Assisted Backcrossing

Marker-assisted backcross breeding (MABB) in-
volves the use of  molecular markers to screen for 
the individuals having the favourable alleles in 
backcross breeding. MABB can be used to select 
the background for donor alleles and the fore-
ground for the recurrent parent alleles (Young 
and Tanksley, 1989). MABB is highly effective in 
selecting individuals compared with conven-
tional methods. MABB assists in reducing the 
number of  backcross generations and limits the 
number of  individuals to be maintained and ad-
vanced to subsequent generations, minimizing 
the costs and time involved in backcrossing.

The use of  gene-based markers enhances the 
efficiency of  MABB and in the absence of  such 
markers, it is important to use markers which are 
tightly linked to the QTL of  concern. Marker-
assisted backcrossing (MABC) can also be used 
to introgress multiple QTLs, or gene pyramiding, 
which assists in developing desirable phenotypes 
which are stable and durable. However, in gene 
pyramiding, the population size should match 
with the number of  QTLs to be introgressed and 
the number of  QTLs that are to be simultan-
eously introgressed should be kept at a manage-
able level for success of  MABC in a lesser number 
of  generations. For example, with MABC, genes 
such as qualitative and quantitative are rapidly 
transferred from wild progenitors to advanced 
breeding lines, simultaneously pyramiding them 
into a single line. MABC has been applied in 
wheat to introgress QTLs for high concentra-
tions of  Fe and Zn in the grain (Hao et al., 2014; 
Srinivasa et  al., 2014). Identification of  yield-
related QTLs for introgression has been challen-
ging so far, yet it remains a task for the future in 
improving wheat for higher yields.

10.8  Genomics in Wheat Breeding

Genomics is the study about the entire genome 
in a single assay. The availability of  a large vol-
ume of  genetic information on multiple traits 
and alleles has facilitated the genome breeding 
approaches targeting to improve multiple alleles 
concurrently (Langridge, 2005). With the ad-
vancement of  molecular breeding, a wide array 
of  genomic resources, such as high-density genome 
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and QTL maps, a variety of  genetic stocks, phys-
ical maps, including bacterial artificial chromo-
some (BAC) libraries and the whole-genome se-
quence information, became available in primarily 
important crops including wheat. The whole-
genome breeding of  these crops is being assisted 
with transcriptomics, metabolomics and prote-
omics, which are identified as ‘omics approaches’ 
in molecular biology, and wheat breeders have 
started utilizing the whole-genome breeding 
strategies to improve multiple traits including 
yield (Fig. 10.1).

10.8.1  Association/linkage  
disequilibrium mapping in wheat

Association mapping is a technique based on 
linkage disequilibrium (LD) in tagging QTLs. 
Association mapping can be applied to scan the 
entire genome, which is referred to as genome-
wide-association studies (GWAS). One major 
advantage of  GWAS is the ability to use the nat-
ural populations such as landraces and germplasm 
collections in mapping QTLs, avoiding the necessity 

of  segregating populations which are needed for 
linkage mapping. Compared with the segregat-
ing populations, the natural populations have 
undergone many cycles of  recombination, re-
sulting in higher resolution in mapped QTLs.

LD is defined as the non-random association 
of  markers. In association studies, the extent of  
LD around a specific locus defines the map reso-
lution and the number of  markers needed for the 
whole-genome scan (Rafalski and Morgante, 
2004). In such genome scans, the genes with 
even small effects can be detected in a suffi-
ciently large population. For example, the asso-
ciations of  genes accounting for about 8% of  the 
variation can be detected in a population of  500 
while a population of  100 detects only the asso-
ciations of  over 15% (Varshney et al., 2007).

LD mapping has been applied in wheat to 
tag QTLs responsible for several traits, some of  
which are related to yield. For example, LD ana-
lysis has revealed 62 loci governing kernel size 
and milling quality on chromosomes 2D, 5A and 
5B (Breseghello and Sorrells, 2005). Besides, 
GWAS studies on landraces and wild relatives of  
wheat have identified QTLs associated with mor-
phological traits in normal irrigated, heat and 
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Fig. 10.1.  Integration of different ‘omics’ approaches in developing high-yielding wheat varieties.
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drought environments and with disease resist-
ance (Liu et al., 2014; Kertho et al., 2015; Suku-
maran et al., 2017).

10.8.2  Comparative genomics  
in wheat breeding

Genomes of  plants are highly diverse in their 
size, ploidy levels, number of  chromosomes and 
base sequences. Despite the millions of  years of  
separate genome evolution creating this diver-
sity, a significant collinearity has been observed 
especially among the members of  the families 
Poaceae (Ahn et al., 1993; Devos, 2005), Brassi-
caceae (Lagercrantz, 1998), etc. Such syntenic 
regions in the genome have facilitated compara-
tive mapping and QTL identification across spe-
cies. This molecular approach is referred to as 
comparative or synteny mapping, and it allows 
the transfer of  genetic information from the spe-
cies having abundant sequence and genetic in-
formation (including model species) to species 
lacking such information.

Both rice and wheat are included in the same 
family Poaceae, and they differ in plant architec-
ture related to the inflorescence. Rice is con-
sidered the model species for grasses due to its 
smaller genome size and the availability of  gen-
ome sequence information much earlier than  
for wheat. Accordingly, prior to the elucidation 
of  the genome sequence, wheat benefited by 
comparative mapping with rice. A comprehen-
sive analysis of  ESTs revealed chromosomal re-
arrangements in wheat compared with rice, 
with non-consistent physical locations in the 
non-conserved regions (La Rota and Sorrells, 
2004). In spite of  the disturbed micro-synteny 
between rice and wheat genomes, gene isolation 
has been facilitated in wheat via map-based 
cloning approaches (Stein and Graner, 2004), in 
addition to the usage of  molecular marker re-
sources derived from syntenic regions across rice 
and wheat (Khlestkina et al., 2004). Hanif  et al. 
(2016) and several other research teams have 
reported the tagging of  yield QTLs of  wheat through 
comparative mapping with rice. Accordingly, 
even after availability of  the whole-genome se-
quence of  wheat, the genetic information de-
rived for rice in morphology and yield-related 
traits can be examined for cross-transferability 

avoiding the duplication of  complex experiments 
in increasing wheat yields.

10.8.3  Genomic selection

GS is a novel marker-assisted breeding technique 
adopted to train a prediction model using ge-
nome-wide markers and phenotypes from a ref-
erence population. The prediction model thus 
developed can be used for the prediction of  
breeding values based on the marker data of  the 
genome. GS is a more effective selection method, 
especially for polygenic traits such as yield (Ber-
nardo and Yu, 2007). In addition, the rate of  gen-
etic gain in populations can be increased by using 
the GS technique. The use of  GS in breeding wheat 
has been shown to be promising (Heffner et  al., 
2011). Several studies have revealed moderate to 
high prediction levels in breeding for grain quality 
(Velu et al., 2016), disease resistance (Ornella et al., 
2012; Arruda et  al., 2015) and importantly for 
grain yield (Crossa et  al., 2010; Dawson et  al., 
2013). Sukumaran et al. (2017) reported the de-
velopment of  prediction models and testing them 
on 287 advanced elite spring wheat lines pheno-
typed for grain yield, grain number and 1000-grain 
weight in 18 different environments in different 
countries. The results indicated a high potential for 
utilizing GS in marker-assisted breeding. Accord-
ingly, once the GS models are validated, it will be 
possible to use such models in combination with 
MAS to improve even a complex trait such as yield.

10.8.4  Ideotype breeding and systems 
modelling

Genomic approaches in wheat breeding can fa-
cilitate the development of  an ideotype of  wheat. 
A genetic ideotype is an ideal plant having a ma-
jority of  desirable alleles delivering the potential 
for economically positive traits resulting in high 
yields. An ideotype can be developed by ‘design-
ing’ chromosomes to contain the intended posi-
tive alleles, and this can be achieved by effective 
employment of  genome breeding techniques. 
Advanced technologies of  marker screening and 
association genetic studies facilitate the building 
of  key chromosome blocks and haplotype struc-
tures for ideotype breeding.
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In ideotype breeding, it is important to deter-
mine the allelic combinations that would make 
up a high-yielding ideotype of  wheat. Combining 
desirable alleles at multiple loci into an adapted 
high-yielding cultivar of  wheat would result in a 
wheat ideotype. Kuchel et al. (2003) reported the 
enrichment of  a high-yielding wheat cultivar 
with alleles for correcting multiple deficiencies. 
Christy et al. (2020), in a study using 200 wheat 
genotypes, reported the identification of  optimum 
allelic combinations of  the photoperiod (Ppd) and 
vernalization (Vrn) genes for the determination of  
an allelic-based phenological model for the pro-
duction of  a defined ideotype.

Plant systems modelling is a mathematical 
method to model for quantitative representa-
tion, integration and simulation of  biological 
parameters in a plant. Systems models can assist 
MAS and QTL mapping, as demonstrated by Gu 
et al. (2014) in analysing the impact of  genetic 
variation in the rate of  leaf  photosynthesis via 
QTLs on crop biomass production. Systems 
models do possess a huge potential in directing 
crop improvement for higher biomass leading 
to higher grain yields. Systems models in com-
bination with genomics and phenomics are re-
ferred to as the three pillars in breeding for 
high-yielding photosynthetically efficient crops 
(Cheng et al., 2019). Accordingly, ideotype breeding 
combined with these three pillars is envisaged to 
be a strategy for the future in the development of  
high-yielding wheat cultivars enhanced with 
other desirable traits.

10.9  Other Molecular Technologies 
and Next-Generation Approaches in 

Wheat Breeding

Cisgenesis is defined as the transfer of  genes 
within the compatible species of  the same genus 
using molecular biological approaches. The mo-
lecular approach of  cisgenesis (Schouten et  al., 
2006) is similar to that of  classical breeding, but 
the molecular approach of  cisgenesis possesses 
the advantages of  comparatively rapid transfer 
of  required genes and the lesser constraints re-
lated to linkage drag (Mondal et  al., 2016). In 
addition, the transfer of  genes with limited levels 
of  allelic variations is also facilitated through 
this method. There are some examples of  the use 

of  cisgenesis in cereals, with transfer of  the 
high-molecular-weight glutenin subunit 1Dy10 
gene responsible for superior bread-making 
quality from hexaploid bread wheat to tetraploid 
durum wheat (Gadaleta et  al., 2008) being an 
example of  the technology’s use in wheat. The 
possibility of  the transfer of  the selected genes 
via gene cassettes is being explored (Ellis et  al., 
2014), but the limitation is the need for ge-
nome-editing technologies, which are still being 
experimented, to be practical realities. However, 
the rapid development of  molecular technolo-
gies is expected to provide practical approaches 
for yield enhancement in wheat.

Among the recent molecular biological tools, 
genome editing is considered to be a powerful tool 
in the genetic improvement for yield via targeted 
mutagenesis, gene editing and gene stacking. Al-
ready, transcription activator-like effector nucle-
ases (TALEN) and clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) gene editing tech-
niques have been applied in wheat (Wang et  al., 
2014). In addition, RNAi-based gene silencing 
technologies have been utilized in wheat in the 
genetic analysis including functional gene ana-
lysis (Fu et al., 2007) and increasing grain hardi-
ness (Gasparis et  al., 2013), giving evidence for 
future potential in breeding for increased yields. 
Furthermore, mutant induction using TILLING 
strategies is also expected to be a future technol-
ogy in polyploid species such as wheat in breeding 
for higher yields (Nadolska‑Orczyk et al., 2017).

10.10  Future Perspectives and 
Conclusions

Molecular breeding approaches are considered 
to be the best option for overcoming the chal-
lenges posed by yield stagnation in crops, includ-
ing wheat. Wheat possesses a complex genome 
and yield is a super complex trait to improve gen-
etically. A deficiency of  knowledge in the physi-
ology, cell biology and biochemistry of  the 
individual traits of  yield components and the lack 
of  progress in the introgression of  elusive yield-
related QTLs have limited the progress in breed-
ing for yield using both conventional tools after 
the green revolution and even at the initial 
stages of  the molecular era. However, the mo-
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lecular breeding approaches that have evolved 
over the last three decades provide gene-targeted 
high-throughput options to breed wheat for 
higher yields. The availability of  rich genetic di-
versity of  wheat, including members of  different 
ploidy levels and wild relatives, is the most im-
portant natural resource that can be used in 
breeding wheat for increased yields. The mo-
lecular approaches for detection of  yield-respon-
sible transcripts and development of  novel mu-
tants can be used for determining the important 
functional genes responsible for yield. Modern 
molecular techniques, along with the availabil-
ity of  the whole-genome sequence of  wheat, 
have been proven to be highly efficient in mining 
wheat germplasm for allele-specific desirable 

traits. The identification of  physiological, bio-
chemical and morphological parameters defin-
ing a high-yielding wheat ideotype is fundamen-
tal for breeding to achieve such a genotype. The 
molecular technologies such as QTL analysis, 
GWAS, MABB and GS, coupled with advanced 
statistical analysis methods, can be utilized for 
locating genes making the ideotype. The use of  
high-throughput genotyping and phenotyping 
platforms and other ‘omics’ approaches, sequen-
cing facilities and bioinformatics tools can 
greatly enhance and expedite this process. The 
judicious and targeted use of  molecular breed-
ing tools will be instrumental in breaking the 
yield plateau in wheat for the second major revo-
lution in increasing wheat yields.
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11.1  Introduction

Plant breeding is the science and art of  developing 
new crop varieties (Fehr, 1991; Sleper and Poe-
hlman, 1995). The art component includes the 
breeder’s imagination of  a crop ideotype together 
with his/her visual skills, while various principles 
from a variety of  sciences are used to improve 
the overall genetic potential of  a crop. With an 
increased understanding of  crop genetics, plant 
breeders can keep track of  how genomic regions 
and cultivar are inherited or combined in a new 
line. In addition, genetic architecture governing 
economically important traits has been eluci-
dated. In the last two decades, several factors 
have especially allowed this increased depth of  
genomic information: (i) rapid evolution of  new 
sequencing and genotyping technologies has led 
to better marker platforms with enhanced depth 
and density across at reduced costs; (ii) pheno-
typing, sequencing and genotyping methods are 
increasingly fully automated; and (iii) the produc-
tion of  large data sets, ‘big data’, has been rising 
along with the use of  prediction and machine 
learning methods. Beside advances in genomics, 
there have been remarkable developments in 

other areas, such as: (i) shortening breeding cycles 
via rapid generation advance (RGA) techniques; 
(ii) high-throughput phenotyping; and (iii) full 
or partial automation or mechanization of  breed-
ing trials. Clearly, the next-generation technologies 
have increased implications in the current 
breeding methodology in any crop, including 
wheat. The fundamental basis of  increased gen-
etic gains, however, remains the same as of  
today for quantitative traits: the breeder’s equa-
tion by Lush (1937) (Fig. 11.1).

Rate of  genetic gain (Δ
g
) is driven as a 

function of  the heritability of  a trait (as a meas-
ure of  accuracy), selection intensity, genetic 
variability and the cycle length (Fig. 11.1). The 
rate of  genetic gain can therefore be increased 
when:

1.	The heritability is improved – either through 
direct selection of  a trait per se via excellent 
trial management or using indirect selection 
such as marker-aided selection or genomic se-
lection (GS).
2.	Stronger selection intensity is applied without  
reducing desirable genetic variability – this can be 
achieved by identifying individuals via precision 
genotyping and phenotyping.

*Corresponding authors: to rosyaraur@gmail.com; s.dreisigacker@cgiar.org
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3.	The generation/cycle interval is shortened – via 
techniques such as speed breeding, RGA or 
doubled haploid (DH) production.
4.	The genetic variability is increased by growing 
larger populations – without compromising the 
quality of  breeding trial management.

Rate of  genetic gain should also be considered in 
terms of  funds spent, i.e. rate of  genetic gain per unit 
funds spent (Δ

g/M
), where M is the total spend.  

Thus, rates of  genetic gain are also tied with overall 
management of  breeding programmes in terms of  
funding, time and human resource management. 
Modern breeding programmes draw on 
high-throughput genotyping/phenotyping, effect-
ive trial management and overall operational excel-
lence, data collection, data storage and analytics, 
and decision support. When a large amount of  data 
can be collected, stored, analysed and provided in 
meaningful ways to breeders, it can complement the 
breeders’ required memory/experience or artis-
tic skills. Most futuristic thinking includes complete 
automation of  the breeding process, where breeding 
is completely done by robots/artificial intelligence 
(i.e. ‘robo-breeders’). This chapter discusses some of  
the strategies that have started and will further 
transform wheat breeding in the next few years.

11.2  Genomic Selection

In contrast to conventional marker-assisted  
selection (MAS), GS involves a larger number of  

genome-wide markers, irrespective of  linkage or 
association with quantitative trait loci (QTL) or 
genes of  interest (Bernardo 1994; Meuwissen 
et al., 2001). The first step in GS is model devel-
opment where one or more statistical models are 
utilized and tested using a training population 
which is both genotyped and phenotyped 
(Fig. 11.2). Once a model is developed and valid-
ated, it is used to calculate genomic estimated 
breeding values (GEBVs) in an application popu-
lation, from which individual lines are selected 
for crossing or generation advance.

In recent years, GS has gained popularity in 
plant and animal breeding (e.g. Bernardo and 
Yu, 2007; Van Raden 2008; Crossa et al., 2010, 
2017; Lehermeier et al., 2013). In practice, the 
main purpose of  applying GS is to predict the 
genetic merit of  lines ahead of  time so that can-
didate individuals can be selected in an earlier 
breeding generation(s) and with higher accur-
acy over phenotype-based selection with re-
duced cost.

Breeding values in GS are predicted using 
statistical equations. The basic genomic predic-
tion model can be represented by the following 
mixed-model equation:

= +y uZ e � (11.1)

where y is a vector of  phenotypes consisting of  
phenotypic value or of  adjusted means (e.g. best 
linear unbiased predictor (BLUP), best linear un-
biased estimator (BLUE)), u is a vector of  random 
genetic values, ε is the vector of  residuals and Z is 

heritability

rate of genetic gain

= × ×
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Fig. 11.1.  The breeder’s equation: rate of genetic gain and factors affecting genetic gain – heritability, 
selection intensity, generation interval and diversity, accuracy of selection can be defined as the 
correlation between estimated (û ) and true breeding value (u), h = r(u, û).
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the design matrix based on marker scores. As ge-
nome-wide prediction uses a large number of  
markers, it creates a p > n issue; that is, the num-
ber of  markers/parameters (p) is greater than 
the number of  samples (n). Therefore, shrinkage 
needs to be integrated into the prediction model. 
With Gaussian methods several prior distribu-
tions can be fitted to deal with this issue (Pérez 
and de los Campos, 2014). The breeding value 
with shrinkage, λ, included would be: 

l -= = ¢ + ¢1ˆBLUP[ ] ( )u u Z Z Z yI . This equation can 
be extended to additional fixed-effect covariates 
and replacing the marker matrix with a marker-
based relatedness matrix, a method also known 
as GBLUP:

= + +y X uZb e � (11.2)

where β is a vector of  fixed effects and X and Z 
are design matrices. The u was assumed to fol-
low a Gaussian distribution s~ 2(0, )gNu A , where 
A is the genomic relationship matrix and s 2

g  is 
the additive genetic variance. The residuals ε 
was assumed to follow a Gaussian normal distri-
bution s~ 2(0, )gN Ie , where I is the identity ma-
trix. With group effects used as fixed effect ÎX G , 
where G is the matrix of  group relationship 
{0,1} for one or more groups, the additive rela-
tionship matrix (AM) can be calculated as

= T
MA MM , where Î -{1,0, 1}M  depending upon 

whether marker is homozygous reference or het-
erozygous or homozygous alternate alleles. The 
model can be extended to fit a Gaussian kernel-
based relationship matrix KM, q= -exp[ ( / )]ij ijK D , 
where D

ij
 is the Euclidean distance normalized to 

interval [0,1] and θ is the scale parameter (Rosyara 
et al., 2016). The Gaussian kernel model can in-
directly account for epistatic effects (Sehgal 
et al., 2020). The model performance is usually 
evaluated based on accuracy, i.e. the correlation 
between actual and predicted breeding values. 
There are several factors influencing prediction 
accuracy: the prediction model, training popula-
tion size, trait heritability, genetic relationship 
between training and validation sets, population 
structure and training population composition.

Studies on GS have been growing in wheat 
during the last decade (Rutkoski et  al., 2010, 
2012, 2014; Poland et  al., 2012; Crossa et  al., 
2014; Juliana et al., 2017, 2018, 2019; Sehgal 
et  al., 2020) and different traits show different 
levels of  prediction accuracy (Table 11.1). The 
International Maize and Wheat Improvement 
Center (CIMMYT) Wheat Program started to ex-
plore GS more aggressively as a breeding tool in 
2010. Since then, CIMMYT has made significant 
contributions developing and testing various new 
genome-wide prediction models in CIMMYT 
wheat data sets. GS became operational in the 
CIMMYT spring bread wheat programme in 
2013 and today is routinely applied at the first 
yield trial stage to improve selection accuracy 
in a large set of  lines with limited phenotypic 
information.

Implementing GS in a breeding programme 
should often justify its advantages over the 
standard breeding approaches. A routine way of  
applying GS in animal breeding is to predict the 
breeding value of  potential parents for mating, 

Genotyping
advanced lines

Train
prediction
model

New lines

New lines

Genotyping

Breeding value
estimation

y = Xb + Zu + e

û = (Z′Z + l I)–1 Z′y

Phenotyping
advanced lines

Crossing or
selection with
high GEBV

Model development training/
testing, update

Model application:breeding value
estimation

Fig. 11.2.  Example GS cycle: model development, update and utilization.
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which in plant breeding could be translated to 
an ‘elite line crossing model’, namely crossing 
two lines with high GEBV with the assumption 
that they will produce a population with trans-
gressive segregants. An alternative model is cross-
prediction: the ‘best combiner model’ where 
essentially a breeding value is assigned to crosses 
rather individuals (Lado et  al., 2017). In some 
cases, the objective of  GS can also simply be to 
reduce phenotyping cost via selecting lines that 
are likely to succeed or discarding lines that are 
likely to fail (Beyene et  al., 2019). The cost of  
genotyping (C

G) can be compared with the cost 
of  phenotyping (CP) and how both relate to in-
creased genetic gains estimated. The relative effi-
ciency of  genomic selection (GSeff) can be 
represented by the equation:

= GS M,G GS
eff

PS P,G PS

( )
G

(

/

/
S

)

i r L

i r L
� (11.3)

where iGS is the selection intensity when using 
GS, rM,G is the accuracy of  genomic selection, LGS 
is the cycle length using GS, iPS is the selection 
intensity using phenotypic selection, rP,G is the 
accuracy of  phenotypic selection (i.e. heritability) 
and LPS is the cycle length using phenotypic  
selection. Assuming that selection intensity and 
cycle length are fixed, the advantage of  GS over 
phenotypic (PS) would be simply the ratio of  ac-
curacy between the two: rM,G/rP,G. Let us assume 
rP,G = 0.25 and rM,G = 0.50, the cost of  phenotyp-
ing and genotyping is equally $15 per line and 
the cycle length is 7 years, the genetic gain can 

potentially be doubled applying GS. When rM,G is 
high, selection intensity (iGS) can be increased, 
which will further increase GSeff. Another poten-
tial point of  intervention is to decrease cycle 
length (LGS), by combining RGA with GS (Voss-
Fels et  al., 2019), as discussed in the following 
sections.

11.3  Rapid Generation Advance

In a self-pollinated crop such as wheat, a breed-
ing cycle involves a cross followed by various 
generations of  selfing to generate genetically 
stable lines for performing yield tests. The cycle 
usually requires five or six generations of  selfing 
(Fig. 11.3). In many environments where only a 
single season can be planted each year, this step 
thus requires 5–6 years. Alternatively, when 
shuttle breeding or winter nurseries are possible, 
two, sometimes up to three, seasons per year can 
be planted. This reduces the selfing generations 
to 3–4 years. The process can be further acceler-
ated by RGA methods such as speed breeding.

The RGA method has already been targeted 
by breeders for some time in several crops to 
speed up the breeding process (Depauw and 
Clarke 1976; Heu et al., 1982; Carandang et al., 
2006; Tanio et al., 2006; Gaur et al., 2007; Bhat-
tarai et  al., 2009; Ishigaki, 2010;  Wang et  al., 
2011; Rizal et  al., 2014). One common tech-
nology for RGA is the production of  DHs (Niu 
et  al., 2014; Patial et  al., 2019). However, DHs 

Table 11.1.  Genomic prediction accuracy for example traits in wheat.

Trait Prediction accuracy Reference

Grain yield 0.35–0.40 (within cycle)
0.05–0.15 (between cycles)

Juliana et al. (2018); Sehgal et al. 
(2020)

1000-Kernel weight 0.45–0.81 Battenfield et al. (2016)
Hardiness −0.02–0.82 Battenfield et al. (2016)
Grain protein 0.32–0.95 Battenfield et al. (2016)
Mixogram performance 0.41–0.85 Battenfield et al. (2016)
Leaf rust (seedling) 0.31–0.74 Juliana et al. (2017)
Leaf rust (adult) 0.12–0.56 Juliana et al. (2017)
Stem rust (adult) 0.31–0.65 Juliana et al. (2017)
Yellow rust (seedling) 0.70–0.78 Juliana et al. (2017)
Yellow rust (adult) 0.34–0.71 Juliana et al. (2017)
Fusarium head blight (severity) 0.34–0.64 Rutkoski et al. (2012)
Fusarium head blight 

(deoxynivalenol content)
0.18–0.55 Rutkoski et al. (2012)
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have the disadvantage of  being expensive to de-
ploy in a larger breeding programme. An alter-
native to DH production is speed breeding 
(Ghosh et al., 2018; Watson et al., 2018), which 
includes extending the daily exposure of  plants 
to light along with early seed harvest. Speed 
breeding has been reported to achieve as much 
as six generations per year in spring bread wheat 
(Triticum aestivum), durum wheat (Triticum 
durum) and other crops. Thus, individual plants 
can be advanced up to the F

6 generation within 
1 year. The downside of  using speed breeding, 
however, is that phenotypic characterization is 
almost impossible and can only partly be com-
pensated with the screening for major genes or 
QTL with linked molecular markers. Voss-Fels 
et al. (2019) suggested to combine GS with speed 
breeding in wheat. At different institutions, sev-
eral deployment options must still be simulated 

and tested for different traits to validate this com-
bined approach for transforming wheat breeding. 
The CIMMYT wheat programme will test such a 
scheme characterized by a rapid turnover of  gen-
erations as bulks and early generation GS utilizing 
the earliest possible phenotypic and genotypic 
data to select parents for the subsequent breeding 
cycle. Combining the accelerated breeding process 
with data-intensive techniques such as GS re-
quires robust data management.

11.4  Breeding Data Management

Rate of  genetic gain per unit of  investment in a 
breeding programme depends upon several ac-
tivities, such as the level of  mechanization or 
automation, human resources, the agronomy 
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Fig. 11.3.  Proposed spring wheat breeding schemes: one season per year (model 1); shuttle breeding or 
an off season for generation advance (model 2); and speed breeding with three seasons per year (model 3), 
in which a maximum of six seasons is possible in wheat but may be a logistical challenge in some 
circumstances. PYT, preliminary yield trial; AYT, advanced yield trial.
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applied, reliable data generation and data manage-
ment. Effective management of  data (collection, 
storage, analysis, visualization) becomes increas-
ingly important in line with the development of  
a robust breeding decision-support system. Data 
management, ideally, should include all types of  
data: phenotypic, genotypic, climate data, etc. 
With the implementation of  GS, high-throughput 
phenotyping/phenomics and any other new 
technologies, efficient data management becomes 
more relevant. Developments in the area of  com-
putation technology make this more automated, 
faster, as well as cheaper.

In a breeding programme, the most routine 
and obvious step is the collection of  phenotypic 
data. Instead of  using traditional field books, a 
more efficient way to gather data today is by 
hand-held devices paired with custom mobile 
apps. For example, Field Book (Rife and Poland, 
2014) and KDSmart (http://www.kddart.org/
kdsmart.html, accessed 15 February 2010) are 
used at CIMMYT, which can automatically  
load phenotypic data into a database. Ideally 
such hand-held devices have barcode scanners. 
Sample tracking is an additional key element  
for both automated genotyping and phenotyp-
ing. Sample tracking for genotyping includes 
tracing samples from field to the laboratory,  
to an eventual genotyping service provider  
and back to the field. There are several labora-
tory management systems (LIMS) in use by  
different molecular laboratories. CIMMYT  
has a custom-built sample tracking system that 
is a DNA sample tracker (https://github.com/
itucimmyt/Sample_tracking_system_CE, accessed 
15 February 2021).

11.4.1  Databases and associated 
breeding information management 

systems

A database is a collection of  information that is 
organized in tables and stored on a computer 
system. This information can be updated or 
modified as required with the help of  a database 
management system (DBMS), which is a software 
for creating and managing data in the database. 
A DBMS interface is a user interface which al-
lows for the ability to input queries to a database 
without using the query language itself. The 

DBMS interface provides users and programmers 
a defined process for data retrieval, manage-
ment, updating and creation. Some of  the popu-
lar DBMSs are SolarWinds Database Performance 
Analyzer, Oracle RDBMS, IBM DB2, Microsoft® 
SQL Server, SAP Sybase ASE, MySQL, Microsoft 
Access, Informix, SQLite, PostgreSQL, AmazonRDS, 
MongoDB, Redis, OrientDB, phpMyAdmin, SQL 
Developer, Seqel PRO, Hadoop HDFS, Cloudera, 
MariaDB and Informix Dynamic Server.

Generic databases can be divided into two 
major types: (i) relational or sequence databases; 
and (ii) non-relational or non-sequence data-
bases. A relational database is a digital database 
used on the relational model of  data (Codd, 
1970) and the software used to maintain such a 
database is called a relational database manage-
ment system (RDBMDS). The RDBMDS uses 
schema, which are templates used to dictate  
the structure of  data that will be stored within 
the database. The relational model organizes the 
data into one or more tables (or ‘relations’) of  
columns and rows. Each row has a unique key 
that identifies each row. Rows are called records 
or tuples while columns are called attributes. 
Many of  the known RDBMDSs have an option 
for using Structured Query Language (SQL) for 
querying and maintaining; for example, Oracle 
(https://www.oracle.com/database/, accessed 15 
February 2021), PostgreSQL (https://www.post-
gresql.org/, accessed 15 February 2021) and 
MySQL (https://www.mysql.com/, accessed 15 
February 2021). Relational databases follow the 
strict schema, enabling data to be predictable 
and easily assessable. Use of  strict schema means 
each new entry must have a different compo-
nent that should fit to a preformed template. In 
contrast to relational databases, the non-relational 
databases are more forgiving in their structure 
and form.

Although the conventional RDBMDSs are 
designed to build and store, manage and analyse 
large-scale data, they face a performance prob-
lem when it comes to a large matrix of  data like 
that of  a genomic experiment meant to perform 
GS (Nti-Addae et  al., 2019). To deal with large 
data sets in the genomic context, non-relational 
databases are sometimes chosen including 
MonetDB (Cijvat et  al., 2015), NoSQL systems 
(Guimaraes et al., 2015) and MongoDB, a docu-
ment-based NoSQL database, used in Gigwa 
(Sempéré et  al., 2016), for example. Nti-Addae 
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et  al. (2019) found that the Hierarchical Data 
Format (HDF5) is the most efficient way to store 
high-volume and complex data, when they per-
formed benchmarking against relational and 
non-relational databases. Desired features of  DBMSs 
include menu-based interfaces for web clients or 
browsing (browsing interface), forms-based 
interfaces (e.g. users can fill out form entries to 
insert new data), graphical user interfaces 
(which display schema in which the user can 
specify a query by manipulating a diagram), 
natural language interfaces, and speech input 
and output. Online or web database applications 
are very convenient in breeding contexts where 
multiple users can access and manage data re-
motely via the Internet. The online databases are 
a popular type to serve genomic information to 
the community. Several plant genomics data-
bases are available online, including the Genome 
Database for Rosaceae (Jung et al., 2008), Cotton-
Gen (https://www.cottongen.org/, accessed 
21 February 2021), GrainGenes (https://wheat.
pw.usda.gov/GG3/, accessed 15 February 2021), 
SoyaBase (https://www.soybase.org/, accessed 
15 February 2021), MaizeGDB (https://maize-
gdb.org/, accessed 15 February 2021) and TAIR 
(https://www.arabidopsis.org/, accessed 15 
February 2021).

11.4.2  Databases and connection to 
breeding software

Usually, breeding programmes are interested in 
connecting applications such as R programming 
(https://www.r-project.org/about.html, accessed 
15 February 2021) to a database to enable the 
analysis and visualization of  data. Several pack-
ages on CRAN (Comprehensive R Archive Network) 
provide (or relate to) interfaces between data-
bases and R; for example, MySQL (dbConnect, 
TSMySQL), Oracle (RODM, ROracle), PostgreSQL 
(RpgSQL, RPostgreSQL, TSPostgreSQL), SQLite 
(shSQLite, RSQLite, RSQLite.extfuns, TSSQLite), 
Cassandra (RCassandra), MongoDB (RMongo, 
rmongodb), fame (fame), TSfame (TSfame) and 
HDF5 (h5r, hdf5). In similar way, several analyt-
ical and visualization modules (software) writ-
ten in other programming languages such as 
Java or Python can be connected to databases to 
create a complete breeding decision system. In 

this context, the application programming inter-
face (API), which defines the interaction between 
software intermediaries, defines the kinds of  calls 
or requests that can be made, how to make them 
and the data format to be used. To set a standard 
for applications and facilitate interoperability 
among breeding applications, a consortium of  
plant breeding community members has con-
tributed to the development of  the public plant 
Breeding Application Programming Interface 
(BrAPI) (Selby et  al., 2019; https://brapi.org/, 
accessed 15 February 2021).

11.4.3  Comprehensive breeding 
systems; custom-built breeding 

databases and software

As many breeding programmes have limited 
database development capabilities, strategies are 
implemented to facilitate the adoption of  com-
prehensive breeding software by the develop-
ment of  ‘pre-designed’ configurable database 
systems. Many components must be intercon-
nected when designing a breeding data manage-
ment system (Figs 11.4 and 11.5). Databases 
should relate to the breeding practices and to the 
analytical tools to make breeding decisions. A 
modern comprehensive breeding system (CBS) 
should facilitate the input of  data, manage the 
data and provide results to breeders when 
needed; thus many processes must be designed 
and developed at the back end of  the system.

One of  first attempts to create a database in 
wheat at CIMMYT was the International Wheat 
Information System (IWIS). IWIS was developed 
to create a seamless system that starts from ger-
mplasm conservation to breeding, testing and 
release (Fox and Skovmand, 1996). IWIS in-
cludes a Wheat Pedigree Management System 
(WPMS), a Wheat Data Management System 
(WDMS) for phenotypic and environmental data 
generated in field trials, and a gene bank man-
agement module for wheat gene bank manage-
ment including passport and characterization 
data. IWIS holds a suite of  tools that are used by 
CIMMYT breeders to manage pedigrees, design 
crossing blocks and field books, print field tags 
and envelopes, and manage phenotypic data 
collected through the International Wheat 
Improvement Network (IWIN). The system was 
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first built in 1974 on a VAX platform (IWIS1) 
and migrated to Windows NT (New Technology 
with a 32-bit operating system) in 2012 (IWIS2). 
IWIS is still being used but does not meet the data 
management requirements of  current breeding 
programmes.

Many private and public breeding programmes 
are using different CBSs. Some of  them are de-
signed for a specific breeding programme, while 
others are available commercially or publicly for 
multiple breeding programmes. Some commer-
cially or publicly available CBSs are the Breeding 
Management System (BMS) (https://integrated-
breeding.net/, accessed 15 February 2021), 
PRISM (https://www.teamcssi.com/prism.html, 
accessed 15 February 2021), Breeding4Results 
(B4R) (https://b4r.irri.org/, accessed 21 Febru-
ary 2021), Agrobase (https://www.agronomix.
com/, accessed 15 February 2021) and Geno-
vix® (https://www.agronomix.com/, accessed 
15 February 2021). The B4R is a Prostgres data-
base. The Agrobase generation II is a relational 
database and has plant breeding software utiliz-
ing Microsoft SQL Server or SQL Server Express 

associated that can be run over Citrix®, the cloud 
or VPN connections. Genovix also builds on a 
Microsoft SQL Server. Besides these breeding data 
management systems, some specialized data 
management systems such as Germinate have 
evolved that are meant to manage gene bank 
data. Germinate is a generic database, developed 
in MySQL (Shaw et al., 2017).

The CBSs are designed to house a database 
that is connected to a suite of  applications that 
work together to collect, store and analyse re-
search data (Fig. 11.5). Individual CBSs differ by 
crop and in features, application attached or con-
nected. The objective of  any CBS is to help manage 
breeding data across all phases of  the crop im-
provement cycle, from programme planning to de-
cision making. In addition to data storage and 
retrieval, the desired features include trial manage-
ment, nursery and seed inventory, pedigree man-
agement, genotypic data management, statistical 
analysis, visualizations and decision support.

With the increase in ‘big data’ and more 
data-driven breeding decisions, it becomes 
fundamental to breeding programmes to set up 
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Fig. 11.4.  Components of a breeding database system.
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a CBS. The components of  a CBS consist of  data-
bases, an analytical system and a user interface 
(UI) (Fig. 11.5). In a usual cycle, data can come 
from several sources that can be collected and 
pre-processed in a data warehouse before load-
ing to the databases (phenotypic, genotypic and 
combined). The stored data can be connected to 
an analytical system which will deliver required 
information to the UI. The ideal UI for the breeder 
or data analyst must have some desirable fea-
tures such as informative with required data and 
plots, fast with an easy understandable struc-
ture, clicks over typing, connected to hand-held 
devices, synchronizing functions from the field 
and best fit of  current breeding practices.

11.4.4  Genomic Open-source Breeding 
Informatics Initiative

The Genomic Open-source Breeding Informatics 
Initiative (GOBii) (www.gobii.org, accessed 15 
February 2021) is the first large-scale, public-
sector effort to systematically apply low- and 
high-density genotypic information for breeding 
staple crops in the developing world and to de-
liver increased rates of  genetic gain. This helps 
public-sector actors to upgrade their breeding 
systems to make them comparable with those of  

private breeding institutions in developed coun-
tries. CIMMYT’s Global Wheat Program is a key 
partner in fulfilling the GOBii project mission. 
GOBii has been working on three fronts: (i) geno-
typic database development; (ii) development of  
analysis tools; and (iii) integration of  new and ex-
isting tools and databases. The objective is to de-
velop products that can communicate with each 
other, thus helping users to make informed breed-
ing decisions. Thus, the vision of  GOBii was to pro-
vide an integrated solution when using genomic 
data in breeding programmes. GOBii has been ac-
tively collaborating with the James Hutton Insti-
tute (JHI) to improve the Flapjack software, adding 
analysis features and the visualization for GOBii 
data outputs. With GOBii support, JHI has ex-
tended features of  marker-assisted backcrossing 
(MABC), F

1 and line-pedigree verification in its re-
cent release/pre-release versions. GOBii is also col-
laborating with Diverse Arrays Technology 
(DArT)™ to integrate quality control (QC) proto-
cols into the GOBii database. The GOBii has also 
developed a GS pipeline implemented in Galaxy 
(www.gobii.org, accessed 15 February 2021).

As the amount of  genotypic data has grown 
substantially in the last decade, management of  
these data requires a more scalable database system 
that can be connected to tools required to make 
breeding decisions. For this reason, the GOBii 
project has developed a modern genomic data 
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management (GOBii-GDM) system (Nti-Addae 
et al., 2019). The GOBii-GDM is a scalable and re-
sponsive genomic data management system, with a 
BrAPI-enabled web-service layer, integrated geno-
typing data QC, integrated web-based file manage-
ment, and a Marker Tools Portal to access all 
GOBii-GDM tools and key breeding tools developed 
in Galaxy and Flapjack (https://ics.hutton.
ac.uk/flapjack/, accessed 15 February 2021). 
The GOBii-GDM includes a database, imputation 
systems and decision-support tools for plant breed-
ers. More tools are under development under GOBii 
and other projects. The ultimate goal is to develop a 
connected analytical ecosystem including geno-
typic database, phenotypic database and analyt-
ical tools.

11.5  Conclusion

Modern breeding approaches/tools, which 
have become increasingly available, have the 
potential to increase breeding efficiency and 
rate of  genetic gain while reducing overall 
costs. Breeding is an industry and should in-
clude both innovation and management to suc-
ceed. For a successful implementation of  novel 
approaches such as GS and RGA combined 
with data management systems, careful valid-
ation, applied logistics solutions, capacity 
building and the allocation of  sufficient re-
sources are required. It is important to manage 
the related change processes well, for the breed-
ing programmes to succeed.

References

Battenfield, S.D., Guzman, C., Gaynor, R.C., Singh, R.P., Peña, R.J. and Dreisigacker, S. (2016) Applying 
genomic selection for prediction of processing and end-use quality traits in CIMMYT spring bread 
wheat breeding program. The Plant Genome 9(2), plantgenome2016.01.0005.

Bernardo, R. (1994) Prediction of maize single-cross performance using RFLPs and information from re-
lated hybrids. Crop Science 34, 20–25.

Bernardo, R. and Yu, J. (2007) Prospects for genome-wide selection for quantitative traits in maize, Crop 
Science 47, 1082–1090.

Beyene Y., Gowda, M., Olsen, M., Robbins, K.R., Pérez-Rodríguez, P. et al. (2019) Empirical comparison 
of tropical maize hybrids selected through genomic and phenotypic selections. Frontiers in Plant Sci-
ence 10, 1502.

Bhattarai, S.P., De La Pena, R.C., Midmore, D.J. and Palchamy, K. (2009) In vitro culture of immature seed 
for rapid generation advancement in tomato. Euphytica 167, 23–30.

Carandang, F.M., Shanmugasundaram, S. and Carpena, A.L. (2006) Rapid generation advancement in 
soybeans using immature seeds. Philippine Journal of Crop Science 31, 53–59.

Cijvat, R., Manegold, S., Kersten, M., Klau, G.W., Schönhuth, A., Marschall, T. and Zhang, Y. (2015) Gen-
ome sequence analysis with MonetDB. Datenbank-Spektrum 15, 185–191.

Codd, E.F. (1970) A relational model of data for large shared data banks. Communications of the ACM 13, 
377–387.

Crossa, J., de los Campos, G., Pérez, P., Gianola, D., Burgueño, J. et al. (2010) Prediction of genetic val-
ues of quantitative traits in plant breeding using pedigree and molecular markers. Genetics 186, 
713–724.

Crossa, J., Pérez, P., Hickey, J., Burgueño, J., Ornella, L. et al. (2014) Genomic prediction in CIMMYT 
maize and wheat breeding programs. Heredity 112, 48–60.

Crossa, J., Pérez-Rodríguez, P., Cuevas, J., Montesinos-López, O., Jarquín, D. et al. (2017) Genomic 
selection in plant breeding: methods, models, and perspectives. Trends in Plant Science 22, 
961–975.

Depauw, R.M. and Clarke, J.M. (1976) Acceleration of generation advancement in spring wheat. Euphytica 
25, 415–418.

Fehr, W.R. (1991) Principles of Cultivar Development: Theory and Technique. Macmillan, New York.
Fox, P.N. and Skovmand, B. (1996) The International Wheat Information System at work in breeding. In: 

Cooper, M. and Hammer, G.L. (eds) Plant Adaption and Crop Improvement. CAB International, Wall-
ingford, UK, pp. 317–326.

Gaur, P.M., Srinivasan, S., Gowda, C.L.L. and Rao, B.V. (2007) Rapid generation advancement in chick-
pea. Journal of SAT Agricultural Research 3, 1–3.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://ics.hutton.ac.uk/flapjack/
https://ics.hutton.ac.uk/flapjack/


	 Tools for Transforming Wheat Breeding	 223

Ghosh, S., Watson, A., Gonzalez-Navarro, O.E., Ramirez-Gonzalez, R.H., Yanes, L. et al. (2018) Speed 
breeding in growth chambers and glasshouses for crop breeding and model plant research. Nature 
Protocols 13, 2944–2963.

Guimaraes, V., Hondo, F., Almeida, R., Vera, H., Holanda, M. et al. (2015) A study of genomic data 
provenance in NoSQL document-oriented database systems. In: Proceedings of the 2015 IEEE 
International Conference on Bioinformatics and Biomedicine (BIBM). IEEE, Washington, DC, pp. 
1525-1531.

Heu, M.H., Chung, G.S., Kim, D.K., Sasaki, T. and Vergara, B.S. (1982) Rapid generation advance in 
breeding rice for low temperature tolerance. In: Proceedings of the International Rice Research Con-
ference, Los Baños, Philippines, 19–23 April 1982.

Ishigaki, Y. (2010) Establishment of cultivation technique with rapid generation advancement of Cyclamen 
persicum by sowing seeds right after picking seeds. Bulletin of Gifu Prefecture Research Institute of 
Agricultural Science in the Hill and Mountain Area 6, 7–12.

Juliana, P., Singh, R.P., Singh, P.K., Crossa, J., Huerta-Espino, J. et  al. (2017) Genomic and pedi-
gree-based prediction for leaf, stem, and stripe rust resistance in wheat. Theoretical and Applied 
Genetics 130, 1415–1430.

Juliana, P., Singh, R.P., Poland, J., Mondal, S., Crossa, J. et al. (2018) Prospects and challenges of ap-
plied genomic selection – a new paradigm in breeding for grain yield in bread wheat. Plant Genome 
11, 180017.

Juliana, P., Poland, J., Huerta-Espino, J., Shrestha, S., Crossa, J. et al. (2019) Improving grain yield, stress 
resilience and quality of bread wheat using large-scale genomics. Nature Genetics 51, 1530–1539.

Jung, S., Staton, M., Lee, T., Blenda, A., Svancara, R., Abbott, A. and Main, D. (2008) GDR (Genome 
Database for Rosaceae): integrated web-database for Rosaceae genomics and genetics data. 
Nucleic Acids Research 36, D1034–D1040.

Lado, B., Battenfield, S., Guzmán, C., Quincke, M., Singh, R.P. et  al. (2017) Strategies for selecting 
crosses using genomic prediction in two wheat breeding programs. Plant Genome 10(2), plantge-
nome2016.12.0128.

Lehermeier, C., Wimmer, V., Albrecht, T., Auinger, H.J., Gianolaet, D. et al. (2013) Sensitivity to prior  
specification in Bayesian genome-based prediction models. Statistical Applications in Genetics and 
Molecular Biology 12, 1–17.

Lush, J.L. (1937) Animal Breeding Plans. Iowa State Press, Ames, Iowa.
Meuwissen, T.H.E., Hayes, B.J. and Goddard, M.E. (2001) Prediction of total genetic value using  

genome-wide dense marker maps. Genetics 157, 1819–1829.
Niu, Z., Jiang, A., Abu Hammad, W., Oladzadabbasabadi, A., Xu, S.S., Mergoum, M. and Elias, E.M. 

(2014) Review of doubled haploid production in durum and common wheat through wheat × maize 
hybridization. Plant Breeding 133, 313–320.

Nti-Addae, Y., Matthews, D., Jun Ulat, V., Syed, R., Sempéré, G. et al. (2019) Benchmarking database 
systems for genomic selection implementation. Database 19, 1-10.

Patial, M., Pal, D., Thakur, A., Bana, R.S. and Patial, S. (2019) Doubled haploidy techniques in wheat 
(Triticum aestivum L.): an overview. Proceedings of the National Academy of Sciences India, Section 
B: Biological Sciences 89, 27–41.

Pérez, P. and de los Campos, G. (2014) Genome-wide regression and prediction with the BGLR statistical 
package. Genetics 198, 483–495.

Poland, J., Endelman, J., Dawson, J., Rutkoski, J., Wu, S. et al. (2012) Genomic selection in wheat breed-
ing using genotyping-by-sequencing. Plant Genome 5, 103–113.

Rife, T.W. and Poland, J.A. (2014) Field Book: an open-source application for field data collection on an-
droid. Crop Science 54, 1624.

Rizal, G., Karki, S., Alcasid, M., Montecillo, F., Acebron, K. et al. (2014) Shortening the breeding cycle of 
sorghum, a model crop for research. Crop Science 54, 520–529.

Rosyara, U.R., De Jong, W.S., Douches, D.S. and Endelman, J.B. (2016) Software for genome-wide as-
sociation studies in autopolyploids and its application to potato. Plant Genome 9, 2.

Rutkoski, J.E., Hefner, E.L. and Sorrells, M.E. (2010) Genomic selection for durable stem rust resistance 
in wheat. Euphytica 179, 161–173.

Rutkoski, J., Benson, J., Jia, Y., Brown-Guedira, G., Jannink, J.L. and Sorrells, M. (2012) Evaluation of 
genomic prediction methods for fusarium head blight resistance in wheat. Plant Genome 5, 51.

Rutkoski, J.E., Poland, J.A., Singh, R.P., Huerta-Espino, J., Bhavani, S. et al. (2014) Genomic selection for 
quantitative adult plant stem rust resistance in wheat. Plant Genome 7, 3.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



224	 U.R. Rosyara et al.	

Sehgal, D., Rosyara, U., Mondal, S., Singh, R., Poland, J. and Dreisigacker, S. (2020) Incorporating 
genome-wide association mapping results into genomic prediction models for grain yield and yield 
stability in CIMMYT spring bread wheat. Frontiers in Plant Science 11, 197.

Selby, P., Abbeloos, R., Backlund, J.E., Salido, M.B., Bauchet, G. et al. (2019), BrAPI – an application 
programming interface for plant breeding applications. Bioinformatics 35, 4147–4155.

Sempéré, G., Philippe, F., Dereeper, A., Ruiz, M., Gautier, S. and Larmande, P. (2016) Gigwa – genotype 
investigator for genome-wide analyses. Gigascience 5, 25.

Shaw, P.D., Raubach, S., Hearne, S.J., Dreher, K., Bryan, G. et al. (2017) Germinate 3: development of a 
common platform to support the distribution of experimental data on crop wild relatives. Crop Science 
57, 1259–1273.

Sleper, D.A. and Poehlman, J.M. (1995) Breeding Field Crops. Iowa State University Press, Ames, Iowa.
Tanio, M., Kato, K., Ishikawa, N., Tabiki, T., Nishio, Z. et al. (2006) Effect of shuttle breeding with rapid 

generation advancement on heading traits of Japanese wheat. Breeding Science 56, 311–320.
Van Raden, P.M. (2008) Efficient methods to compute genomic predictions. Journal of Dairy Science 91, 

4414–4423.
Voss-Fels, K.P., Herzog, E., Dreisigacker, S., Sukumaran, S., Watson, A. et al. (2019) ‘SpeedGS’ to 

accelerate genetic gain in spring wheat. In: Miedaner, T. and Korzun, V. (eds) Applications of Genetic 
and Genomic Research in Cereals. Woodhead Publishing Series in Food Science, Technology and 
Nutrition. Woodhead Publishing, Duxford, UK, pp. 303–332.

Wang, X.F., Wang, Y.X., Zhang, G.Y. and Ma, Z.Y. (2011) An integrated breeding technology for acceler-
ating generation advancement and trait introgression in cotton. Plant Breeding 130, 569–573.

Watson, A., Ghosh, S., Williams, M., Cuddy, W.S., Simmonds, J. et al. (2018) Speed breeding is a power-
ful tool to accelerate crop research and breeding. Nature Plants 4, 23–29.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



© CAB International 2021. Molecular Breeding in Wheat, Maize and Sorghum: Strategies for 
Improving Abiotic Stress Tolerance and Yield (eds M.A. Hossain et al.) 
DOI: 10.1079/9781789245431.0012� 225

12  CRISPR-Mediated Gene Editing in 
Wheat for Abiotic Stress Tolerance

David Edwards1 and Armin Scheben2*
1University of Western Australia, Crawley, Australia; 2Cold Spring  

Harbor Laboratory, Cold Spring Harbor, New York, USA

12.1  Introduction

Wheat is the most widely grown crop worldwide, 
covering over 200 million hectares in a wide range 
of  soils and climates. Wheat includes many spe-
cies of  the genus Triticum, with hexaploid bread 
wheat (Triticum aestivum) making up ∼90% of  
all current wheat production (FAO, 2018). Despite 
the popularity of  wheat, its productivity lags 
substantially behind other cereal crops such as 
maize and rice. A common cause of  reduced 
wheat productivity is abiotic stress (Boyer, 1982; 
Abhinandan et al., 2018). In its diverse environ-
ments, wheat is exposed to abiotic stresses includ-
ing drought, heat, salinity and metal toxicity. 
These abiotic stresses can lead to severe yield 
penalties, particularly by reducing grain num-
ber and grain weight. Drought and heat stress 
are among the most important stresses in wheat 
and these stresses are likely to become more 
prevalent in the future due to climate change. 
Each 1°C of  warming has been predicted to 
reduce global wheat production by 6% while 
also increasing the variability of  wheat yields in 
different regions (Asseng et al., 2015). Generating 
abiotic stress-tolerant wheat varieties is therefore 
important for ensuring food security.

Genetic improvement of  wheat traits, includ-
ing the introduction of  the ‘green revolution’ 

semi-dwarfing genes Rht1 and Rht2 (Peng et al., 
1999), is a key contributor to the continued suc-
cess of  this crop. Although irrigation and other 
agronomic practices also have an important role 
to play in reducing yield loss through abiotic 
stress, genetic improvement is a sustainable 
approach that does not rely on additional 
resources. To provide the genetic variation from 
which improved traits can be selected, breeders 
have mostly used conventional approaches such 
as recombination between different wheat var-
ieties and chemical mutagenesis using ethyl 
methanesulfonate (Dong et al., 2009; Uauy et al., 
2009). Introgression of  DNA from more distant 
relatives has also been used, particularly for 
introducing biotic stress resistance genes (Paull 
et al., 1994). The genetic basis of  abiotic stress 
tolerance in crops such as wheat has been exten-
sively studied (Dwivedi et al., 2017). Harnessing 
genetic variation to improve abiotic stress toler-
ance, however, is complicated because often many 
loci are each making small phenotypic contribu-
tions to the tolerance trait (Mickelbart et  al., 
2015). Nevertheless, conventional breeding can 
improve wheat abiotic stress tolerance despite 
trait complexity. For example, Voss-Fels et  al. 
(2019) found that modern elite wheat cultivars 
outperform older cultivars under low-rainfall 
conditions due to improved water-use efficiency. 
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Although improving quantitative abiotic stress 
tolerance traits is tractable with conventional 
breeding, it can take large populations and many 
generations to combine multiple favourable alleles 
in a suitable genetic background. Further, local 
recombination rates are suppressed in many re-
gions in the wheat genome (Choulet et al., 2014), 
potentially hindering breeding efforts. In some 
cases, recombination and chemical mutagenesis 
may therefore be too time-consuming to rapidly 
accelerate genetic gains in wheat.

In recent years, the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/ 
CRISPR-associated protein 9 (Cas9) genome 
editing system has been efficiently applied to 
rapidly improve wheat and other crops (Belhaj 
et al., 2015; Scheben et al., 2017). Genome edit-
ing has attracted enormous interest from crop 
scientists in the public and private sectors and it 
is expected to have a major impact on agricul-
ture (Scheben and Edwards, 2017; Gao, 2018). 
A large portion of  wheat genome editing has 
focused on traits such as pathogen resistance, 
male sterility for hybrid breeding, herbicide re-
sistance and low gluten content because these 
traits are often controlled by few loci and offer 
substantial rapid yield gains or commercial benefits. 
Genome editing technology and transformation 
protocols are also making the editing of  abiotic 
stress genes easier, but the detection of  target 
genes and useful alleles remains challenging. In 
some cases, these challenges have been addressed; 
for instance, wheat genome editing experiments 
have been carried out on genes related to 
drought and metal toxicity. These experiments 
provide insight into how abiotic stress tolerance 
in wheat can be quickly improved using genome 
editing. In this chapter, the relevant advances in 
genome editing technology and how they will 
enable improvement of  abiotic stress tolerance 
in wheat are highlighted.

12.2  Advances in Genome Editing 
Technology

12.2.1  The wheat genome as a target 
for genome editing

Hexaploid bread wheat has three homeologous 
subgenomes (A, B, D) and a total repeat content 

over 85% in a genome of  ~16 Gb (Appels et al., 
2018). This complex genome structure means 
that in many cases three homeoalleles of  a gene 
need to be edited to generate a target agronomic 
trait (Shan et al., 2014; Wang et al., 2014). Dis-
rupting a single gene may not lead to a pheno-
type because effects are buffered by redundant 
homeologues. Depending on the amount of  se-
quence divergence between homeologues, indi-
vidual guide RNAs may need to be designed for 
each one. Additionally, if  homeologues have 
subfunctionalized and only a single homeologue 
needs to be targeted, a unique guide for that 
homeologue needs to be developed, which can 
make it more difficult to find unique sites to use 
for targeting. Polyploid crops like bread wheat 
therefore require increased efficiency in order to 
simultaneously target multiple alleles (Howells 
et al., 2018). As in other monocots, delivery of  the 
genome editing machinery in wheat can also be 
challenging, depending on the genotype being 
edited. These features can make it more challen-
ging to edit wheat than diploid dicotyledonous 
plants such as tomato or Arabidopsis.

Despite the technical challenges in wheat 
genome editing, wheat was one of  the plant spe-
cies first modified by CRISPR/Cas9 (Shan et al., 
2013). However, many wheat genotypes, includ-
ing the reference variety Chinese Spring, are recal-
citrant to transformation. Varieties such as the 
spring wheat Fielder allow efficient transformation 
(Ishida et al., 2013), but the lack of  a high-quality 
reference genome and an elite background for 
these non-reference genotypes prevents them from 
being ideal models. Recent work has addressed 
this challenge in efficient editing by showing 
that haploid induction allows one-step editing in 
wheat by using Cas9 delivered by maize pollen 
(Kelliher et  al., 2019). Together with other in-
novations that streamline crop transformation, 
such as overexpression of  the morphogenetic 
regulators BABYBOOM (Bbm) and WUSCHEL2 
(WS2) (Lowe et al., 2016), haploid induction is 
making wheat genome editing less laborious. 
These efforts are an important step towards al-
lowing genome editing experiments directly in 
high-yielding commercial cultivars. In addition, 
more targeted editing of  individual bases using 
base editors has now also been demonstrated in 
wheat (Zong et al., 2017, 2018; Li et al., 2018). 
Furthermore, the amount of  high-quality data 
available to help design and guide genome editing 
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experiments is increasing rapidly. The publica-
tion of  the latest wheat reference genome and 
annotation (Appels et  al., 2018), together with 
the first wheat pangenome (Montenegro et  al., 
2017), further facilitate genome editing efforts, 
particularly the design of  guide RNAs. Genomic 
databases for crops are also expanding the avail-
ability of  data on wheat variation and known 
quantitative trait loci (QTLs) (Blake et al., 2016; 
Scheben et al., 2018; Tello-Ruiz et al., 2018).

12.2.2  Disrupting and replacing 
functional sequences in wheat

Genome editing can introduce site-specific mu-
tations. The most common genome editing system, 
CRISPR/Cas9, uses a guide RNA with a ~20 bp 
sequence to target the Cas9 protein to a comple-
mentary sequence in the genome (Jinek et  al., 
2012). The Cas9 protein induces a double-strand 
break at the target site, allowing introduction of  
mutations arising during non-homologous end 
joining (NHEJ). The same process can be used to 
knock-in a sequence by providing a donor DNA 
template that can be integrated via the homolo-
gy-directed repair (HDR) pathway. One of  the 
simplest applications of  genome editing in wheat 
crop improvement is to disrupt a gene by intro-
ducing insertions–deletions (InDels) in its coding 
region or promotor. This can prevent a protein 
being produced or reduce the functionality or 
amount of  the protein. Disrupting a gene with 
CRISPR/Cas in this way is relatively simple, 
because after the Cas protein induces a double-
strand break at a specific site the cell’s own er-
ror-prone NHEJ repair pathway generates InDels 
at the target location. Often multiple guide RNAs 
will be used to target different regions of  the cod-
ing sequences and ensure a gene is fully dis-
rupted. This method of  disrupting genes is a much 
more common type of  edit than gene knock-in. 
Of  the 22 published wheat genome editing ex-
periments provided by a non-exhaustive table in 
a recent review (see Table 4 in Kumar et  al., 
2019), 19 involved gene knockouts and the re-
mainder involved InDels. The polyploidy of  the 
wheat genome also makes it particularly amen-
able for gene disruption experiments that aim to 
modulate gene dosage. In other genomes, dis-
ruption of  certain genes may be lethal, but in 

wheat the gene copies on the other subgenomes can 
buffer potentially deleterious effects of  a gene 
disruption. Testing and combining mutations in 
different homeologues of  a wheat gene could 
therefore allow subtle manipulation of  dosage-
dependent traits.

Although disrupting genes and modulating 
their dosage can bestow agronomically import-
ant traits, some traits may be best improved via 
nucleotide-specific mutations. Many agronomic 
traits are the result of  point mutations in the 
coding regions of  genes, a prominent example 
being the semi-dwarf  trait associated with gain-
of-function point mutations in the genes Rht1 
and Rht2 (Pearce et al., 2011). Point mutations 
and more complex nucleotide-specific mutations 
can be achieved with genome editing by provid-
ing a DNA template that is inserted at the loca-
tion of  the Cas-induced double-strand break. 
The DNA template can contain an arbitrary se-
quence, although the sequence length may be 
limited to several kilobases. This approach can 
use the low-error HDR pathway (Gil-Humanes 
et al., 2017) or even the NHEJ pathway (Li et al., 
2016) to integrate the DNA template. For in-
stance, Gil-Humanes et al. (2017) used viral de-
livery vectors to help integrate green fluorescent 
protein sequence into the three homoeoalleles of  
the wheat ubiquitin gene. These authors achieved 
an editing efficiency of  about 1%. Although such 
successful examples of  gene targeting in wheat 
exist, the low efficiency complicates broader 
application. Newer CRISPR/Cas methods dem-
onstrated in bacteria use transposons to allow 
efficient insertion of  larger sequences up to 10 
kb (Klompe et  al., 2019; Strecker et  al., 2019). 
Deploying this approach in plants could simplify 
the current inefficient approaches. The larger 
size of  potential sequence insertions means that 
blocks of  genes could potentially be inserted, for 
example from a QTL hotspot.

Precise base editing can also be used to gen-
erate point mutations, without requiring DNA 
template or induction of  double-strand breaks 
(Komor et al., 2016). By fusing a deaminase en-
zyme to a Cas protein, it is possible to induce four 
types of  transition point mutations (C→T, G→A, 
A→G and T→C). In wheat, base editors relying 
on cytidine deaminase (Zong et  al., 2017) and 
adenosine deaminase (Li et al., 2018) have shown 
high editing efficiencies. Zong et al. (2018) were 
able to edit blue fluorescent protein to produce 
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green fluorescent protein via a point mutation. 
Finally, prime editing overcomes the limitations 
of  base editing by enabling the introduction of  
all 12 base-to-base conversions as well as InDels 
without requiring double-strand breaks (Anza-
lone et  al., 2019). In prime editing, the guide 
RNA is replaced by a prime editing guide RNA 
that includes an RNA template with a sequence 
to be introduced into the genome. A catalytically 
impaired Cas9 protein, that only induces a nick 
in a single strand, is fused with a reverse transcript-
ase. The target region is nicked, and the RNA is 
reverse transcribed to DNA and integrated into 
the genome. The first prime editing optimized for 
wheat was recently published (Lin et al., 2020). 
These innovative approaches have not yet been 
widely tested in plants and some technical chal-
lenges remain to be overcome. Base editors, for 
instance, can still generate off-target mutations 
within the deamination window spanning sev-
eral bases (Zong et al., 2017). Nevertheless, base 
editing and prime editing are now expanding the 
wheat genome editing toolkit, so that modifying 
practically any base in the genome will soon be 
possible. This flexibility will be important when 
tackling complex quantitative traits like abiotic 
stress tolerance.

12.2.3  Editing efficiency  
and regeneration

Two key components of  genome editing are the 
delivery of  the editing machinery (Cas and guide 
RNA transgenes) and the generation of  edited 
plants not bearing transgenes. Delivery in wheat 
is mostly carried out using biolistic transform-
ation (Gil-Humanes et al., 2017) and Agrobacte-
rium‐mediated transformation (Howells et  al., 
2018), although leaf  infiltration with Agrobacte-
rium was initially challenging. Delivery without 
integration of  transgenes has been achieved in 
wheat using ribonucleoprotein delivery (Liang 
et al., 2017) and pollen haploid induction (Kelli-
her et al., 2019). The efficiency of  these methods 
is dependent on tissue and genotype. When com-
petent genotypes and tissues have been identi-
fied, plants need to be regenerated from trans-
formed cells. This has been particularly difficult 
in monocots including wheat. Lowe et al. (2016) 
were able to dramatically improve transformation 

efficiencies in maize by overexpressing Bbm and 
WS2 genes after Agrobacterium-mediated trans-
formation. In wheat, the regeneration-related 
wheat gene TaCB1 has been reported to have 
similar effects (Wang et al., 2019). A pending pa-
tent also describes how a GRF-GIF chimera 
boosts transformation (UC Davis, 2020), with-
out causing the deleterious phenotype of  overex-
pressed Bbm.

An emerging technology in transformation 
and regeneration in wheat editing is haploid in-
duction using pollen (Kelliher et  al., 2019). By 
using the pollen of  a maize line transformed 
with a CRISPR/Cas cassette, it was possible to 
fertilize cytoplasmic-male-sterile wheat spikes. 
Genome editing occurs in the wheat genome 
and during fertilization of  the wheat ovule, the 
maize chromosome is eliminated. The efficiency 
of  haploid induction genome editing in wheat is 
low, but the one-step genome editing process 
saves valuable time in the breeding process. 
Time is saved with haploid induction editing and 
ribonucleoprotein delivery, because no back-
crossing is required to excise the CRISPR/Cas 
transgenes from the edited genome. Avoiding an 
intermediate step with integrated transgenes is 
also practical from a commercial point of  view, 
because transgenes can trigger governmental 
regulation during the research and development 
phase of  a wheat variety. In addition, farmers and 
grain millers can lose entire export markets if  
their product is classified as genetically modified. 
The increasing availability of  efficient transgene-
free editing approaches will help make wheat 
genome editing routine in small and large 
laboratories.

12.3  Applications of Genome Edit-
ing to Improve Abiotic Stress Toler-

ance

12.3.1  Drought

Drought is a major abiotic stressor of  wheat, casing 
substantial yield loss (Araus et al., 2008; Budak 
et  al., 2015), although increasing the drought 
tolerance of  crops is challenging because it is a 
polygenic trait involving complex signalling net-
works (Kuzuoglu-Ozturk et  al., 2012; Hu and 
Xiong, 2014). However, progress is being made 
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and fifteen genes associated with increased yield 
and drought survival under field conditions are 
summarized in a review of  the genetic mechan-
isms of  abiotic stress tolerance in crops (Mickel-
bart et al., 2015). Experiments have highlighted 
several genes that have potential as genome edit-
ing targets in breeding programmes. In maize, 
increased constitutive expression of  the gene 
ARGOS8, a negative regulator of  ethylene re-
sponse, improved yield under field drought stress 
conditions (Shi et al., 2016). To generate the al-
lelic variant with increased expression, CRISPR/
Cas9 was used to insert the native promotor of  
the maize gene GOS2 into the upstream region 
of  ARGOS8 via HDR. ARGOS genes are also 
highly conserved in wheat and its wild relatives, 
showing induction under drought conditions 
(Zhao et al., 2017). The potential of  these genes 
as targets to improve wheat drought tolerance 
was further supported in Zhao et  al. (2017) by 
overexpression of  TaARGOS-D in Arabidopsis, 
which was associated with improved drought 
tolerance.

The wheat genes TaSG1 (Tian et al., 2013), 
TaDREB2 (Egawa et al., 2006) and TaERF3 (Rong 
et  al., 2014) have also been implicated in im-
proved drought tolerance. A mutation in TaSG1 
induced by ethyl methanesulfonate mutagenesis 
led to a stay-green phenotype with enhanced 
drought tolerance in wheat (Tian et al., 2013). 
Additional studies showed that the TaSG1 muta-
tion is associated with altered cytokinin metab-
olism (Wang et al., 2016). In wheat and barley, 
overexpression of  the regulatory genes DREB2 
and DREB3 increased drought tolerance (Lata 
and Prasad, 2011; Morran et al., 2011; Shavru-
kov et al., 2016). Finally, the transcription factor 
TaERF3 increases drought tolerance in wheat 
(Rong et al., 2014), likely through promoting root 
elongation and root hair development (Cheng 
et al., 2016). Expression of  TaDREB2 and TaERF 
showed upregulation in response to shock drought 
stress in the wheat reference variety Chinese 
Spring (Kim et al., 2018). Kim et al. (2018) also 
demonstrated genome editing of  TaDREB2 and 
TaERF3 in wheat; however, they were only able 
to edit the B and D subgenomes due to guide 
RNA mismatches on the A subgenome. Add-
itionally, the InDels introduced into the target 
genes are unlike to improve drought tolerance, 
which is more likely to be achieved via insertion 
of  a strong constitutive promotor. Despite these 

challenges, technical advances in CRISPR/Cas 
technology and further functional understand-
ing of  drought response will pave the way to 
genome-edited wheat varieties with improved 
drought tolerance.

12.3.2  Metal toxicity

Metals occur in agricultural soils naturally and 
via industrial contamination, posing a potential 
threat to crop productivity. Although the effects 
of  various metals on crops differ, metal toxicity 
resulting in reduced yield is common in crops 
including wheat (Athar and Ahmad, 2002). 
Additionally, metals such as As and Cd can be 
accumulated in crops and taken up by humans, 
causing health risks (Clemens, 2019). Increas-
ing the tolerance of  wheat to metals while redu-
cing accumulation of  toxic metals is therefore 
an important breeding goal in wheat.

Al toxicity limits wheat growth in acidic 
soils due to prevalence of  Al3+ cations that in-
hibit root elongation (Delhaize and Ryan, 1995; 
Rout et al., 2001). Many plants have developed 
Al3+ tolerance via efflux of  organic acids such as 
malate and citrate from root apices (Ma, 2000). 
These organic acids can detoxify the Al3+ by che-
lating it. Substantial phenotypic variation for Al 
tolerance has been attributed to TaALMT1 (Raman 
et  al., 2005), which encodes an Al3+-activated 
anion channel permeable to malate (Sasaki 
et al., 2004). By using a conventional transgenic 
approach to overexpress TaALMT1 with a strong 
maize ubiquitin promotor, wheat Al tolerance in 
acidic soils could be increased (Pereira et  al., 
2010). A non-transgenic alternative would be to 
use genome editing to insert optimized native 
wheat promotors to drive TaALMT1 overexpres-
sion. In barley, lines with the sorghum transgene 
SbMATE also displayed increased Al tolerance, 
although the transgene TaALMT1 delivered a 
greater increase in tolerance (Zhou et al., 2014). 
By comparing similar genes encoding trans-
porters in different grasses, it may be possible to 
apply genome editing to optimize the expression 
and function of  genes such as TaALMT1 and 
thus further increase Al tolerance.

In rice, genome editing has been applied to 
develop lines with low accumulation of  Cd (Tang 
et al., 2017) and As (Wang et al., 2017) by knocking 
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out the metal transporter OsNramp5 and overex-
pression of  the transcription factor OsARM1, 
respectively. In wheat, Nramp5 is less highly ex-
pressed and the protein has a lower Cd transport 
activity than in rice (Sui et al., 2018), and overall 
wheat accumulates substantially less As (Su 
et al., 2010) and Cd (Sui et al., 2018) than rice. 
Nevertheless, minimizing Cd accumulation in wheat 
is an important breeding goal (Rizwan et  al., 
2016). The durum wheat Cdu1 locus on chromo-
some 5B explains >80% of  the phenotypic vari-
ation in Cd concentration in grain (Wiebe et al., 
2010). Discovery of  a candidate gene was diffi-
cult, until the recent assembly of  the durum 
wheat genome allowed the detection of  the TdH-
MA3-B1a allele for low Cd accumulation in the 
QTL region (Maccaferri et al., 2019). This under-
lines the importance of  reference genomes for 
discovery of  genome editing targets. Additional 
candidate wheat genes have been implicated in 
tolerance of  Cd toxicity, including the trans-
membrane gene TaTM20 (Kim et al., 2008). There 
are also transporter genes such as TaABCC3 
(Bhati et al., 2015) that may help reduce the tox-
icity of  various heavy metals. The discovery of  
further genes, particularly transporters, involved 
in metal toxicity and accumulation will provide 
targets for validation using genome editing. 
Although gene knockouts may provide agronomic 
benefits in some cases, engineering of  the expres-
sion and protein structure of  candidate genes 
will yield the greatest benefits in enhancing tol-
erance to metal toxicity and reducing negative 
human health impacts of  heavy metal uptake.

12.4  Crop Wild Relatives are a 
Source of Variation for Breeding

Although breeding is often considered a genetic 
bottleneck, modern wheat breeding has not ne-
cessarily narrowed the available genetic diversity 
(van de Wouw et al., 2010; Voss-Fels et al., 2019). 
Nevertheless, harnessing novel alleles from 
wheat relatives plays an important role in im-
proving traits. There are over 500 species in the 
tribe Triticeae, with different levels of  relatedness 
to wheat. By seeking genetic diversity outside 
the confines of  wheat, breeders can take advan-
tage of  millions of  years of  evolution in different 
genetic backgrounds and environments. For 

instance, drought tolerance loci detected by a 
genome-wide association study in the wheat 
progenitor Aegilops tauschii (Qin et al., 2016) can 
provide breeding targets for wheat. Indeed, sub-
stantial genetic diversity in wheat is already the 
product of  introgressions from wild species (Feu-
illet et al., 2008). An example of  an introgression 
from a wild wheat relative is the introduction of  
the Sr22 rust resistance gene derived from Triti-
cum boeoticum (Paull et al., 1994). However, this 
gene also illustrates the difficulties of  introgression 
breeding, because the introgressed sequence 
carrying Sr22 also carried linked loci with 
undesirable effects on time to maturity. This 
‘linkage drag’ is among the reasons why intro-
gression breeding with wild species is laborious 
and has not been widely used for complex traits 
such as abiotic stress tolerance.

Genome editing opens up new avenues for 
rapidly introducing alleles from wild relatives 
into wheat, without the complications of  recom-
bination such as linkage drag. Although a wheat 
pangenome was recently assembled providing 
novel gene sequences and variants in bread 
wheat (Montenegro et al., 2017), genomic data 
for most non-crop Triticeae remain scarce. How-
ever, increased interest in plant pangenomics is 
now driving major sequencing projects in differ-
ent crops and their relatives (Golicz et al., 2016, 
2020; Khan et  al., 2020). As the cost of  high-
quality genome assembly in Triticeae (Monat 
et al., 2019) and resequencing decreases further, 
genomic data will become available to uncover 
new alleles for abiotic stress tolerance. Further-
more, wild plants are not just sources of  alleles 
to be introduced into existing crops, they can 
also be domesticated into entirely new crops. Re-
cent publications have emphasized the potential 
for crop domestication using genome editing 
(Osterberg et  al., 2017; Zsögön et  al., 2017). 
Conceptually, this involves the editing of  key 
domestication genes that confer the most im-
portant traits for agricultural cultivation such as 
flowering time and seed quantity and quality. 
Rather than transferring complex, poorly under-
stood abiotic stress tolerance traits from wild 
plants into crops, it is possible to transfer well-
understood domestication genes into wild plants 
to make crops with novel genetic backgrounds. 
New approaches for genome editing of  wild 
plants hold much promise in giving breeders 
access to a different range of  traits missing from 
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existing crops (Shan et al., 2020). Domestication 
of  wild species was recently demonstrated in 
tomato (Zsögön et  al., 2018) and the orphan 
crop groundcherry (Lemmon et al., 2018). Wild 
emmer wheat (Triticum dicoccoides), a progenitor 
of  bread wheat, is one example of  a future candi-
date for domestication as it may contain valuable 
adaptations to abiotic stress that are not found in 
the wheat gene pool.

12.5  Conclusion and Perspective

To develop hardier elite wheat varieties, breeders 
can now apply efficient genome editing to increase 
tolerance to drought, metal toxicity and other 

abiotic stresses. Fuelled by intense interest in 
biomedical applications, the genome editing 
toolbox is still rapidly expanding, making it ever 
easier to introduce any mutation into any region 
of  the wheat genome. A limiting factor remains 
the lack of  knowledge of  many of  the pathways 
underlying complex abiotic stress tolerance 
traits. Understanding how wild wheat relatives 
have adapted to their environments offers a prac-
tical approach to identify new candidate genes 
for abiotic stress tolerance. With more applied 
knowledge on Triticeae genomes, new breeding 
approaches can be deployed with a greater focus 
on targeted changes in traits. Cycles of  breeding 
by recombination can be accelerated with cycles 
of  genome editing to optimize wheat for different 
environments across the world.
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13.1  Introduction

13.1.1  What is a pangenome?

Wheat breeding has been supported by genetic 
and genomic technologies through the applica-
tion of  molecular genetic markers. These mark-
ers can be tightly linked to phenotypic traits 
which makes them valuable as proxies for phe-
notyping, targeting agronomically important 
traits for breeding. To properly utilize molecular 
breeding techniques, associated genetic markers 
need to be identified; however, many approaches 
for discovery and analysis of  single-nucleotide 
polymorphism (SNPs) use a reference genome 
assembly and this may lead to bias due to the  
extent of  gene presence/absence variation in 
plant species (Golicz et al., 2016a; Hurgobin and 
Edwards, 2017).

A pangenome consists of  the full repertoire 
of  genes from all sequenced variations of  the 
same species, genus or a larger group. These 
genes are divided by their presence and/or ab-
sence in the species: genes that belong in the 
‘core genome’ are genes that are present in all in-
dividuals, while genes that are present only in 
some individuals are placed in the ‘accessory/
variable genome’ (also known as the ‘dispensable 

genome’). Among genotyping-by-sequencing 
and genotyping arrays, using pangenomes is an 
effective way to capture crop diversity. Pange-
nomes capture a larger scope of  the diversity of  
a species than a single reference genome due to 
the range of  individuals used for its construction 
(Golicz et al., 2016b). In conjunction with geno-
typing-by-sequencing and genotyping arrays, 
pangenomes have been used to capture the 
scope of  genomic diversity in a species and have 
so far been successfully used as a reference for 
gene functional studies and evolutionary ana-
lyses (Scheben et al., 2016). For example, a gene 
function study using the tomato pangenome 
identified variation in the TomLoxC promoter 
which contributes to tomato flavour and had 
been selected against during domestication (Gao 
et  al., 2019; Zhang et  al., 2019). In the same 
vein, the construction of  a pigeon pea pange-
nome found 225 SNPs associated with nine 
agronomically important traits in the crop, one 
of  which being a gene associated negatively with 
seed weight distribution (Zhao et al., 2020).

One approach to constructing a pange-
nome involves producing multiple, whole- 
genome de novo assemblies which are compared 
with one another to identify genomic differences 
(Li et al., 2014; Gordon et al., 2017; Zhao et al., 
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2018). While this can place the majority of  
genes in a chromosomal location, it requires 
very high levels of  sequencing coverage. In add-
ition, sequencing assembly errors or variations 
in assembly and annotation quality can lead to a 
misinterpretation of  true genomic differences 
(Schatz et  al., 2014; Hurgobin and Edwards, 
2017). In contrast, the iterative mapping and as-
sembly approach uses a single reference genome 
as a template and sequentially adds non-redundant 
sequences from other genotypes (Montenegro 
et  al., 2017; Hübner et  al., 2019; Zhang et  al., 
2019). Presence/absence variants (PAVs) are 
then called by remapping reads back to the im-
proved pangenome reference. The iterative map-
ping and assembly approach is considerably less 
expensive and time-consuming than the de novo 
assembly and annotation approach and allows 
for the pooling of  large numbers of  individuals 
with relatively low sequencing coverage, produ-
cing presence/absence variation information 
across large populations and capturing rare 
genes that are found only in few individuals. 
This has been applied in several crops, including 
Brassica oleracea (Golicz et  al., 2016b), sesame 
(Yu et al., 2019) and wheat (Montenegro et al., 
2017). However, unlike the de novo assembly and 
comparison approach, it cannot position the 
majority of  genes on the genome. The de novo as-
sembly and the iterative assembly methods are 
highly complementary and a combination of  a 
small number of  high-quality de novo assemblies 
together with low-coverage (>10×) data from a 
large number of  individuals allows for a highly 
detailed assessment of  gene PAVs, the capture of  
rare genes and the physical placement of  vari-
able genes.

Pangenome information can be applied to 
existing germplasm resources to support crop 
improvement through the selection of  variable 
genes (Edwards et al., 2012; Dwivedi et al., 2017; 
Varshney et  al., 2019). It can also be used to 
compare related species to identify novel genes 
or orthologous genes with a shared history. 
Pangenomes benefit from the availability of  
novel data for gene discovery and gene prioritiza-
tion and could reduce the problem with wide-
spread redundancy in research by acting as its 
own specific repository that is easily accessible 
(Scheben and Edwards, 2018a). Thanks to the 
reducing cost of  high-throughput DNA sequen-
cing, these detailed and informative references 

are more easily produced, have already been 
used to accelerate the study and production of  
crops and can continue to be a useful molecular 
breeding tool for wheat (Abberton et al., 2016; 
Danilevicz et al., 2020).

13.1.2  The first wheat pangenome

There have been rapid developments in wheat 
genomics in recent years with the reduced cost 
of  DNA sequencing together with approaches 
for whole-genome assembly that are applicable 
to these large and complex genomes. In 2011, 
isolated chromosome-arm sequencing reduced 
some of  the assembly complexity of  wheat by re-
ducing the amount of  represented repetitive 
regions and also by eliminating the potential 
confusion brought by the presence of  homeologous 
chromosomes, leading to the assembly of  ap-
proximately 40% of  the 7DS chromosome arm, 
including all of  its known genes, placing them in 
order based on synteny with related grass spe-
cies (Berkman et al., 2011). The following year, 
low-copy and unique regions of  the chromo-
some arm 7BS were also assembled, defining the 
7BS/4AL translocation at the gene level (Berk-
man et al., 2012). The subsequent year saw the 
publication of  all group 7 chromsome arms, giv-
ing highlights into wheat genome evolution and 
domestication (Berkman et  al., 2013). This ap-
proach was subsequently adopted by the Inter-
national Wheat Genome Sequencing Consor-
tium (IWGSC) to assemble all chromosome arms 
of  wheat, providing the first reference for this 
large and complex genome (International 
Wheat Genome Sequencing Consortium, 2014). 
The same year, the largest wheat chromosome, 
3B, was assembled through a bacterial artificial 
chromosome (BAC) approach which resulted in 
1036 contigs, representing 82% of  the chromo-
some (Choulet et al., 2014). In addition, 7A, 7B 
and 7D wheat microRNAs (Deng et  al., 2014) 
and SNPs (Lai et al., 2015) were identified and 
characterized which showed their evolutionary 
roles in polyploidization. In 2017, the assem-
blies of  two modern wheat ancestors, wild 
emmer (Avni et  al., 2017) and Aegilops tauschii 
(Zhao et al., 2017), were released, followed by a 
near-complete assembly of  domesticated wheat 
(Clavijo et  al., 2017). Finally, in 2018, the 
IWGSC published a fully annotated reference of  
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the Chinese Spring cultivar: IWGSC RefSeq  
assembly v1.0 (International Wheat Genome 
Sequencing Consortium, 2018). This first ver-
sion has since been improved using optical maps 
together with PacBio SMRT sequencing. The up-
dated IWGSC RefSeq v2.0 was released in 2019 
and is available online (https://wheat-urgi.ver-
sailles.inra.fr/Seq-Repository/Assemblies, accessed 
16 February 2021).

The first wheat pangenome was published 
in 2017 and applied the iterative assembly ap-
proach and a chromosome-arm-based reassem-
bly of  Chinese Spring (Montenegro et al., 2017). 
This pangenome was produced from 18 culti-
vars and revealed the extent of  presence/ab-
sence variation in this species for the first time. 
This study predicted a total of  128,656 genes of  
which 82,725 genes (64.3%) were identified as 
core (a genome browser of  this assembly is avail-
able at http://appliedbioinformatics.com.au/cgi-
bin/gb2/gbrowse/WheatPan/ and data are 
available at http://wheatgenome.info/wheat_
genome_databases.php, both accessed 16 Feb-
ruary 2021). Analysis of  gene ontology revealed 
that variable genes are enriched for terms in-
cluding stress response, reflecting results from 
previous studies in rice (Yao et al., 2015) and B. 
oleracea (Golicz et  al., 2016b). Analysis of  the 
gene content in the 18 cultivars, many of  which 
are closely related to current breeding lines, 
demonstrated that the Chinese Spring line has a 
significantly different gene content from current 
modern varieties. There were 245 genes that 
were present only in the Chinese Spring genome, 
while 12,150 genes were found in every one of  
the 18 recent cultivars but were absent from 
Chinese Spring.

13.1.3  Resequencing additional  
varieties

An international collaboration has been estab-
lished to expand on this first wheat pangenome. 
Established in 2016, the 10+ Wheat Genomes 
Project (http://www.10wheatgenomes.com, ac-
cessed 16 February 2021) currently includes 18 
members from eight countries, and the cultivars 
were selected to represent diverse agroecological 
zones (Europe, Australia, Canada, Japan, USA). 
The project will take a de novo assembly approach, 

with 12 cultivars sequenced to date (April 2020; 
Table 13.1), although currently the data are 
available only to project partners.

13.1.4  Scope for future sequencing 
approaches

Bi-directional variant graphs for pangenome 
assembly

As sequencing technology advances, faster and 
more accurate methods of  constructing pange-
nomes will be developed. One of  the newer 
methods of  assembling a pangenome involves 
the usage of  bi-directed variation graphs (VGs). 
VGs utilize sequencing reads supported by linear 
genome references to produce a graphical repre-
sentation of  the variable regions (Garrison et al., 
2018; Rakocevic et al., 2019). VG tools are fast 
and robust assemblers which avoid assembly 
bias towards a reference genome. They enable a 
population-scale representation of  the genome 
that allows for the continuous addition of  novel 
sequencing data (Eggertsson et  al., 2017; Jack-
man et al., 2017; Rakocevic et al., 2019). Unlike 
other pangenome approaches that have to re-
align and reassemble new sequences, new data 

Table 13.1.  Cultivars used in the two wheat 
pangenome projects.

wheatgenome.info
(Montenegro et al., 2017)

10+ Wheat 
Genomes Project

AB-1 Mace
Alsen Lancer
BX-1 CDC Landmark
CH7 Julius
Drysdale Norin61
Excalibur ArinaLrFor
Gladius Jagger
H45 Cadenza
Kukri Paragon
OpataM85 Kronos
Pastor Robigus
RAC Claire
Volcani
W7984
Westonia
Wyalkatchem
Xi-1
Yp-1

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://www.10wheatgenomes.com
https://wheat-urgi.versailles.inra.fr/Seq-Repository/Assemblies
https://wheat-urgi.versailles.inra.fr/Seq-Repository/Assemblies
http://wheatgenome.info/wheat_genome_databases.php
http://wheatgenome.info/wheat_genome_databases.php
http://appliedbioinformatics.com.au/cgi-bin/gb2/gbrowse/WheatPan/
http://appliedbioinformatics.com.au/cgi-bin/gb2/gbrowse/WheatPan/


	 Application of Pangenomics for Wheat Molecular Breeding	 239

can be continuously added to VG-constructed 
pangenomes reducing the time it takes for 
genomic analyses to incorporate the latest 
pangenomic data.

Pangenomes separate core genes from 
variants (into the core genome and accessory/
variable genome), making it easier to identify 
variants for further study. In a VG assembly, 
PAVs can be studied by looking at the variant lo-
cations which are more widely represented by 
the set of  graph paths than in typical pange-
nome assemblies. Nevertheless, iterative/de novo 
pangenomes are useful tools and can be com-
bined with VG pangenomes or used alone for 
further exploration into identifying important 
variation and function of  wheat genes.

Presently, Variation Graph and Graph Gen-
ome are two toolkits that are able to manipulate 
human-sized genomic data. These programs are 
also able to perform variant calling in these gen-
omes and are more accurate in calling SNPs 
when compared with established methods that 
utilize linear analysis tools (Garrison et  al., 
2018; Rakocevic et al., 2019).

VG applications in wheat and other plant 
genomes have been limited by topological con-
straints and scalability, as it requires a large 
amount of  computational power and storage. As 
of  2020, there have been few tools available to 
perform the same analyses that iterative and de 
novo pangenome assemblies can undertake, 
such as common downstream analyses and 
visualization of  the graph genomes. The poten-
tial for VG to become the standard of  pangenome 
assembly exists but improvements need to be 
made to VG tools in order to make them viable 
for wheat pangenomic studies and analyses.

Long-read sequencing  
and genome mapping

Until recently, most plant genome sequencing 
was performed using short-read sequencing tech-
nology from Illumina, which has a very low error 
rate (<1%) and is inexpensive, even for the large 
quantities of  data required for wheat genome se-
quencing. However, the short length of  the reads 
limits the ability to assemble repetitive regions, 
leading to collapsed repeats and fragmented as-
semblies. More recently, third-generation sequen-
cing technologies offered by Pacific Bioscience 
(Pacbio) and Oxford Nanopore Technology (ONT) 

are capable of  generating long and ultra-long 
reads (up to 2.3 Mb per read) (Payne et al., 2019) 
to assemble unresolved, complex and repetitive 
regions of  the genome. A recent study using 
bread wheat employed long-read sequencing as-
sociated with other mapping methods to incorp-
orate long tandem repeats to pseudomolecules 
(Kapustová et al., 2019).

Long-read sequencing can span hundreds 
of  kilobases, bridging some of  the gapped re-
gions, offering a less ambiguous de novo genome 
assembly and the characterization of  structural 
variants (SVs). However, these long reads have a 
higher error rate. Recently, new bioinformatics 
tools have aimed to address this limitation; for 
example, Nanopolish (https://github.com/jts/
nanopolish, accessed 16 February 2021) can 
improve base calling accuracy to 99.77% in the 
human genome sequenced using ONT (Koren  
et al., 2019). Even though the wheat genome is 
much more complex than the human genome, 
the improvement of  bioinformatics tools for long-
read sequence reads could improve the assembly 
of  repetitive regions. In addition, it is possible to 
use a hybrid approach in which Illumina short 
reads are mapped into the long-read assembly to 
polish it and increase base calling confidence 
(Koren et al., 2012; Yuan et al., 2017; Mahmoud 
et al., 2019). The use of  the hybrid approach has 
improved the assembly quality of  bread wheat, 
enabling the identification of  complete families 
of  agronomic genes and evidence of  chromo-
somal translocation (Clavijo et al., 2017).

Additional technologies such as optical map-
ping, the sequencing of  BACs and chromosome 
conformation capture (Hi-C) have also been em-
ployed in conjunction with short- and/or long-
read sequencing to decrease genome gaps and 
improve scaffolding in plants (Deschamps et  al., 
2018; Keeble-Gagnère et al., 2018). Optical map-
ping uses linkage information based on the phys-
ical location of  restriction endonuclease sites to 
assist the ordering scaffolds and identification of  
assembly errors or structural variation (Zhou and 
Schwartz, 2004). Similarly, Hi-C estimates the 
physical location of  sequence read pairs by meas-
uring their contact frequency in the genome, pro-
viding linkage information to assist in building 
chromosome-level assemblies (Lieberman-Aiden 
et al., 2009; Ghurye et al., 2019). In wild emmer 
wheat, optical mapping enabled the study of  wild 
emmer evolution and domestication as well as a 
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putative mutation in genes controlling shatter-
ing, which is one of  the key domestication traits 
in cereals (Avni et  al., 2017; Zhu et  al., 2019). 
Various combinations of  these scaffolding 
methods have been observed to significantly en-
hance the quality of  the de novo assembly of  bread 
wheat, durum wheat and the wild emmer gen-
ome, allowing for a reliable comparison of  vari-
able regions between different lines (Staňková 
et  al., 2016; Avni et  al., 2017; Keeble-Gagnère 
et al., 2018; Salina et al., 2018; Kapustová et al., 
2019; Maccaferri et al., 2019; Zhu et al., 2019).

Tools for pangenome analysis

Analysing pangenome variability can be a 
daunting task as the majority of  genome ana-
lysis tools were developed for linear reference 
genomes. However, novel resources are being de-
veloped to improve variant detection and char-
acterization in wheat pangenomes (Borrill et al., 
2019). Pretzel is one of  the new platforms devel-
oped to incorporate past research into 
high-quality genome and pangenome assem-
blies, it enables the visualization of  genetic maps 
and physical genome sequence (https://github.
com/plantinformatics/pretzel, accessed 16 Feb-
ruary 2021). Similarly, the Wcpheat@URGI 
portal (https://wheat-urgi.versailles.inra.fr/, ac-
cessed 16 February 2021) aims to integrate 
physical maps, gene expression, QTLs, SNPs and 
other genetic and phenomic data from several 
collaborative projects on wheat (Alaux et  al., 
2018). The Wcpheat@URGI platform also offers 
dedicated tools to explore different aspects of  the 
data, allowing for investigation of  specific genes 
and meta-analysis across data sets (Alaux et al., 
2018). Some earlier platforms also provide 
wheat networks based on gene orthology, such 
as WheatNet (https://www.inetbio.org/wheat-
net, accessed 16 February 2021) and Knetminer 
(http://knetminer.rothamsted.ac.uk, accessed 
16 February 2021), that also offers a RNA-Seq 
co-expression network (Lee et  al., 2017). With 
the growing amount of  wheat information, 
databases such as WheatGenome.info (Lai et al., 
2012) and the International Wheat Information 
System (WheatIS) are working towards collating 
all data involving wheat to make the available 
resources more accessible and accelerate the 
production of  new crop lines (Scheben et  al., 
2018; Scheben and Edwards, 2018a).

A growing number of  publications describe 
using deep neural networks (DNNs) to address 
the current challenges in genome assembly and 
functional characterization (Wang et al., 2020). 
DNNs have been applied in a wide range of  ap-
plications, developing models for prediction, 
classification and clustering in several fields of  
research (LeCun et al., 2015). DNNs are a part 
of  machine learning, they employ multiple 
functions to autonomously detect underlying 
patterns in large data sets (LeCun et al., 2015). 
Several models for the prediction of  genomic fea-
tures using DNNs have been published to deter-
mine regulatory regions in the genome (Li et al., 
2018), predict association of  non-coding muta-
tions to disease (Zhou et al., 2019) and to build a 
chromatin accessibility map (Kelley et al., 2016). 
A detailed review of  the use of  DNNs for gen-
omic analysis is available from Zou et al. (2019) 
and Wang et  al. (2020) who focus on plant 
genomics. Moreover, some DNN models can be 
downloaded for testing and reuse from Kipoi 
(https://kipoi.org, accessed 16 February 2021), 
a repository for sharing trained predictive 
models in genomics (Avsec et al., 2019).

13.2  Application

13.2.1  Identification of presence/
absence variants associated with stress

SNPs and SVs, such as copy number variations 
(CNVs) and PAVs, have all been studied to under-
stand the genetic constituents of  wheat diversity. 
A pangenome can be used to define PAVs which 
can then be associated with agronomic traits 
such as yield and environmental stress tolerance 
and subsequently used to enhance abiotic stress 
adaptation (Dolatabadian et al., 2017; Anderson 
et  al., 2020). In other crops such as Brassica 
napus, a comparative pangenomic analysis iden-
tified novel resistance gene analogues that were 
driven by SNPs and PAVs that could not be iden-
tified from a single reference alone (Hurgobin 
et al., 2018; Dolatabadian et al., 2020).

A combination of  phenotyping and linkage 
analysis of  SNP, PAV and simple sequence repeat 
(SSR) markers was used to identify genomic regions 
on chromosomes 3B and 1D associated with heat 
stress (Sharma et  al., 2017). CNVs responsible for 
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cold tolerance such as FR-2 have also been identi-
fied, all of  which contribute to the overall fitness of  
the plants (Knox et al., 2010). PAVs have also been 
associated with biotic stresses and contribute to re-
sistance to disease. PAV and SNP markers associated 
with adult plant stripe rust resistance (YrBai) in Bai-
datou were identified to control the resistance to the 
Chinese prevalent Pst (Puccinia striiformis f.sp. tritici) 
race CYR33 in adult plants and can possibly be used 
to integrate resistance in other cultivars (Li et  al., 
2018). More than 80 leaf  rust (Puccinia triticina) re-
sistance genes have been identified, including Lr10 
which is a PAV that, when overexpressed in trans-
genic plants, confers enhanced leaf  rust resistance 
(Feuillet et al., 2003). Other PAVs have been associ-
ated with stripe rust resistance (Yr36) (Fu et  al., 
2009), stem rust resistance (Sr22 and Sr24) (Mago 
et al., 2005; Periyannan et al., 2011) and tan spot/ 
Stagonospora nodorum blotch resistance (Tsn1) (Liu 
et al., 2006).

13.2.2  Identification of presence/
absence variants associated with yield

Yield is genetically influenced by many factors. 
Several PAVs have been found to influence the 
yield of  wheat in a number of  different ways. 
The heading date of  wheat crops was found to be 
influenced by a PAV region of  photoperiod-in-
sensitive alleles (Nishida et  al., 2013) and can 
possibly be used to manipulate the growth of  
wheat crops. A genome-wide association study 
of  durum wheat identified a PAV marker that 
corresponds to late embryogenesis abundant 
(LEA) glycoproteins, located in the roots and the 
seeds of  wheat, responding to abiotic stresses 
(Gao and Lan, 2016; Roselló et  al., 2019) and 
could possibly be used to enhance abiotic resist-
ance in wheat and other crops. The same study 
identified a PAV marker associated with a basic 
leucine zipper (bZIP) transcription factor family 
protein which was observed to affect root growth 
in other studies and has marked it for potential 
use in improving new varieties (Zhang et  al., 
2017; Roselló et al., 2019).

Genome-wide QTL mapping and candidate 
gene analyses have aided in the discovery of  
yield-related candidate genes and PAVs (Nigro  
et  al., 2019). Four candidate genes associated 
with grain yield were identified in soft red winter 

wheat, one of  which is an orthologue of  the rice 
aberrant panicle organization protein (APO1) 
and one an orthologue of  Arabidopsis thaliana 
that affects the number of  grains per square 
metre, which can possibly be exploited for com-
mercial use (Ward et al., 2019).

13.2.3  Potential to bring variable genes 
in from related species

The average level of  genetic diversity in modern 
wheat cultivars has dropped almost threefold 
compared with the AA and BB genomes of  wild 
emmer and an over fourfold decrease occurs in 
the DD subgenome compared with Ae. tauschii 
(Tanno and Willcox, 2006). The reduction of  di-
versity suggests that key traits of  agronomic im-
portance in modern hexaploid wheat such as 
biotic/abiotic stress resistance and local adapta-
tion may have been lost during domestication 
and breeding (Golicz et  al., 2020). Historical 
gene flow into domesticated hexaploid wheat 
from its wild progenitors has recently been 
shown to have introduced novel variants which 
reduced the deleterious mutation burden and 
carried adaptive traits (He et al., 2019).

The wild relatives of  crops (CWRs) contain 
a reservoir of  genetic traits and variability. Char-
acterizing the genomes of  wheat CWRs and 
mapping the evolutionary trends that have 
taken place in specific genomic regions will as-
sist breeders who wish to exploit this natural 
variation. The effectiveness of  utilizing close 
wild-type ancestors and multiple cultivated ac-
cessions in order to uncover functional allele dif-
ferences has also been shown in other important 
crops such as soybean (Valliyodan et al., 2019) 
and B. napus (Bayer et al., 2017).

Pangenomes need not be restricted to dis-
crete taxonomic groups; incorporating CWRs 
from the diploid and tetraploid genera into a sin-
gle wheat pangenome would support the com-
parison of  these genomes at the species level. A 
pangenome of  the representing diverse wheat 
genera would enable the classification of  core 
(present in all individuals) and dispensable (ab-
sent in some individuals) genes, as well as tax-
on-specific genes (present in all individuals of  one 
cladistic group, absent in all others). For wheat, 
Liu et  al. (2016) sequenced one chromosome 
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from a single accession and compared it with the 
Chinese Spring reference, finding large SVs up to 
159.3 Mb in size linked to adaptation. Tulpova 
et al. (2019) generated a physical map of  7DS to 
facilitate gene mapping and cloning. In 2020, 7DL 
of  the reference pangenome of  wheat and 7DL of  
Ae. tauschii were compared and identified domesti-
cation signatures associated with yield and grain 
quality (Feng et al., 2020). These highlight the po-
tential for identifying novel adaptive SVs present 
within the dispensable genome of  wheat.

Studies involving interspecific hybridiza-
tion between bread wheat and related species 
highlight the high degree of  cross-compatibility 
between hexaploid wheat and its wild relatives, 
as well as the potential for crop improvement 
through introgression of  adaptive traits (Devi 
et  al., 2019). Introgression through recombin-
ation is a stochastic process that may not pro-
duce progeny with the desired traits. Further-
more, hybridization often transfers additional 
undesirable regions linked to QTLs and regions 
of  interest – a phenomenon known as linkage 
drag, which has been shown to have had a sig-
nificant detrimental effect on root growth in 
European bread wheat (Voss-Fels et al., 2017).

Advancements in gene editing technology 
such as with the clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-as-
sociated protein 9 (Cas9) system offer a promis-
ing alternative for the targeted introduction of  
novel adaptive alleles from related species as well 
as to introduce neutral variants to counteract 
recent deleterious mutations in crop populations 
(Scheben et  al., 2017; Scheben and Edwards, 

2018b). Continued improvements in genome 
editing promise to increase target specificity and 
reduce off-target effects as recent research has 
focused on engineering modified Cas9 cassettes 
(Jaganathan et al., 2018) and selecting optimal 
guide RNAs for use in hexaploid wheat (Scheben 
and Edwards, 2017; Arndell et  al., 2019). A 
pangenome provides a complete genomic profile 
to map the evolutionary history of  genes of  
interest in the wild population and to predict po-
tential off-target interactions and target specifi-
city in the recipient crop population.

13.3  Conclusion and Future  
Perspective

Pangenomes can be used by both researchers and 
breeders alike to develop elite wheat cultivars 
through the discovery and integration of  genetic 
variations associated with agronomically benefi-
cial traits. By providing a reference that accommo-
dates for variation in individuals, variants whose 
presence and/or absence control abiotic stress re-
sistance and yield can be identified. This tool has 
only become more informative as more wheat var-
ieties are sequenced, new sequencing approaches 
such as long-read sequencing and genome map-
ping are utilized, and tools for pangenomic ana-
lysis are developed. With pangenomics, variable 
genes from wild wheat relatives and related species 
can be used to optimize wheat molecular breeding 
and develop improved varieties tailored for the 
changing global environment.
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14.1  Introduction

Maize is a glycophytic crop that is moderately 
sensitive to soil salinity. Meanwhile, the soil 
salinization of  global maize farmlands is constantly 
increasing (Hanks et al., 1978; Schnable, 2015). 
Hence, soil salinization is becoming a serious 
problem for world maize production and there is 
an urgent need for breeding salt-tolerant maize 
varieties. Under salt environment, maize plants 
take up excessive amounts of  cations and anions 
(e.g. Na+ and Cl–), which then impair numerous 
metabolic processes and lead to ion toxicity 
(Munns and Tester, 2008; Yang and Guo, 
2018). In addition, high concentrations of  soil 
salts decrease the external osmotic potential, 
making it difficult for maize roots to take up 
water and resulting in physiological drought 
(Munns and Tester, 2008). Therefore, the 
molecular breeding of  salt-tolerant maize varieties 
principally includes, but is not limited to, improve-
ment of  the tolerances to major harmful cations 
(mainly Na+) and anions (mainly Cl–) and osmotic 
stress.

Existing knowledge has shown that natural 
maize inbred lines show large variation in salt 
sensitivity (Fig. 14.1) (Fortmeier and Schubert, 

1995; Zhao et al., 2010; Gao et al., 2016; Zhang 
et al., 2018; Zhang, M. et al., 2019), which is at-
tributable to variations in tolerances to Na+ and 
Cl– toxicity, and/or osmotic stress, and is a quan-
titative trait (Zhao et al., 2010; Gao et al., 2016). 
Recent studies have identified several quantita-
tive trait loci (QTLs) that underlie the natural 
variations of  Na+ and K+ homeostasis and salt 
tolerance in maize (Table 14.1) (Zhang et  al., 
2018; Cao et al., 2019, 2020; Zhang, M. et al., 
2019) and have shown that the natural maize 
population confers large variations in osmo-
regulatory substances (e.g. glycine betaine) 
(Saneoka et al., 1995; Yang et al., 1995; Niu et al., 
2007), suggesting that further studies towards 
identification and application of  the salt tolerance-
associated genetic variations could provide a 
promising route of  breeding salt-tolerant maize 
varieties. Moreover, dozens of  genes associated 
with maize salt tolerance have been identified 
(Table 14.1), providing further genetic resources 
for improving maize salt tolerance by marker- 
assisted breeding or bioengineering strategies. 
The following sections review recent progress in 
the fundamental understanding of  maize salt toler-
ance and the advancement of  molecular breed-
ing for salt-tolerant maize.

*Corresponding author: cfjiang@cau.edu.cn
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14.2  Tolerance to Salinity-Induced 
Osmotic Stress in Maize

Osmotic stress is one of  the major stresses im-
posed upon maize plants by high concentrations 
of  salts, which makes it difficult for maize roots 
to take up water from the soil solution (Muhammad 
et  al., 2015). Accordingly, maize has evolved a 
series of  osmotic stress-responsive signalling path-
ways and metabolic rearrangements to cope 
with the salinity-induced low osmotic potential 
and water deficiency (Liu et al., 2010; Hu et al., 
2015; Zhang et al., 2016; Mittal et al., 2017; Qi 
et al., 2018).

14.2.1  Perception and signalling  
of salinity-induced osmotic  

stress in maize

The maize plants grown under salinity condi-
tion confer a decreased rate of  leaf  growth, 
which is partially ascribed to the osmotic stress 
caused by the salts surrounding the root system 
(Muhammad et al., 2015). It has been suggested 
that osmotic stress starts immediately following 
the onset of  salinity treatment, which is sensed 
by an osmoreceptor and then converted into se-
cond signalling messengers, mostly the increase 
of  the concentration of  cytoplasmic Ca2+. The 

featured Ca2+ increase is recognized by numerous 
Ca2+-binding proteins. This subsequently activates/
inactivates the downstream responses, enabling 
the adaption to the osmotic stress (Yuan et  al., 
2014; Zhang et al., 2016; Mittal et al., 2017). The 
Arabidopsis AtOSCA1 (reduced hyperosmolality-
induced [Ca2+] increase 1) encodes an osmoreceptor 
that mediates the increase of  the cytoplasmic 
Ca2+ under osmotic stress treatment and is 
essential for the tolerance to osmotic stress 
(Yuan et al., 2014). Although the osmosensor in 
maize is yet to be known, the maize orthologue 
of  AtOSCA1 (GRMZM2G456000) may act as an 
osmosensor. In addition, Liu et al. (2010) showed 
under osmotic stress treatment that the cyto-
plasmic free Ca2+ concentration in root tip 
protoplasts of  maize increased significantly. 
This supports the perspective that Ca2+ acts as a 
second messenger in maize osmotic response, 
which may act downstream of  the osmosensor. 
Other studies in maize indicated that the tran-
script levels of  some genes (e.g. ZmCBLs and 
ZmCDPKs) encoding Ca2+-binding proteins like 
CBLs (calcineurin B-like proteins) and CDPKs 
(Ca2+-dependent protein kinases) are induced by 
salinity and osmotic stress conditions. These 
genes may be involved in recognizing Ca2+ sig-
nalling and regulating downstream responses 
(Zhang et  al., 2016; Mittal et  al., 2017). More-
over, many studies showed that reactive oxygen 
species (ROS) act as an important second 

Control

Line 1 Line 2 Line 3 Line 1 Line 2 Line 3

Salinity

Fig. 14.1.  The appearance of selected maize inbred lines grown under control and salinity (100 mM 
NaCl) conditions. Bar = 10 cm.
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messenger mediating the osmotic response in 
Arabidopsis, which act together with Ca2+ to me-
diate long-distance transduction of  osmotic 
signals (Yuan et al., 2014; Kurusu et al., 2015; 
AbdElgawad et  al., 2016; Martiniere et  al., 
2019). It is possible that such a ROS-mediated 
osmotic response is conserved in maize as well, 
but it is yet to be confirmed. Taking this into 
consideration it may be said that the exact 
mechanism of  how a maize crop senses salini-
ty-induced osmotic stress and subsequently 
converts it into second signalling messengers, 
along with the mechanism of  decoding the se-
cond messengers to activate/inactivate the 
downstream responses, remain largely un-
known. This happens to be the major bottle-
neck restricting the breeding of  maize varieties 
with increased tolerance to salinity-induced os-
motic stress.

14.2.2  Abscisic acid-mediated  
response to salinity-induced  

osmotic stress in maize

The stress phytohormone abscisic acid (ABA) 
plays important roles in plants’ response to en-
vironmental stresses, especially in the responses 
to osmotic stress and the regulation of  stomatal 
movement (Yoshida et  al., 2014; Munemasa 
et al., 2015; Sah et al., 2016). In Arabidopsis, it 
has been shown that osmotic stress increases the 
biosynthesis of  ABA, which binds to receptors 
and activates downstream signalling pathways 
(e.g. the ABA–PYL (pyrabactin resistance-like)–
OST1 (open stomata 1) –SLAC1 (slow anion 
channel-associated 1) pathway) (Furihata et al., 
2006; Fujii et al., 2009; Fujii and Zhu, 2009; Fujita 
et al., 2009; Yoshida et al., 2014) regulating the 
transcript levels of  many osmotic responsive 

Table 14.1.  List of genes likely associate with salt tolerance in maize.

Gene name Gene ID Annotation
Cloning 
method

Genetic 
evidence Reference

ZmSOS1 GRMZM2G098494 Na+/H+ antiporter QTL – Luo et al. (2017)
ZmSOS3 GRMZM2G007555 CBL protein QTL – Luo et al. (2017)
ZmNSA1 GRMZM2G000397 EF-hand family protein GWAS Maize Cao et al. (2020)
ZmCPK11 GRMZM2G047486 CDPK 11 – Arabidopsis Borkiewicz et al. 

(2019)
ZmHKT1 GRMZM2G047616 HKT1 family transporter QTL Maize Zhang et al. 

(2018)
ZmHKT2 GRMZM2G135674 HKT2 family transporter QTL Maize Cao et al. (2019)
ZmHAK4 GRMZM2G425999 HAK family transporter GWAS Maize Zhang, M. et al. 

(2019)
ZmSAG4 GRMZM2G077295 COP II complex SEC23 

protein
GWAS Arabidopsis Luo et al. (2019)

ZmSAG6 GRMZM2G106056 Double-strand break repair 
protein MRE11

GWAS Arabidopsis Luo et al. (2019)

ZmDi19-1 GRMZM2G014066 Drought-induced protein 
19 family

– Arabidopsis Zhang, X. et al. 
(2019)

ZmMYB3R GRMZM2G081919 MYB-transcription factor – Arabidopsis Wu et al. (2019)
ZmSCE1e GRMZM2G038851 A putative SUMO-

conjugating enzyme
– Arabidopsis Wang et al. 

(2019)
ZmGPDH1 GRMZM2G155348 Glycerol-3-phosphate 

dehydrogenase
– Arabidopsis Zhao et al. (2019)

ZmNPF6.4 GRMZM2G086496 NPF family transporter – Maize Wen et al. (2017)
ZmALMT1 DQ358745 ALMT family transporter – Maize Pineros et al. 

(2008)
ZmALMT2 GRMZM5G858653 ALMT family transporter – Maize Ligaba et al. 

(2012)
ZmCLC-d GRMZM2G397836 CLC family protein – Arabidopsis Wang, S. et al. 

(2015)

SUMO, small ubiquitin-related modifier.
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genes. This promotes the tolerance to salinity-
induced osmotic stress. In maize, studies are in-
creasingly demonstrating that ABA signalling 
confers the transcriptional regulation of  numer-
ous osmotic responsive genes. For example, while 
osmotic stress treatment increases ABA biosyn-
thesis in maize (Bahrun et  al., 2002; Jia et  al., 
2002), the overexpression of  AtLOS5 (a key 
regulator of  ABA biosynthesis) in maize increases 
the ABA level, promotes water uptake and 
maintains a better water status under salinity 
conditions (Zhang et al., 2016). ABA treatment 
increases the transcript levels of  maize BADH 
(Betaine Aldehyde Dehydrogenase) promoting the 
synthesis of  the osmoregulator glycine betaine 
(Zhang et al., 2012). The proteomic analysis of  
the phosphoproteins in maize vp5 mutant (defi-
cient in ABA biosynthesis) revealed that the acti-
vation of  many transcription factors, enzymes 
and transporters is associated with the ABA sig-
nalling pathway under osmotic stress treatment 
(Hu et  al., 2015). These observations together 
suggest that the ABA-dependent signalling path-
ways play important roles in the response to 
salinity-induced osmotic stress in maize. How-
ever, large gaps remain in our knowledge of  ABA-
mediated tolerance to salinity-induced osmotic 
stress.

In Arabidopsis, the understanding of  ABA-
mediated regulation of  stomatal movement and 
its responses to salt stress has progressed greatly 
in recent years. A likely model is that, under 
normal condition, PP2Cs (type 2C protein phos-
phatases) bind and dephosphorylate OST1 protein 
kinase, a member of  the SnRKs (sucrose non-
fermenting-1 related kinases) family, repressing 
the kinase activity of  OST1. This keeps stomata 
open. Under salinity condition, the ABA concen-
tration in guard cells increases, ABA binds to the 
PYR/PYL/RCAR (pyrabactin resistance/pyra-
bactin resistance 1-like/regulatory component 
of  ABA receptors), the receptors then bind and 
inhibit the activity of  PP2Cs, thereby releasing 
the kinase activity of  OST1. The active OST1 
then phosphorylates and activates the SLAC1 
anion channel, which in turn promotes anion 
efflux and stomatal closure (Geiger et al., 2009; 
Chen et al., 2010; Maierhofer et al., 2014; Wege 
et al., 2014). The maize plants grown under salt 
conditions confer reduced rates of  water loss 
from the stomata, leading to a higher leaf  tem-
perature (Fig. 14.2a). As previous studies have 

shown that ABA promotes stomatal closure and 
salinity stress increases ABA synthesis in maize 
(Jossier et  al., 2010; Munemasa et  al., 2015), 
hence ABA signalling may promote maize sto-
matal closure under salinity conditions. This en-
ables a better adaptation to salinity-induced 
water deficiency. The Arabidopsis SLAC1 anion 
transporter plays important roles in regulating 
stomatal movement by mediating anions (e.g. 
Cl– and 3NO– ) efflux in guard cells (Geiger et al., 
2009; Chen et  al., 2010; Brandt et  al., 2012). 
Similarly, the maize SLAC1 orthologue (ZmSLAC1) 
also confers the regulation of  stomatal move-
ment by mediating 3NO–  efflux in guard cells, and 
OST1 can phosphorylate and activate ZmSLAC1-
mediated 3NO–  efflux (Qi et al., 2018) (Fig. 14.2b). 
These observations suggest that the OST1–
ZmSLAC1– 3NO– pathway may confer the regu-
lation of  stomatal movement in response to 
salinity-induced osmotic stress in maize, which 
may act at the downstream of  ABA perception.

14.2.3  Accumulations of  
osmoregulatory substances  

promote salt tolerance in maize

In order to cope with the low osmotic potential 
caused by high concentration of  soil salts, plants 
increase the concentrations of  numerous organic 
or inorganic osmoticums in cytoplasm, which then 
reduces the difference in osmotic pressure outside 
and inside the plasma membrane, thus facilitating 
water uptake, the maintenance of  cell turgor and 
the adaption to salinity-induced osmotic stress 
(Munns and Tester, 2008; Yang and Guo, 2018; 
Nadeem et al., 2019). In general, Cl– and K+ are la-
belled as the main inorganic osmoticums, which 
are ‘cheap’ osmoregulatory substances compared 
with the organic osmotic solutes synthesized via 
various energy-costing processes (Sanders, 1981). 
However, the organic substances also play essential 
roles (Rodriguez et al., 1997). Existing studies have 
showed that salinity stress increases the contents 
of  almost all known organic osmoticums, such as 
alanine, glutamate, asparagine, glycine betaine 
and sucrose (Gavaghan et al., 2011), with some of  
them having been shown to confer osmotic toler-
ance in maize.

Glycine betaine is one of  the most import-
ant inorganic osmoregulatory substances (Munns 
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and Tester, 2008; Nadeem et al., 2019). The bio-
synthesis of  glycine betaine in maize is induced 
by various environmental stresses (e.g. salinity, 
extreme temperature and drought stress) (Brunk 
et  al., 1989). Intriguingly, some maize inbred 
lines are deficient in glycine betaine (Saneoka 
et al., 1995; Yang et al., 1995). With these inbred 
lines, Yang et  al. (1995) generated betaine-
containing (Bet1/Bet1) and betaine-deficient 
(bet1/bet1) near-isogenic lines (NILs) and showed 
that the Bet1/Bet1 plants confer greater salt tol-
erance than bet1/bet1 plants, in terms of  dry 
matter accumulation, leaf  area expansion rate, 
leaf  water content and carbon assimilation rate 
(Saneoka et al., 1995). This indicates that glycine 
betaine is an important osmoticum promoting 
maize growth and development under salinity 
conditions. Therefore, future efforts towards 
identifying the genetic variation underlying the 
natural variations of  the glycine betaine content 
are valuable. As studies have shown that there 
were some insertions and deletions in the exon 
of  BADH of  some cereal crops (e.g. rice) and 
these natural variations lead to premature ter-
mination of  the protein translation (Niu et  al., 
2007), it will be valuable to determine whether 
the natural variations of  glycine betaine con-
tents in maize are associated with BADH, espe-
cially for the purpose of  breeding salt-tolerant 
maize by increasing the content of  glycine 
betaine.

Free amino acids are important inorganic 
osmoregulatory substances and salinity stress 

significantly increases the contents of  numerous 
free amino acids in maize (Chyzhykova and Pal-
ladina, 2006), suggesting that the accumulation 
of  free amino acids may promote salinity toler-
ance. In agreement with this perspective, Voet-
berg and Sharp (1991) showed that the osmotic 
stress induced an up to tenfold increase of  proline 
content in the root growth zone of  maize seed-
ling (Voetberg and Sharp, 1991), and the Arabi-
dopsis plants overexpressing ZmDi19-1 conferred 
higher proline contents and were more tolerant 
to salinity stress (Zhang, X. et al., 2019). This fur-
ther supports the notion that the accumulation 
of  proline promotes maize salt tolerance.

As the accumulations of  osmoregulatory 
substances promote maize salt tolerance, a pos-
sible strategy for breeding salt-tolerant maize is 
increasing the concentrations of  osmoticums. 
Chimenti et al. (2006) screened 20 inbred lines 
grown under water-deficiency conditions, iden-
tified the lines with the highest and lowest osmolytes, 
then crossed them and obtained high-osmolytes 
(average of  0.47 MPa) and low-osmolytes (aver-
age of  0.06 MPa) populations. The follow-up 
study showed that the high-osmolytes popula-
tion exhibited higher leaf  area duration and 
grain yields under drought conditions (Chimenti 
et  al., 2006), suggesting that increasing the 
contents of  osmoticums provides a strategy for 
breeding drought-tolerant maize. Expectantly, 
such a programme may facilitate the breeding of  
maize varieties tolerant to salinity-induced 
osmotic stress.
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Fig. 14.2.  ABA-mediated regulation of stomatal movement under salinity condition in maize.  
(a) False-colour infrared image of maize plants grown under control and salinity (100 mM NaCl) conditions. 
(b) A proposed model of the regulation of stomatal movement under salinity condition in maize.
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14.3  Sodium Homeostasis under 
Salinity Stress in Maize

14.3.1  The maintenance of Na+  
homeostasis is essential  
for maize salt tolerance

Na+ is the most abundant soluble cation in the 
salinity farmlands (Munns and Tester, 2008). 
Under salinity conditions, plants take up an exces-
sive amount of  Na+, which leads to ion toxicity 
by competing with K+ and causing deregulation 
of  numerous important physiological processes 
(Munns and Tester, 2008; Park et  al., 2016). 
Therefore, the maintenance of  low Na+ concen-
tration and Na+:K+ ratio in the cytoplasm is es-
sential for plant salt tolerance, especially for the 
glycophytic species (Zhu, 2003; Deinlein et  al., 
2014; Yang and Guo, 2018). It has been shown 
that, under salinity conditions, the uptake and 
delivery of  Na+ from the soil to shoot involve the 
following consecutive steps. First, Na+ enters root 
epidermal cells via non-selective cation channels 
and probably also via HKTs (high-affinity K+ 
transporters) (e.g. AtHKT1) (Tester and Daven-
port, 2003; Munns and Tester, 2008). Second, 
Na+ moves across the endodermis by apoplastic 
and symplastic pathways and then enters the 
stele. Finally, Na+ is loaded from the stelar cells 
into the xylem vessels and is delivered to the 
shoot via the transpiration stream (Munns and 
Tester, 2008). Meanwhile, there are mechan-
isms that restrict the amount of  Na+ delivered to 
the shoot and these mechanisms are mainly 
conferred by Na+-selective transporters. For in-
stance, the plasma-membrane NHXs (Na+/H+ 
antiporters) (e.g. AtSOS1) act at the soil–cell 
interface to pump Na+ back into the soil (Shi 
et al., 2002; Zhu, 2002; Yang and Guo, 2018). 
The HKT1 family transporters act at the cell–
xylem interface to retrieve Na+ from the xylem 
vessels, thus reducing root-to-shoot Na+ delivery 
(Moller et al., 2009). The Na+ transporters located 
on tonoplasts mediate cytoplasm-to-vacuole 
compartmentalization of  Na+ (Apse et al., 2003). 
These mechanisms act together to maintain the 
cytoplasmic Na+ concentration at non-toxic 
level, thereby promoting salt tolerance (Zhu, 
2002; Munns and Tester, 2008; Yang and Guo, 
2018). The maintenance of  Na+ homeostasis is 
essential for maize salt tolerance as well (Hajibagheri 

et  al., 1989; Schubert and Läuchli, 1990; de 
Azevedo et al., 2004; Akram et al., 2007). Not-
ably, recent studies are increasingly showing 
that the variations in salt tolerance among nat-
ural maize inbred lines are substantially attrib-
utable to the differences in Na+ contents (Zhang 
et  al., 2018; Zhang, M. et  al., 2019; Cao et  al., 
2020), suggesting that the identification and ap-
plication of  the genetic variants promoting Na+ 
homeostasis could provide a feasible strategy of  
improving maize salt tolerance. The following 
sections introduce current understanding of  the 
mechanisms regulating Na+ homeostasis under 
salinity conditions in maize.

14.3.2  Regulation of Na+ homeostasis  
at soil–cell interface in maize

The regulation of  Na+ homeostasis at the soil–
cell interface includes two distinct processes: (i) 
soil-to-cell Na+ influx; and (ii) cell-to-soil Na+ 
efflux (Tester and Davenport, 2003). It has been 
suggested that, under conditions with high con-
centration of  Na+, the soil-to-cell Na+ influx is a 
passive process (Munns and Tester, 2008). Re-
search has shown that the soil-to-cell Na+ influx 
in maize is sensitive to Ca2+ treatment, support-
ing the notion that the Na+ influx is dependent 
(at least partially) upon non-selective cation 
channels (NSCCs) (see Fig. 14.3 below) (Roberts 
and Tester, 1997; Tyerman and Skerrett, 1999). 
In addition, while the studies in rice showed that 
the OsHKT2;1 can mediate Na+ influx into root 
under K+ starvation (Horie et al., 2007), its maize 
orthologue (ZmHKT2) showed undetectable Na+- 
transporting activity (Cao et al., 2019). This sug-
gests the functional divergence of  HKT2 family 
transporters. Moreover, as numerous K+-selective 
channels can mediate Na+ influx (e.g. AtHAK5) 
(Li et  al., 2018), it remains unexclusive that 
some maize K+ transporters can mediate Na+ in-
flux into root under salinity conditions.

Most of  the Na+ that enters root cells is 
transported back to soil by plasma-membrane 
Na+/H+ antiporters (Tester and Davenport, 2003). 
In Arabidopsis, the Na+/H+ antiporter SOS1 is the 
major transporter mediating cell-to-soil efflux of  
Na+. The activity of  SOS1 is dependent upon the 
H+ gradient across the plasma membrane and is 
regulated by additional factors (Shi et al., 2000; 
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Yang and Guo, 2018). A simple model is that, 
under salinity treatment, the concentration of  
cytoplasmic Ca2+ increases. The change of  Ca2+ 
concentration is decoded by the Ca2+-binding 
protein SOS3, SOS3 then binds to and activates 
SOS2, the active SOS3/SOS2 complex then phos-
phorylates and activates the Na+/H+ antiporter 
SOS1 (Halfter et al., 2000; Qiu et al., 2002; Yang 
et al., 2019). As the SOS pathway has been iden-
tified in many other species (e.g. rice and barley), 
this suggests that the SOS pathway is an import-
ant and conserved mechanism mediating Na+ 
homeostasis under salinity conditions (Martínez-
Atienza et al., 2007).

The orthologues of  major components of  
the SOS pathway have been identified in maize, 
including one AtSOS1 orthologue, 43 CIPKs 
(CBL-interacting protein kinases) and 11 CBLs 
(Chen et  al., 2011). While Shi and others 
showed that the overexpression of  AtSOS1 im-
proves salt tolerance in Arabidopsis (Shi et  al., 
2000, 2003), Selvakumar et  al. (2018) ob-
served that mycorrhizal colonization promotes 

Na+ homeostasis likely by increasing the transcript 
levels of  ZmSOS1 (Zea mays salt overly sensitive 1) 
in maize. This supports the perspective that 
ZmSOS1 mediates Na+ homeostasis and salt 
tolerance in maize. In addition, Luo et al. (2017) 
showed that natural variation of  the SOS path-
way may be associated with the variation of  salt 
tolerance between maize inbred lines PH6WC 
and PH4CV. In that study, the authors used 
plant height of  salt-grown maize plant (SPH) 
and plant height-based salt tolerance index 
(ratio of  plant height between saline and con-
trol fields, PHI) as the phenotypes to map salt 
tolerance QTLs and observed a major QTL for 
both SPH and PHI on chromosome 1. The study 
further suggested that the candidate genes of  
the QTL are GRMZM2G007555 and GRMZ-
M2G098494, which are the orthologues of  At-
SOS3 and AtSOS1, respectively. These results 
together suggest that the SOS pathway plays an 
important role in the regulation of  Na+ homeo-
stasis under salinity condition in maize, with 
the potential for favourable variations of  SOS 
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Fig. 14.3.  An updated model of the maintenance of Na+ homeostasis at the soil–cell interface.
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pathway factors to provide tools for improving 
maize salt tolerance.

The Na+-transporting activity of  the SOS1 
Na+/H+ antiporter is dependent upon the H+ 
gradient across the plasma membrane (mem-
brane potential) (Yang and Guo, 2018; Yang 
et al., 2019). Under saline-alkaline stress treat-
ment, the high-pH environment surrounding 
the roots reduces the membrane potential and 
thus attenuates the function of  SOS1 (Yang 
and Guo, 2018). The maize plants grown under 
saline-alkaline (NaHCO

3) condition confer 
higher concentrations of  tissue Na+ compared 
with those grown under saline (NaCl) condi-
tion (Guo et al., 2017; Cao et al., 2020), which 
is consistent with the notion that high pH mars 
the Na+ homeostasis and boosts the Na+ tox-
icity. A recent study by Cao et al. (2020) identi-
fied an EF-hand Ca2+-binding protein-coding 
gene ZmNSA1 (Na+ Content under Saline-Alkaline 
Condition), which confers natural variation of  
shoot Na+ content under saline-alkaline (NaH-
CO3) condition, by genome-wide association 
study (GWAS) analysis in maize. The loss-of-func-
tion mutant ZmNSA1UFMu shows lower shoot Na+ 
content and is more tolerant to saline-alkaline 
stress compared with the wild types, while the 
ZmNSA1-overexpressing plants are hypersensi-
tive to saline-alkaline stress. The study observed 
that the functional variation of  ZmNSA1 is 
ascribed to a 4 bp deletion located in the 3′-un-
translated region (3′-UTR) of  ZmNSA1, which de-
creases the abundance of  ZmNSA1 protein by 
reducing the translation efficiency of  ZmNSA1 
mRNA. The saline-alkaline treatment has insig-
nificant effect on the transcript levels of  ZmN-
SA1 but triggers the degradation of  ZmNSA1 
protein. ZmNSA1 enables the identification of  a 
mechanism regulating Na+ homeostasis under 
saline-alkaline condition: namely, under saline-
alkaline treatment, the concentration of  cytosolic 
Ca2+ increases, Ca2+ binds to ZmNSA1 and trig-
gers its degradation via the 26S proteasome path-
way, then increases the transcript levels of  maize 
plasma-membrane H+-ATPase (MHA2 and 
MHA4), thereby promoting root H+ efflux and 
enhancing root-to-soil Na+ efflux mediated by 
SOS1 Na+/H+ antiporter (Fig. 14.3) (Cao et  al., 
2020). ZmNSA1 provides a target for breeding 
saline-alkaline tolerance in maize varieties, by 
either gene editing or marker-assisted breeding.

14.3.3  Regulation of root-to-shoot Na+ 
delivery at the cell–xylem vessel  

interface in maize

Similar to the observations in other glycophytic 
species, the shoot Na+ exclusion is essential for the 
salt tolerance of  maize (Zhu, 2002; Munns et al., 
2012; Zhang et al., 2018; Zhang, M. et al., 2019). 
Current knowledge has shown that Na+ retrieval 
from the transpiration stream at the cell–xylem 
vessel interface is an important regulatory pro-
cess determining shoot Na+ exclusion (Berthom-
ieu et  al., 2003; Ren et  al., 2005; Zhang et  al., 
2018; Zhang, M. et al., 2019). It has been shown 
that the HKT1 family of  Na+-selective trans-
porters promotes shoot Na+ exclusion by retriev-
ing Na+ from the xylem vessels (Ren et al., 2005; 
Sunarpi et  al., 2005; Davenport et  al., 2007; 
Munns et  al., 2012) and the variations of  the 
HKT1 locus confer the natural variation in shoot 
Na+ exclusion in numerous species, including 
Arabidopsis, rice, wheat, maize and others (Ren 
et al., 2005; Munns et al., 2012). Recently, Zhang 
et al. (2018) showed that the maize HKT1 family 
transporter (ZmHKT1) confers the variation in 
shoot Na+ exclusion between the inbred lines 
Zheng58 and Chang7-2. In that study, the au-
thors observed that Chang7-2 is hypersensitive to 
salt stress due to the excessive accumulation of  
Na+ in the shoot tissue and identified ZmNC1 (Na+ 
Content 1) as a major QTL regulating shoot Na+ 
exclusion, which encodes the HKT1 family trans-
porter ZmHKT1 (GRMZM2G047616). A 390 bp 
LTR/Gypsy retrotransposon insertion results in 
frameshifting and truncation of  ZmHKT1, which 
then leads to excessive shoot Na+ accumulation 
and salt hypersensitivity. The plants lacking ZmH-
KT1 accumulate more Na+ in the shoot and are 
more sensitive to salt stress compared with the 
wild types. As ZmHKT1 is preferentially expressed 
in the root stele (including the parenchyma 
cells) and encodes a plasma membrane-localized 
Na+-selective transporter, the authors suggested 
that ZmHKT1 promotes leaf  Na+ exclusion and 
salt tolerance by withdrawing Na+ from the xylem 
vessels (see Fig. 14.4 below). As the favourable 
HKT1 alleles in wheat have been shown to increase 
yield, the favourable allele of  maize ZmHKT1 may 
provide a tool for breeding salt-tolerant maize 
varieties by marker-assisted breeding (Zhang 
et al., 2018).
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The HAK (high-affinity K+ transporter)/
KUP (K+ uptake transporter)/KT (K+ trans-
porter) families of  transporters were first ob-
served in fungi as a K+ transporter and then their 
homologues have been identified from almost all 
tested organisms (Li et al., 2018). The studies in 
Arabidopsis and rice have shown that HAK/KUP/
KT transporters are involved in root K+ acquisi-
tion and root-to-shoot K+ translocation (Rubio 
et al., 2008). In contrast, a recent study in maize 
showed that the HAK/KUP/KT family trans-
porter ZmHAK4 is an Na+-selective transporter 
regulating the root-to-shoot translocation of  
Na+ (Zhang, M. et al., 2019). In that study, the 
authors identified ZmNC2 (Na+ Content 2), 

which encodes the HAK family transporter Zm-
HAK4, as a major QTL regulating shoot Na+ 
content under salinity condition by GWAS ana-
lysis. A natural ZmHAK4-deficient allele, con-
taining a 12,586 bp insertion, shows decreased 
ZmHAK4 transcript level and increased shoot 
Na+ content. The mutants lacking ZmHAK4 
confer greater shoot Na+ content and are hyper-
sensitive to salt stress compared with the wild 
types. Given ZmHAK4 is preferentially expressed 
in root stele and encodes an Na+-selective trans-
porter mediating inward Na+ transport, the au-
thors proposed that ZmHAK4 promotes shoot 
Na+ exclusion by retrieving Na+ from the xylem 
vessels at the cell–xylem vessel interface, which 
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is in the same way as ZmHKT1 (Zhang, M. et al., 
2019) (Fig. 14.4). In addition, they showed that 
lack of  ZmHAK4 leads to defect of  shoot Na+ ex-
clusion under conditions with Na+ concentra-
tion ranging from submillimolar to over 100 
mM, but ZmHKT1 mutants show such a defect 
only under high Na+ concentration (e.g. over 
100 mM) (Fig. 14.4). This suggests that Zm-
HAK4 and ZmHKT1 likely confer distinct roles 
in retrieving Na+ from the xylem vessel. More-
over, the authors showed that orthologues of  
ZmHAK4 were identified in wheat and rice and 
many other species, suggesting that ZmHAK4 
and its orthologues may identify a novel evolu-
tionarily conserved salt tolerance mechanism 
(Zhang, M. et al., 2019).

Taken together, two categories of  Na+-selective 
transporters (ZmNC1/ZmHKT1 and ZmNC2/
ZmHAK4) act at the cell–xylem vessel interface 
to promote shoot Na+ exclusion and salt toler-
ance. Future breeding programmes could com-
bine the favourable alleles of  ZmNC1/ZmHKT1 
and ZmNC2/ZmHAK4 in high-yielding maize 
backgrounds to develop commercial salt-tolerant 
maize varieties.

14.3.4  Na+ translocation within and 
between tissues in maize

The Na+ translocation within and between tis-
sues to compartmentalize it into tissues that are 
less sensitive to Na+ toxicity provides additional 
strategies of  avoiding Na+ toxicity. For example, 
the wheat salt tolerance QTL Nax1 promotes 
Na+ loading into the xylem in leaf  sheaths, thus 
keeping low Na+ concentration in leaf  blades 
(James et al., 2006). The rice OsHKT1;1 expres-
sion is predominantly detected in the vicinity of  
the xylem and phloem in leaves, and the Na+ 
content in both xylem sap and phloem sap are 
increased in the mutant under salt conditions 
(Wang, R. et al., 2015; Ismail and Horie, 2017), 
suggesting that OsHKT1;1 may contribute to 
both Na+ retrieval from the xylem and loading 
into the phloem for Na+ recirculation. The Arabi-
dopsis AtHKT1;1 can load Na+ into the phloem 
then promote shoot-to-root recirculation of  Na+ 
(Berthomieu et al., 2003). In maize, it has been 
shown that the plants tend to compartmentalize 
Na+ into stems and leaf  sheaths, thus maintaining 

low Na+ accumulation in the leaf  blade which is 
more sensitive to salt stress (Isla and Aragues, 
2010). However, the mechanisms that underlie 
Na+ compartmentalization within and between 
tissues in maize remain largely unknown.

14.3.5  Na+ compartmentalization into 
tonoplast in maize

Existing knowledge has indicated that compart-
mentalization of  Na+ into vacuoles is important 
for plant cells to maintain low cytoplasmic Na+ 
(Yang and Guo, 2018). In Arabidopsis, the Na+/
H+ antiporter NHX1 located in the tonoplast 
membrane can mediate Na+ compartmentaliza-
tion into the vacuole, and its activity is depend-
ent upon the H+ gradient outside and inside the 
tonoplast (Apse et  al., 2003; Yang and Guo, 
2018). There are six NHX family genes (ZmN-
HX1–6) in maize, with the transcript level of  
some ZmNHXs upregulated by salt stress (Zorb 
et al., 2005). It is therefore possible that the Na+ 
compartmentalization into vacuoles is mediated 
by the NHX family Na+/H+ antiporter in maize. 
Nevertheless, such a perspective is yet to be con-
firmed by future study.

14.4  Potassium Homeostasis under 
Salinity Conditions in Maize

K+ is an essential macro element that is import-
ant for numerous physiological processes and 
adaptation to a broad range of  environmental 
constraints (Shabala and Pottosin, 2014). Previ-
ous studies in Arabidopsis have shown that K+ 
concentration in the cytoplasm of  root cells de-
creases rapidly under salt stress treatment and 
that high cytosolic K+ promotes salt tolerance 
(Shabala et al., 2006), indicating that the main-
tenance of  K+ homeostasis is important for plant 
salt tolerance. Salinity stress decreases K+ up-
take and increases K+ efflux mainly by inducing 
membrane depolarization, which impairs the 
activity of  the K+-transporting channels (e.g. 
AKT1) and causes K+ efflux via K+-selective out-
ward-rectifying K+ currents (KORC) (Shabala 
et al., 2006; Shabala and Pottosin, 2014). Under 
salinity conditions, the factors mediating xylem 
loading of  K+ (e.g. AtKUP, OsHAK1, OsHAK5 
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and OsAKT1) are essential for the root-to-shoot 
K+ translocation, shoot K+ supply and salt toler-
ance in Arabidopsis and rice (Very and Sentenac, 
2003; Wang and Wu, 2017). Similarly, the maize 
hybrids (Pioneer 32B33 and Pioneer 30Y87) with 
higher K+ content and K+:Na+ ratio are more tol-
erant to salt stress in terms of  yield of  biomass 
(Akram et  al., 2007), indicating that the K+ 
homeostasis is important for maize salt tolerance.

Class II HKTs (HKT2) act as K+-selective 
transporters or Na+/K+ symporters (Munns 
and Tester, 2008), with their ion preferences 
being partially dependent upon the concentra-
tions of  Na+ and K+ in the environment (Horie 
et al., 2001; Yao et al., 2010). The maize gen-
ome encodes only one HKT2 family trans-
porter. Recently, Cao et al. (2019) showed that 
ZmHKT2 is a major QTL responsible for the 
variation in shoot K+ content between the 
inbred line W22 and the progenitor grass 
teosinte. ZmHKT2 encodes a K+-selective trans-
porter, which reduces shoot K+ content likely 
by removing K+ from xylem flow. The plants 
lacking ZmHKT2 confer higher K+ concentra-
tion in xylem sap and shoot tissues compared 
with those of  the wild types. A non-synonymous 
variation (SNP389) accounts for the functional 
divergence of  ZmHKT2, with the maize (W22) 
allele showing a decreased K+-transporting ac-
tivity, thereby resulting in increased shoot K+ 
content and salt tolerance. ZmHKT2 provides a 
potential gene target for improving maize salt 
tolerance by promoting K+ homeostasis (Cao 
et al., 2019).

14.5  Regulation of Chloride  
Homeostasis in Maize

14.5.1  Maize is sensitive to high  
concentration of Cl–

Cl– is a nutritional element essential for numerous 
physiological processes like stomatal movement, 
maintenance of  cell turgor and photosynthesis 
(Felle, 1994; Rivalta et  al., 2011; Wege et  al., 
2014; Franco-Navarro et  al., 2016). Cl– is also 
the most abundant anion in salinized farmlands, 
excess of  which is harmful to most plants. There-
fore, plants have evolved multiple strategies to 
avoid Cl– toxicity (Li et al., 2016a). First, root-to-

soil Cl– efflux is essential for Cl– homeostasis 
under high Cl– conditions. For example, previous 
studies in Populus euphratica showed that Cl– ef-
flux in the root of  salt-tolerant lines is signifi-
cantly higher than that in salt-sensitive lines 
(Sun et al., 2009). Second, Cl– can be compart-
mentalized into vacuoles which then reduces 
the Cl– concentration in the cytoplasm. Third, 
studies in citrus and grapevine showed that the 
Cl– concentration in the shoot of  salt-tolerant 
varieties is lower than in salt-sensitive lines, sug-
gesting that reducing root-to-shoot Cl– trans-
location promotes shoot Cl– homeostasis and salt 
tolerance (Storey and Walker, 1999; Storey 
et  al., 2003). Moreover, studies conducted in 
barley indicated that Cl– is preferentially accu-
mulated in the leaf  epidermis cells rather than 
the mesophyll cells that are more sensitive to 
Cl– toxicity (Huang and Van Steveninck, 1989; 
Fricke et al., 1996). This indicates that Cl– com-
partmentalization into Cl–-tolerant tissues promotes 
tolerance to high Cl– stress. Existing knowledge 
indicates that these Cl– homeostasis mechan-
isms are substantially conferred by transporters 
with Cl–-transporting activities. For example, 
several Arabidopsis Cl– transporters such as CLCs 
(chloride channels), ALMTs (aluminium-activat-
ed malate transporters) and DTX (detoxification 
efflux carrier)/MATEs (multidrug and toxic 
compound extrusion transporters), located in 
the tonoplast of  guard cells, mediate Cl– flux 
from the cytoplasm to vacuoles (Pineros et  al., 
2008; Jossier et  al., 2010; Ligaba et  al., 2012; 
Nguyen et al., 2016; Zhang et al., 2017). The Cl– 
transporters (e.g. some ALMT family members) 
reducing Cl– loading into the xylem vessels 
prevent root-to-shoot translocation of  Cl– (Li 
et al., 2016b).

Maize is sensitive to high concentration of  
Cl–, hence understanding the mechanisms by 
which maize copes with high Cl– stress is import-
ant, essentially for the purpose of  improving 
maize salt tolerance. In recent years, the maize 
orthologues of  numerous Cl– transporters have 
been identified, including nitrate transporter/
peptide transporter protein (NPF), slow-type 
anion channel-associated homologues (SLAHs), 
CLCs, ALMTs, cation/chloride cotransporters 
(CCCs) and MATEs (Li et al., 2017; Zhang et al., 
2017). The following section reviews the 
molecular understanding of  the function of  these 
Cl– transporters.
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14.5.2  Current understanding of Cl– 
transporters in maize

Peptide transporter proteins (NPFs)

The Arabidopsis Cl– transporter AtNPF2.4 medi-
ates the loading of  Cl– into xylem (Li et  al., 
2016b). The Cl– contents in the shoot tissues of  
AtNPF2.4 mutants are significantly lower than 
those in the wild types under high Cl– conditions. 
AtNPF2.4 mainly expresses in the vascular bun-
dle of  primary and lateral roots, and the tran-
script levels of  AtNPF2.4 decrease dramatically 
under salt stress. In contrast, AtNPF2.5 promotes 
Cl– efflux in the root under high Cl– conditions 
and its transcript level is induced signifi-
cantly by salt stress, with plants overexpressing 
AtNPF2.5 being hypersensitive to high Cl– stress 
due to excessive accumulation of  Cl– (Li et  al., 
2016a). In maize, the functions of  ZmNPF6.4 
and ZmNPF6.6 have been characterized. ZmN-
PF6.6 is a high-affinity 3NO–  transporter which 
is also capable of  transporting Cl– in the low-
affinity range. ZmNPF6.6 can transport Cl– 
when the 3NO–  concentration is low or absent, 
and this transport capacity is strongly in-
hibited by 3NO– , possibly due to 3NO–  occupa-
tion of  the substrate-binding site (Wen et  al., 
2017). Instead, ZmNPF6.4 is a high-affinity 
Cl–-selective transporter and 3NO–  cannot in-
hibit its Cl–-transporting activity. Similar to the 
discoveries in Arabidopsis, the differences in the 
affinities to Cl– or 3NO–  between ZmNPF6.4 and 
ZmNPF6.6 are associated with a single deter-
minative amino acid. ZmNPF6.4 contains a Tyr370 
residue which makes it a high-affinity Cl−-selective 
transporter. Mutation of  the NPF6.4 Tyr370 to His 
(Y370H) changes its selectivity from Cl− to 3NO– . 
These results together suggest that many maize 
NPF family transporters mediate Cl− transport with 
different affinities. Future studies demonstrating 
the physiological roles of  ZmNPF6.4, ZmNPF6.6 
and other maize NPF family transporters will be 
valuable for the understanding of  maize response 
to high Cl– stress (Wen et al., 2017).

Slow-type anion channel-associated 
homologues (SLAHs)

In Arabidopsis, AtSLAH1 and AtSLAH3 encode 
SLAH family transporters regulating Cl– trans-
location from root to shoot. The Cl– concentrations 

in the shoots of  slah1 and slah3 mutants are 
significantly lower than in the wild types under 
salinity conditions. AtSLAH1 is a Cl– transporter 
mediating the loading of  Cl– into xylem. AtSLAH3 
is an 3NO–  transporter, but it can interact with 
SLAH1 to form a heterotrimer and then increase 
the Cl–-transporting activity of  AtSLAH1 (Cube-
ro-Font et al., 2016; Qiu et al., 2016). Arabidopsis 
SLAC1 is a transporter with high permeability to 

3NO–  and low permeability to Cl– which plays an 
important role in regulating the stomatal move-
ment (Geiger et  al., 2009; Brandt et  al., 2012). 
The maize orthologue of  AtSLAC1 has been iden-
tified, which is permeable to 3NO–  but not Cl–. The 
plants lacking ZmSLAC1 show a defect of  stoma-
tal closure under salt stress and ABA treatment 
(Qi et al., 2018). Still, whether other maize SLAH 
family transporters are capable of  transporting 
Cl–, and their roles in responses to high Cl– stress, 
remain unknown.

Chloride channels (CLCs)

Previous studies have shown that CLC family 
transporters show different patterns of  subcellu-
lar localization. For example, AtCLCa, AtCLCb, 
AtCLCc and AtCLCg are located in tonoplast, At-
CLCd and AtCLCf  are located in Golgi, AtCLCe is 
located in chloroplast membranes. The functions 
of  CLC family transporters have been associated 
with turgor maintenance, stomatal movement, 
nutrient transport and metal tolerance, with 
CLCa, CLCc and CLCg able to regulate stomatal 
movement by mediating Cl– compartmentaliza-
tion into vacuoles (Hechenberger et  al., 1996; 
Grattan and Grieve, 1999; Diedhiou and Gollda-
ck, 2006; Marmagne et al., 2007; Jossier et al., 
2010; Nguyen et al., 2016). ZmCLCd is the ort-
hologue of  AtCLCd (Yang et  al., 2011). The 
Arabidopsis plants overexpressing ZmCLCd are 
more tolerant to salinity stress and accumulate 
less Cl– in root and shoot tissue compared with 
the wild types (Wang, S. et al., 2015), suggesting 
that ZmCLCd may confer Cl– homeostasis and 
salt tolerance in maize. However, the precise salt 
tolerance roles of  ZmCLCd and other maize CLC 
family transporters are largely unknown.

Aluminium-activated malate transporters 
(ALMTs)

In Arabidopsis, ALMT family transporters are 
located in either the plasma membrane or 
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tonoplast, capable of  transporting organic and 
inorganic anions (Hoekenga et al., 2006; Kover-
mann et al., 2007; Meyer et al., 2010, 2011; De 
Angeli et  al., 2013). Previous studies have 
shown that ALMT family transporters are in-
volved in numerous biological processes. For ex-
ample, AtALMT1 and TaALMT1 can bind Al3+ 
then activate the malate efflux, thereby promot-
ing Al3+ tolerance (Sasaki et al., 2004; Hoekenga 
et al., 2006). AtALMT9 mainly expresses in the 
vasculature, its transcript level can be induced 
by NaCl treatment, and the Cl– content in the 
shoots of  almt9 mutants is lower than that in the 
wild types under salt condition (Baetz et  al., 
2016). ALMT family transporters have also been 
shown to be involved in the regulation of  stoma-
tal movement, anion homeostasis, fruit quality 
and seed development (Meyer et  al., 2011; De 
Angeli et  al., 2013; Sharma et  al., 2016). The 
maize ZmALMT1 mainly expresses in the matur-
ation zone of  the root. ZmALMT1 is located in 
the plasma membrane and is capable of  trans-
porting malate, citrate, Cl–, 3NO– and 

2
4SO –

 (Pin-
eros et al., 2008). ZmALMT2 is characterized as 
an anion (e.g. 3NO– and Cl–) transporter that is 
capable of  transporting malate and 3NO–  under 
high Al3+ condition (Krill et  al., 2010; Ligaba 
et  al., 2012). Given that many maize ALMT 
proteins are capable of  transporting Cl–, it is 
therefore possible that these transporters may be 
involved in the maintenance of  Cl– homeostasis 
under high Cl– stress conditions; nevertheless, 
such a perspective is yet to be confirmed by future 
study.

Multidrug and toxic compound extrusion 
(MATE) family transporters

Similar to AMLT family transporters, MATE fam-
ily transporters are able to transport malate and 
citrate in response to Al stress and drought stress 
(Omote et  al., 2006; Marinova et  al., 2007; 
Zhang et  al., 2014, 2017). Meanwhile, many 
MATE family transporters are also permeable to 
Cl–. For example, the Arabidopsis MATE family 
transporters AtDTX33 and AtDTX35 are located 
in the tonoplast of  root hairs and guard cells, 
regulating cell turgor under drought condition 
by mediating Cl– efflux (Zhang et al., 2017). The 
maize genome encodes 49 MATE family trans-
porters, they show large differences in tissue spe-
cificity of  expression (Zhu et al., 2016). Previous 

studies have identified ZmMATE1 and Zm-
MATE2 as the candidate genes of  Al tolerance 
QTLs (Maron et  al., 2010; Guimaraes et  al., 
2014), they show citrate- and malate-transport-
ing activities, but with no detectable Cl–-trans-
porting activity (Maron et  al., 2010). However, 
the roles of  maize MATE family transporters in 
the regulation of  Cl– homeostasis under high Cl– 
conditions remain unknown.

Cation/chloride cotransporters (CCCs)

The CCC family proteins are cation/Cl– cotrans-
porters. According to the kinds of  coupled cat-
ions, CCC family proteins are divided into three 
categories: (i) Na+–Cl– cotransporter (NCC); (ii) 
K+–Cl– cotransporter (KCC); and (iii) Na+–K+–Cl– 
cotransporter (NKCC) (Russell, 2000). The 
Arabidopsis AtCCC encodes an NKCC. The plants 
lacking AtCCC show higher shoot Cl– content 
and lower root Cl– content compared with those 
of  the wild types, suggesting that AtCCC is in-
volved in the regulation of  Cl– translocation 
from the root to shoot (Colmenero-Flores et al., 
2007). Given that the roles of  maize CCCs are 
unclear, future efforts unravelling the function 
of  maize CCC family proteins will facilitate the 
breeding of  salt-tolerant maize.

14.6  Other Understandings  
of Maize Salt Tolerance

In addition to the salt tolerance genes and mech-
anisms described above, many other genes that 
may be associated with maize salt tolerance 
have been identified. For example, Luo et  al. 
(2019) identified 57 loci significantly associated with 
salt tolerance in terms of  survival rate by GWAS ana-
lysis, with 47 candidate genes. The authors also 
showed that Arabidopsis plants overexpressing 
some of  the candidate genes (e.g. SAG4/GRMZ-
M2G077295 and SAG6/GRMZM2G106056) are 
more tolerant to salinity stress. Xie et al. (2019) iden-
tified eight candidate genes associated with the 
changes of  plant height and weight under salt stress 
by GWAS analysis, and showed that the candidate 
genes (GRMZM2G158568, LOC103631163, 
LOC100280148 and LOC103651154) exhibit 
significant differences in transcript levels between 
the salt-resistant and salt-sensitive inbred lines. 
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Moreover, the GWAS analysis of  six shoot and 
root growth-related traits also identified some 
candidate genes that may be associated with 
maize salt tolerance (Sandhu et  al., 2020). Al-
though these GWAS analyses identified a large 
number of  genes that may be associated with 
maize salt tolerance, the functions of  these genes 
are yet to be confirmed and the exact mechan-
isms remain to be elucidated by further study.

14.7  Future Issues for Breeding 
Salt-Tolerant Maize

Great progress has been made towards the mo-
lecular understanding of  maize salt tolerance in 
recent years. Nevertheless, the breeding of  com-
mercial salt-tolerant maize hybrids remains 
challenging. Deciphering the following issues 
may facilitate the molecular breeding for com-
bating salinity stress in maize.

1.	 Natural maize inbred lines show large variations 
in tolerance to high concentrations of  Na+ and Cl–, 
and salt-induced osmotic stress, indicating that 
the identification and application of  salt-tolerant 
genetic variations could provide a promising 
route of  developing salt-tolerant maize varieties. 
Hence, future studies towards the systemic iden-
tification and functional study of  salt tolerance 
QTLs are of  great significance.

2.	 It remains largely unknown how maize 
senses Na+, converts it into second signalling 
messengers (e.g. Ca2+ and ROS), decodes the 
messengers and then activates/inactivates the 
downstream responses. Future efforts towards 
identifying the key signalling components of  
maize salt response are essential for building up 
the salt response network of  maize.
3.	As decades of  effort have achieved significant 
progress in the understanding of  plant salt toler-
ance, especially in the model species Arabidopsis, 
future reverse genetic studies determining the 
roles of  the maize orthologues of  the key factors 
promoting Na+, Cl– and osmotic tolerances are 
valuable.
4.	Existing studies of  maize response to salinity 
stress have mainly focused on the salt tolerance 
aspects, with the other agronomic traits (e.g. tol-
erance to other stresses and yield) barely being 
evaluated. As it has been shown that the salt- 
tolerant crops often show severe yield penalties, 
it is essential to take other agronomic traits into 
consideration when developing salt tolerance in 
maize.
5.	Most commercial maize varieties are hybrids 
and current studies of  maize salt tolerance were 
mostly conducted using the inbred lines. Future 
works towards understanding of  the hybrid 
vigour for maize salt tolerance will be valuable, 
especially for the purpose of  developing commer-
cial maize varieties.
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15.1  Introduction

Increasing population in the 21st century makes 
fulfilling global food demand a difficult task for 
scientists within the context of  the challenges 
associated with the deteriorating quality of  cul-
tivated land and depleting water tables along 
with increasingly unreliable weather patterns 
due to climate change. Considering the present 
situation, it seems it will be difficult to achieve 
the projected target of  increasing food produc-
tion by 70% by 2050 (Wani and Sah, 2014). Al-
though good progress has been achieved for 
major crops in terms of  genetic gains for yield, 
vulnerability to climate variability has emerged 
as a serious concern in sustaining the higher 
yields that have been attained as well as enhan-
cing yields further. Abiotic stresses are a major 
yield constraint factor with estimated losses due 
to drought, waterlogging and heat being serious 
concerns for productivity in different crops (Qin 
et al., 2011; Bailey-Serres et al., 2012; Gosal and 
Wani, 2018; Ahmad et  al., 2019). One of  the 

reasons for stalled yields under limited water 
may be that higher sowing density leads to more 
competition for water and nutrients. In addition, 
the confounding effects of  various stresses like 
drought with heat make it difficult to cope with 
multiple stresses together (Maleki et al., 2019). 
Therefore, the concern of  food security in this 
period of  environmental change has driven 
plant researchers in different crops to shift to 
breeding for climate-resilient genotypes (Kole 
et  al., 2015; Pandita et  al., 2019). Although 
maize, being a hardy crop, has an inherent po-
tential to perform well under suboptimal envir-
onments with minimum crop management, 
maize productivity is truly influenced by differ-
ent stresses such as drought, heat and waterlog-
ging (Ahuja et al., 2010).

Maize, being a rainfed crop, is highly prone 
to be exposed to drought as evident from wide 
fluctuations in maize yields over the years in 
rainfed environments. For example, nearly 80% 
of  rainfed maize grown in South and South-East 
Asia has an average yield of  half  or less than 
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half  that of  irrigated maize. Further, the area of  
rainfed maize is almost six times that of  irrigated 
maize and is increasing at 1.8% per year (Ed-
meades et al., 2006). Reductions in the irrigated 
area in major maize-growing areas are due to 
the reducing moisture level in the soil that in-
duces water scarcity and limits maize yields 
worldwide (Cooper et al., 2014). Development of  
drought tolerance in maize would be a major 
breakthrough allowing introduction of  hybrids 
into drought-affected areas. However, drought is 
a complex phenomenon as it influences numer-
ous processes associated with plant development 
and improvement, including osmotic modifica-
tion, cell reinforcement capacities and photo-
synthetic rate (Cramer et al., 2011; Wani et al., 
2018b, 2020; Yadav et  al., 2020). These pro-
cesses are controlled and regulated by various 
proteins and their differential expression in 
tolerant cultivars reflects their role in biochem-
ical pathways and phases of  crop growth and 
development.

Drought stress affects seed germination in 
maize and also hampers growth at the seedling 
stage. There are different factors like water ab-
sorption, imbibition and activity of  various 
metabolic enzymes which reduce seed germin-
ation under drought conditions. After successful 
germination in drought-prone condition there is 
significant growth reduction at the plumule and 
radicle growth stage which results in stunting of  
seedling vigour (Gharoobi et  al., 2012). The 
growth of  the seedling under drought is meas-
ured by the elongation rate of  roots and shoots 
and is significantly reduced under stress condi-
tions. However, reduction in root elongation is 
less than that of  shoot elongation under drought 
stress in maize (Khodarahmpour, 2011).

Conventional breeding has been exploited 
at its fullest for the production of  high-yielding 
maize hybrids but has shown little success in 
breeding climate-resilient varieties owing to the 
multigenic nature of  stress tolerance. Although 
wild relatives have been found to exhibit toler-
ance against different abiotic stresses, their use 
has been limited due to associated problems 
like linkage drag (Choudhary et  al., 2017). 
Molecular breeding has evolved to overcome 
such problems and provided the base to develop 
climate-smart cultivars. In the context of  
molecular mapping, several quantitative trait 
loci (QTLs) for drought, heat and waterlogging 

have been mapped in maize. In addition to mo-
lecular mapping, genomic selection (GS), ge-
nome-wide association studies (GWAS) and 
doubled haploid (DH) technologies are boosting 
maize stress breeding (Azhar et al., 2020). After 
the development of  molecular markers, the field 
of  ‘omics’ emerged at a rapid pace to facilitate 
the identification of  abiotic stress-associated 
QTLs in maize through characterization of  abi-
otic stress-related genes at the transcriptional 
and protein levels (Cushman and Bohnert, 
2000; Cattivelli et  al., 2002; Coraggio and Tu-
berosa, 2004; Tuberosa and Salvi, 2004; Ganie 
et al., 2020). Cheaper high-throughput sequen-
cing platforms along with transcriptomics and 
proteomics approaches helped to reveal the mo-
lecular basis of  drought tolerance-related gene 
action. The recently recognized but most im-
portant approach known as phenomics provided 
a better platform for precise phenotyping of  
complex traits. Precise and accurate phenotyp-
ing upon which the true genetic associations 
can be built is the most important part of  any 
breeding programme. Molecular mapping with-
out accurate phenotyping can be considered ‘a 
gun without a bullet’. In a nutshell, it can be 
considered that the efficiency of  drought stress 
breeding programmes in maize warrants the in-
tegration of  high-throughput phenotyping for 
stress-associated target traits, genomics-assisted 
breeding, omics approaches and agronomic 
management via adoption of  conservation agri-
cultural practices. This chapter focuses on target 
traits for drought stress, progress in mapping for 
drought tolerance-associated genes/QTLs identi-
fication and expression studies, introgression 
strategies followed by the possibilities of  inte-
grating the concept of  speed breeding in maize 
drought breeding programmes for better utiliza-
tion of  wild relatives.

15.2  Target Traits for Drought  
Tolerance

Target traits for drought stress screening are 
mainly morphological and physiological, to-
gether known as morpho-physiological traits, 
which can further be categorized into: (i) 
drought-constitutive traits, low yield reduction 
under immediate drought condition; and (ii) 
drought-responsive traits, high yield reduction 
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under severe drought (Blum, 2006; Tuberosa, 
2012). Compared with drought-responsive traits, 
breeding for drought tolerance has had great suc-
cess by targeting constitutive traits which function 
by avoiding the drought (Blum, 2006; Blum, 
2011). Drought tolerance can be explored by tar-
geting traits which exhibit a vast amount of  vari-
ability, high heritability and positive correlation 
with yield under moisture stress conditions. The 
measurement of  such traits should be precise, 
rapid, cost-effective and non-destructive. However, 
the target traits should not compensate for better 
yields under normal or optimum conditions (Mon-
neveux and Ribaut, 2006).

There are several secondary morphological 
traits that serve as useful criteria for drought tol-
erance in maize. Being complex in nature, 
drought stress affects the crop at various stages 
over space and time and hence the crop exhibits 
complex physiological responses which are often 
unpredictable. The significant impact of  drought 
stress in maize is delay in silking, which results 
in an enhanced anthesis–silking interval (ASI). 
The enhanced ASI results in failure of  zygote for-
mation due to missed nicking of  fertilization and 
hence results in severe yield losses (Sari-Gorla 
et  al., 1999). When drought stress occurs 
around 7–10 days before flowering, cob growth 
tends to get slower relative to tassel growth and 
hence results in delayed silking compared with 
anthesis, which ultimately widens the gap be-
tween pollen shedding and silking (Edmeades, 
2013). Other typical symptoms of  drought 
stress are converting the green colour of  the 
plant into green-grey and rolling of  leaves on the 
lower plant followed by the upper leaves of  the 
plant. Furthermore, closure of  stomata hampers 
the photosynthesis drastically and hence ham-
pers growth (Choudhary et  al., 2019). The de-
layed senescence or stay-green trait is another 
important trait that helps to continue assimilate 
synthesis by protecting the photosynthetic ma-
chinery (Borrell et al., 2001).

Drought stress during the grain-filling 
period also affects grain development in areas 
prone to moisture stress at harvest time. How-
ever, in such conditions, high levels of  accumu-
lation of  assimilates in maize stem contributes to 
yield (Jurgens et  al., 1978). Several hormones 
play a key role in combating abiotic stresses par-
ticularly drought stress (Wani and Kumar, 
2015; Kumar et  al., 2016; Wani et  al., 2016a; 

Dar et  al., 2017; Soliman et  al., 2018). For ex-
ample, the role of  both abscisic acid (ABA) and 
ethylene is to interact with other growth regu-
lators which pass the signal from root to aerial 
tissues through reactive oxygen species and in-
duce drought tolerance (Ribaut et  al., 2009). 
Root structure is an important trait to explore 
for drought stress tolerance as it helps to extract 
the accessible groundwater from far down in the 
soil (Robertson et al., 1993). Heat-tolerant maize 
cultivars have better root structure that reacts to 
drought by diverting development and dry tissue 
accumulation away from the shoot to the root 
(Hsiao and Xu, 2000).

Osmotic modification is another significant 
tolerance component that includes the dynamic 
accumulation of  solutes in the cell (Ribaut et al., 
2009). The accumulation of  solutes in the cell 
helps in maintaining the desired water potential 
and hence constraining the loss of  turgor to 
avoid the adverse effects that may arise from 
shrinkage of  the cell. In addition, under pro-
longed stress, osmotic solutes help in the adjust-
ment of  different macromolecular structures. 
Finally, stomata act in response to moisture 
stress and restrict their opening to restrict water 
loss. Maize is quite sensitive to both excess 
moisture and limited moisture and hence is 
considered an optimum water-requiring crop 
(Tardieu and Simonneau, 1998). Mild drought 
stress can be tolerated in maize, but severe 
drought stress needs to be addressed by develop-
ing drought-tolerant cultivars. The initial step of  
any drought stress breeding programme starts 
with the screening of  cultivars for identification 
of  tolerant cultivars, which in turn relies upon 
choosing target environments and precise phe-
notyping of  target traits.

15.3  Target Environment  
for Evaluation

Choice of  appropriate selection strategy and se-
lection environment is critical to attain high 
genetic gains in drought stress breeding pro-
grammes. The most common strategy is to select 
high-yielding cultivars (under optimal conditions) 
and test them for drought stress at multiple  
locations (Magorokosho et al., 2003). However, 
in field trials, although moisture stress can be 
applied by withholding irrigation at a targeted 
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stage, confounding effects imposed by non- 
controllable heat stress can lead to erroneous re-
sults. Hence, controlled condition chambers 
(managed temperature and humidity) are a bet-
ter place to screen the genotypes for drought 
stress. Moreover, in maize, being a cross-pollin-
ated crop, hybrids give higher yield compared 
with traditional varieties under drought, which 
proves that heterosis may play a role in stress tol-
erance (Bruce et  al., 2002). Hence, breeders 
should be cautious as lines derived from tolerant 
hybrids may exhibit only partial drought stress 
tolerance.

Precise design of  the experiment and statis-
tical analysis, field homogeneity in terms of  soil 
conditions and fertility will together increase the 
reliability of  genotypic evaluations (Ribaut et al., 
2009). Multi-location testing is key to estimat-
ing the stability of  cultivars via assessing geno-
type × environment interactions. It is critical for 
drought tolerance breeding where plant growth 
vigour is highly affected by environmental vari-
ation. Several versions of  elite lowland tropical 
populations have been developed as drought- 
tolerant populations (Bänziger et  al., 2005; 
Monneveux et al., 2005).

15.4  Phenomics for Drought Stress 
Screening

In the last decades there have been several 
advances in different areas of  modern computa-
tional biology such as bioinformatics in the gen-
omic revolution. However, the practical utility of  
data generated by these techniques in the last 
few years has not met expectations (Xu and 
Crouch, 2008; Passioura, 2010). The reasons 
for this could include the lack of  precise pheno-
typing for large sets of  germplasm as conven-
tional phenotyping approaches have been 
time-consuming, destructive and expensive. 
Stage-specific data recording is prone to biases 
when dealing with large germplasm collections. 
Hence, recording of  precise and reproducible 
phenotypic data for complex drought tolerance- 
associated traits in large germplasm sets was 
a cumbersome job, even in the initial evolution-
ary stage of  phenomics (Mir et al., 2012). Conse-
quently, more efforts were put into automation 
of  phenomics and now a large number of  

high-throughput platforms are available to gen-
erate quick and precise phenotyping data; these 
employ advanced technologies such as infra-
red cameras that have the ability to scan tem-
perature profiles and transpiration, hyper- 
spectral imaging, computational tomography and 
fluorescent microscopy to assess photosynthesis 
and photosynthetic rates, three-dimensional live 
imaging cameras to capture growth responses at 
micro levels, and magnetic resonance imaging 
for studying root or leaf  physiology (Finkel, 
2009; Gupta et al., 2012). Several software pro-
grams such as WinRhizo and Automatic Root 
Image Analysis (ARIA) have been developed to 
collect large amounts of  data about root archi-
tectural traits such as root length, root number 
and root width by digital image (Cobb et  al., 
2013; Pace et  al., 2014). These phenotyping 
tools will assist drought breeding programmes in 
maize by generating precise phenotyping data to 
give better genotypic–phenotypic associations, 
leading to better utilization of  available whole- 
genome sequencing data.

15.5  Genomics-Assisted  
Breeding Approach: Boon for 

Drought Tolerance

Genetic variability created by inter-crossing of  
potential parents acts as the base upon which ef-
fective selections can be made to identify an ideal 
ideotype that can perform better under moisture 
stress (Bänziger et al., 2000). Hence, existence of  
adequate genetic variation, high heritability and 
high selection intensity has been suggested to 
assist in better selection (Falconer, 1989). 
Drought tolerance in maize, being complex in 
nature, can be improved by targeting multiple 
traits rather than single trait selection. Instead, a 
selection indices approach has been suggested as 
a better approach for improvement of  complex 
traits (Beissinger et  al., 2018). Morpho-physio-
logical traits responsible for preventing moisture 
loss, increased water-use efficiency and better 
yields can be targeted for pyramiding (Subbarao 
et al., 2005). Besides that, early vigour, quick es-
tablishment, better root architecture, stomatal 
conductance and leaf  waxiness have been sug-
gested as important traits for moisture stress tol-
erance (Parry et al., 2005). Hence it is important 
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to develop water-use-efficient and better- 
yielding cultivars that are capable of  maintaining 
optimal physiological activities like accumulation 
of  osmolytes, production of  antioxidants, stress- 
responsive proteins and transcription factors 
(Bänziger et al., 2000; Gosal et al., 2009; Wani 
et al., 2013; Joshi et al., 2016; Dutta et al., 2018). 
Traditional breeding approaches based on mul-
ti-location and multi-season yield testing help to 
identify drought stress-tolerant stable cultivars 
(Babu et  al., 2003). Yield and yield-attributing 
traits having a strong positive correlation with 
grain yield are preferred traits under both mois-
ture stress and optimal conditions (Edmeades  
et al., 2001).

However, traditional breeding approaches 
have had limited success in improving drought 
tolerance for maize due to the long time required 
for developing varieties and the complex nature 
of  the stress. Hence, molecular breeding serves 
as a better approach for achieving rapid genetic 
gains in drought stress breeding programmes 
(Whitford et  al., 2010; Mickelbart et  al., 2015; 
Telem et al., 2016). The extensive use of  genetic 
markers in drought tolerance breeding pro-
grammes can be witnessed through various 
studies of  QTL mapping/gene isolation. Identifi-
cation of  genomic regions governing drought 
tolerance is the foundation step in maize to exe-
cute the QTLian breeding, i.e. identification and 
introgression of  QTLs (Choudhary et al., 2019). 
The initial attempt at QTL mapping for drought 
tolerance in maize was executed using Polj17 
(drought resistant) and F-2 (drought sensitive) 
to generate an F

2 population (Lebreton et  al., 
1995). In that study, QTLs for ABA content and 
stomata conductance were mapped (using re-
striction fragment length polymorphism (RFLP) 
markers) at the same position, revealing the 
regulation of  the latter by the former. Since then, 
a number of  studies have been recorded using 
QTL mapping in maize for important mor-
pho-physiological traits under drought stress 
condition. A compiled list of  drought tolerance 
mapped QTLs in maize has been provided in 
Table 15.1. In different studies of  QTL mapping, 
many QTLs were identified for morphological 
traits like male flowering, female flowering, ASI, 
yield and cob number (Agrama and Moussa, 
1996; Ribaut et  al., 1996, 1997; Sari-Gorla 
et al., 1999). Later, considering the importance of  
roots and root-related traits in imparting tolerance 

to drought, different QTLs for root architecture 
and root-associated traits along with yield traits 
were identified by different researchers: one QTL 
for root traits (Landi et  al., 2010), 22 QTLs for 
root-associated traits such as root density, root 
dry weight, sugar concentration and leaf  ABA 
content through composite interval mapping in 
F

2:3 population (Rahman et al., 2011). Similarly, 
Trachsel et  al. (2016) identified a total of  17 
QTLs for stomatal conductance, leaf  water con-
tent, ASI and grain yield. Besides QTL mapping, 
association mapping is another important ap-
proach for better resolution of  QTLs as it utilizes 
the historical recombination events in natural 
populations as an association panel. Setter et al. 
(2010) conducted association mapping to iden-
tify single-nucleotide polymorphisms (SNPs) re-
lated to genes involved in carbohydrate and ABA 
metabolite accumulation during drought stress. 
An aldehyde oxidase gene was found to regulate 
silk ABA concentration under drought stress. 
Later, SNP-based genome-wide association map-
ping was conducted using 5000 inbred lines as 
an association panel (Li et al., 2016). The study 
revealed significant associations of  SNPs with 
drought tolerance-associated candidate genes. 
However, most of  the QTLs identified to date are 
of  minor effect except for a few major QTLs. The 
identified major QTLs need to be stable QTLs for 
better performance under optimal and drought 
stress conditions (Wani et al., 2018a). This is to 
ensure that the stress tolerance QTLs do not 
behave adversely under optimum moisture con-
ditions, which is unacceptable in any stress 
breeding programme.

Meta-QTL (mQTL) analysis helped to iden-
tify consensus QTLs for grain yield under opti-
mal and stress conditions using the information 
from previous mapping studies (Goffinet and 
Gerber, 2000; Li et  al., 2011; Swamy et  al., 
2011). The mQTL study conducted using three 
populations and several environments revealed 
seven genomic regions for grain yield and one 
genomic region for ASI. Among these, six mQTLs 
for grain yield mapped on chromosomes 1, 4, 5 
and 10 under moisture stress and optimal envir-
onments and hence were classified as stable 
QTLs. However, care should be taken when iden-
tifying the stable QTLs under drought stress only 
(but not under optimal moisture), because such 
QTLs become a waste if  they exhibit unfavour-
able effects in favourable conditions, i.e. in the 

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



272	
P. K

um
ar et al.	

Table 15.1.  List of mapped QTLs for drought tolerance in maize.

Study 
no. Traits

No. of 
QTLs

Mapping populationa 
(cross)

Marker 
typeb Environment Chromosome PVEc (%)

Mapping 
methodd Reference

1. Male flowering, female 
flowering, ASI

23 F2:3 (Ac7643S5 × 
Ac7729/TZSRWS5)

RFLP Field 1, 2, 4, 5, 6, 
8, 9, 10

4.4–15.1 CIM Ribaut et al. 
(1996)

2. Yield, ASI, ears per plant 11 F2:3 (SD34 × SD35) RFLP Field 1, 3, 5, 6, 8 9.4–49.6 IM Agrama and 
Moussa (1996)

3. Grain yield, expression of ear 
number, expression of 
kernel number

7 F2:3 (Ac7643S5 × 
Ac7729/TZSRWS5)

RFLP Field 1, 4, 6, 9, 10 4.6–12.9 CIM Ribaut et al. 
(1997)

4. Leaf ABA concentration, yield 17 F4 (Os420 × IABO78) RFLP Field 1, 2, 3, 4, 6, 
7, 9, 10

– CIM Sanguineti et al. 
(1999)

5. Male flowering time, female 
flowering time, ASI, plant height

17 RILs (B73 × H99) RFLP, SSR 
and AFLP

Field 1, 2, 4, 5, 7, 
8, 9

4.4–54.7 IM Sari-Gorla et al. 
(1999)

6. Grain yield, drought tolerance 
index

17 F2:3 (Lo964 × Lo1016) RFLP, SSR 
and AFLP

Field 1, 2, 4, 6, 8, 
10

9.5–47.2 PLABQTL Tuberosa et al. 
(2002)

7. Grain yield and associated traits 20 F2:3 (X178 × B73) SSR Field 1, 2, 3, 5, 7, 8, 9 4.31–31.28 CIM Xiao et al. (2005)
8. Leaf elongation rate in 

correspondence with ASI
5 RILs (Ac7643 × 

Ac7729/TZSR)
RFLP Greenhouse 1, 2, 5, 8 7.5–13.7 CIM Welcker et al. 

(2007)
9. Plant height, flower time, yield 

and yield components
21 RILs (5003 × P138) SSR Field 1, 4, 5, 6, 8 1.68–13.30 CIM Guo et al. (2008)

10. Plant height, ear height, ASI, 
grain yield per plant, ear 
number per plant, 100-kernel 
weight, kernel number

44 F2:3 (Ac7643S5 × 
Ac7729/TZSRWS5)

RFLP Field 1, 2, 3, 4, 5, 
7, 8, 9, 10

4.32–9.56 CIM Prasanna et al. 
(2009)

11. Male flowering, ASI, grain yield, 
kernel number, 100-kernel 
weight, plant height

81 RIL (CML444 × 
SC-Malawi)

RFLP, SSR Field 1, 3, 8 0.1–24.1 CIM Messmer et al. 
(2009)

12. Root traits, yield 1 NIL (Lo964 × Lo1016) SSR Field 1 – mQTL Landi et al. 
(2010)

13. Leaf chlorophyll, senescence, 
root electrical capacitance

17 RIL (CML444 × 
SC-Malawi)

SSR Field 1, 2, 4, 5,  
6, 10

4.4–22.9 CIM Messmer et al. 
(2011)

14. Root architecture-associated 
traits, sugar concentration, 
biomass, relative water 
content, leaf ABA

22 F2:3 (DTP79 × B73) RFLP Greenhouse 1, 3, 5, 6, 7, 9 0.2–52.2 CIM Rahman et al. 
(2011)
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15. ASI, plant height, grain yield, 
ear height, ear setting

25 F2:3 (D5 × 7924) SSR Rain shelter 1, 2, 3, 4, 6, 
8, 9, 10

5.39–15.64 CIM Zhu et al. (2011)

16. Leaf temperature, seedling dry 
matter

9 RILs (Zong3 × 87-1) SSR Greenhouse 1, 2, 9, 10 6.2–11.0 CIM Liu et al. (2011)

17. Grain yield and associated 
traits, visually scored 
drought score, relative water 
content, osmotic potential, 
relative sugar content

64 F2:3 (DTP79 × B73) RFLP, SSR 
and AFLP

Field 1, 2, 3, 4, 5, 
7, 8, 10

0.1–45.41 CIM Nikolić et al. 
(2012)

18. Grain yield per plant, yield 
components

45 F2:3 (B73 × DTP79) SSR Field 1, 2, 3, 4, 5, 
6, 7, 8, 10

0.1–28.86 CIM Nikolić et al. 
(2013)

19. Grain yield, ASI 83 
and 
62

RILs (CML44 × 
MALAWI)

F2:3 (CML440 × 
CML504)

F2:3 (CML444 × 
CML441)

SNP Field 1, 2, 3, 4, 5, 
6, 7, 8, 10

1.7–17.8 CIM Almeida et al. 
(2013)

20. Root-associated traits 15 RIL (3 populations) SNP Greenhouse 1, 2, 3, 4, 5, 
7, 8, 9

– CIM Burton et al. 
(2014)

21. Stomatal conductance, leaf 
relative water content, ASI, 
grain yield

17 BC1F2:3 (DTPWC9F1 × 
LPSC7F64)

SNP Field 1, 2, 3, 4, 6, 
7, 9, 10

– CIM Trachsel et al. 
(2016)

22. Grain yield, ear length, kernel 
number per row, ear weight, 
100-kernel weight

169 NAM (11 parents) SNP Field 1, 3, 10 23.7–66.3 Joint 
linkage 
analysis

Li et al. (2016)

aRIL, recombinant inbred line; NIL, near-isogenic line; NAM, nested association mapping.
bSSR, simple sequence repeat; AFLP, amplified fragment length polymorphism.
cPVE, phenotypic variation explained.
dCIM, composite interval mapping; IM, interval mapping; PLABQTL, (QTL analysis in PLant Breeding And Biology) software package.
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absence of  drought stress. Hence, due care 
should be taken about the performance of  
drought stress tolerance QTLs in optimal mois-
ture environments.

Molecular breeding involves marker-assisted 
backcrossing (MABC), marker-assisted recur-
rent selection (MARS) and marker-assisted gene 
pyramiding. Marker-assisted selection is a 
method for indirect selection for targets for 
which direct selection is ineffective and hence 
speeds up the selection process (Collard and 
Mackill, 2008). The integration of  major genes 
or QTLs into commonly adapted cultivars was 
accomplished by marker-assisted backcross 
breeding. Marker-assisted pyramiding is the pro-
cess of  combining two or more genes in the 
background of  a common elite cultivar to im-
part the stress resilience but is used mainly for 
major QTLs (Gazal et al., 2016). Similarly, MABC 
is used for improving the defects of  otherwise 
elite cultivars by introgression of  a major QTL. 
However, for complex traits such as drought 
stress tolerance, being governed by a large num-
ber of  minor QTLs, MARS, GS and GWAS are 
more effective approaches for achieving better 
genetic gains. Accurate phenotyping and 
cheaper sequencing platforms act as important 
elements of  these approaches, mainly GS (Bhat 
et al., 2016). In GS costs are reduced by avoiding 
repeated phenotyping, a costly affair. However, 
besides precise phenotyping, selection of  a rep-
resentative training population with subsequent 
addition of  diverse lines over time is a crucial 
factor to achieve success in GS (Bhat et  al., 
2016). The superiority of  GS over traditional 
breeding can be demonstrated by the compara-
tively higher yield gains (two- to fourfold) in 
drought stress environments (Beyene et  al., 
2015). Molecular breeding strategies thus give 
plant breeders adequate opportunities to pro-
duce high-yielding, drought-tolerant cultivars. 
However, molecular breeding cannot work in 
isolation from conventional breeding; instead, 
most breeding approaches complement each 
other. The identified QTLs need to be verified for 
confirming their functionality. Hence, back-
cross-derived lines differing for the parental al-
leles at a major QTL (root-ABA1) were developed 
and screened in maize (Tuberosa et  al., 1998; 
Sanguineti et al., 1999). The study revealed the 
strong and reliable effect of  a major QTL on ABA 
concentration in leaf, which was later verified in 

subsequent studies under various water regimes 
(Giuliani et al., 2005; Landi et al., 2005, 2007). 
Association mapping is another important and 
more effective approach for identification of  
QTLs with better resolution and is based on his-
torical recombinations in natural populations, 
hence also has the statistical power to detect rare 
variants (Mackay and Powell, 2007). Setter et al. 
(2010) identified SNPs related to an aldehyde 
oxidase gene involved in carbohydrate and ABA 
metabolite accumulation during moisture stress 
through association mapping and found the as-
sociation of  SNP with silk ABA concentration. Li 
et al. (2016) reported that 52 of  354 genes dem-
onstrated substantial differential expression in 
well-watered and water-stressed conditions in 
B73 inbred line. The integrated use of  all the 
technologies like focused morphological, physio-
logical and biochemical traits, conventional 
breeding to develop the mapping populations 
and molecular techniques (MABC, MARS, GS, 
GWAS and transgenic technology) leads to the 
development of  drought-tolerant cultivars as 
summarized in Fig. 15.1.

15.6  Transgenic Technology

Molecular breeding has its own limitations in 
the form of  mostly minor genes available for 
drought tolerance. Hence, considering the limi-
tations of  a lack of  a major source of  variation 
for drought tolerance, genome editing technolo-
gies and transformation techniques offer a bet-
ter solution for the identification, isolation and 
transfer of  genes regulating drought tolerance 
(Pathak et  al., 2014; Maazou et  al., 2016; Sah 
et al., 2016; Wani et al., 2016b, 2017; Atif  et al., 
2019; Kumar et al., 2020). Although a lot of  
research papers are available on gene identifi-
cation for drought tolerance, few have been 
revalidated through reverse genetics and tran-
scriptomics. A maize transgenic (containing 
betA gene from Escherichia coli) having a regula-
tory action on choline dehydrogenase (involved 
in glycine betaine synthesis) exhibited seedling 
drought tolerance and high economic yield after 
drought due to a higher level of  glycine betaine 
accumulation (Quan et al., 2004). A gene from 
tobacco that encoded mitogen‐activated protein 
kinase kinase kinase (MAPKKK) was found to 
activate an oxidative signal cascade and induce 
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tolerance for different abiotic stresses in trans-
genic maize. The transgenic maize had a signifi-
cantly higher rate of  photosynthesis than the 
non-transgenic maize under drought condi-
tions. This indicated that MAPKKK controlled a 
mechanism that prevented the damage to photo-
synthesis machinery from dehydration (Shou 
et  al., 2004). The genes CspA from E. coli and 
CspB from Bacillus subtilis were shown to induce 
drought tolerance in maize (Castiglioni et  al., 
2008). In another study, transgenic maize con-
taining betA (encoding choline dehydrogenase 
from E. coli) and TsVP (encoding vacuolar H+‐ 
pyrophosphatase (V-H+-PPase) from Thellungiella 
halophila) genes exhibited higher glycine betaine 
content and H+‐PPase activity under drought 
stress and hence displayed higher relative water 
content, greater solute accumulation and lower 
cell damage (Wei et  al., 2011). Liu et  al. (2015) 
cloned the ZmSDD1 gene and investigated its role 
in drought tolerance, finding that transgenic maize 
with overexpression of  ZmSDD1 had a better cap-
acity to resist drought conditions. In recent work, 
the PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-
like protein (PYL)/regulatory components of  the 

ABA receptor (RCARs), which encode for the ABA 
receptors, were found to play pivotal roles in 
ABA signalling and hence in imparting drought 
tolerance (He et al., 2018; Kumar et al. 2020). A 
late embryogenesis abundant (LEA) protein is in-
volved in drought and salt stresses. A putative 
gene ZmLEA14tv from maize cultivar Tevang 1 
was isolated and expressed in plants. The trans-
genic maize with ZmLEA14tv in drought condi-
tion showed enhanced seed germination ability 
and twice the seedlings survived in transgenic 
plants, which indicated enhanced drought toler-
ance (Minh et al., 2019).

15.7  Conclusion

Improving drought stress tolerance in any crop is a 
relatively difficult task owing to its complex nature. 
Hence, the best strategy is to carry out precise and 
accurate screening under controlled conditions 
followed by the validation in field conditions. A se-
lection index combining related traits such as ASI 
with grain yield is also an efficient approach for 
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Development of
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association based on
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Fig. 15.1.  Target traits and genomics-assisted breeding approaches for improvement of drought stress 
tolerance. Precise phenotyping via utilization of phenomics along with genomics-assisted breeding 
approaches is crucial for achieving higher genetic gains in drought stress breeding programmes. WUE, 
water-use efficiency.
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genetic improvement of  complex traits compared 
with selection for yield alone. Although showing 
some success for the development of  drought- 
tolerant cultivars, conventional breeding approaches 
are slow. Hence, integration of  conventional 
breeding approaches with molecular markers/
genomics evolved at a rapid pace to give birth to 
the field of  genomics-assisted breeding (Singh 
et al., 2020). Genetic mapping studies helped to 
identify a large number of  minor genes through 
QTL mapping and genome-wide association but 
only a few major genes conferring drought toler-
ance in maize have been identified. However, the 
potential of  identified major genes for introgres-
sion also remains unexplored as evident from the 
limited introgression studies. This could be due to 
lack of  tightly linked markers or lack of  stability 
of  QTLs under optimum moisture conditions. 
Hence, fine mapping and expression studies can 
be explored to precisely locate the exact genomic 

position of  drought tolerance genes and to dissect 
the physiological mechanism and signalling 
pathways governing their expression. Further 
genomics-assisted breeding tools such as GS offer 
an opportunity to speed up maize drought im-
provement programmes by helping to introgress 
major genes and minor genes. Genome sequen-
cing has also further supplemented rapid muta-
tion detection and gene discovery. Omics  
approaches too have emerged as a powerful tool 
to support high-throughput phenotyping and  
expression studies in drought breeding pro-
grammes. Although limited success has been 
achieved using molecular breeding, the integra-
tion of  existing and emerging approaches will 
surely achieve more success in the near future. 
Furthermore, the use of  speed breeding ap-
proaches will surely benefit drought stress maize 
breeding programmes by harnessing beneficial 
alleles from wild relatives.
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16.1  Introduction

Maize (Zea mays L.) originated from tropical 
regions, so it is inherently sensitive to low tem-
peratures (Sobkowiak et  al., 2014; Zhao et  al., 
2016; Di Fenza et  al., 2017). Over years, the 
planting area of  maize has been expanding due 
to the increasing demand for maize as an indus-
try commodity and food. As there are still cooler 
regions with higher latitude or elevation, cold tol-
erance is still the bottleneck for the expansion. 
Additionally, cold stress frequently happens in 
the spring, impairing the maize product and its 
benefits.

The relevant research was reviewed for  
cold stress in 2005 (Marocco et  al., 2005) and 
for maize growth and development in 2014 
(Sánchez et al., 2014). This chapter reviews the 
global adaptation of  maize, the effect of  cold 
stress, existing cold-tolerant or cold-sensitive 
maize varieties or mutants, research on linkage 
analysis, and genome-wide association studies 
(GWAS) and gene expression profiling in maize 
cold response. In addition, the potential usage of  
genomic selection (GS) to accelerate the breeding 
process is explored. The objectives are to inte-
grate knowledge for the benefit of  geneticists to 

understand the genetic architecture of  cold tol-
erance and for breeders to select ‘hyper-tolerant’ 
maize varieties adapted to broader and change-
able environments.

16.2  Maize Cold Tolerance  
and Global Adaptation

Originating in Mexico under a tropical climate, 
maize prefers warm weather for its growth. Un-
like heat stress, which happens only during some 
extremely hot and dry summers, cold stress is 
more common and can negatively impact maize 
throughout its entire life cycle. When cold stress 
occurs during the sowing-to-emergence period, 
the germination process can be delayed and/or 
the germination rate can be reduced. Cold stress 
occurs most often during the seedling stage in 
the early spring, when cold temperatures are ac-
companied by strong winds. Leaves suffering 
from this stress will wilt, droop or even die. Long 
periods of  low temperatures will often cause 
anthocyanin accumulation and reduced chloro-
phyll content. At flowering time, low temperat-
ures can prevent anthers from shedding pollen 
and thus affect seed setting. During the milking 
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stage, cold weather can terminate grain filling, 
resulting in small seeds.

Nevertheless, through domestication and 
artificial selection, maize has adapted to temper-
ate climates. For example, maize cultivation has 
expanded to cooler, higher-latitude and moun-
tainous regions. The optimal temperature for 
maize production is about 30–35°C; the minimum 
temperature is about 10–12°C. The temperature 
limitations and optimums for each of  the vari-
ous developmental phases of  maize growth are 
summarized by Sánchez et al. (2014). Breeding 
programmes are continuing the efforts to im-
prove the adaptability.

16.3  Maize Germplasm  
for Cold Tolerance

Both cold-tolerant and cold-sensitive maize var-
ieties are valuable to diversify germplasm for cold 
tolerance improvement and to explore the mechan-
isms for low temperature response. When these 
germplasms are exposed to low temperatures, 
reduction of  biomass production is expected to 
be the ultimate criterion to differentiate tolerant 
and sensitive lines. To shorten the time of  evalu-
ation and simplify the protocol, however, differ-
ent criteria have been proposed. For example, Hu 
et al. (2017) conducted a cold tolerance evalu-
ation of  the maize 282 diverse panel using 
germination tests under normal and chilling 
conditions. Bhosale et  al. (2007) evaluated the 
chilling tolerance of  five European flint maize, 
five European dent maize inbred lines and their 
25 factorial crosses, based on chlorophyll con-
centration, plant height and fresh weight 
measurements. Schapendonk et  al. (1989) 
used chlorophyll fluorescence measurements to 
screen cold tolerance in four maize populations 
that were developed by divergent mass selection 
for contrasting resistance to chlorosis.

The differences among the evaluation methods 
resulted in different performance aspects of  
maize germplasm being measured (Table 16.1). 
The classification of  tolerant versus sensitive 
also varied among the different criteria. Some 
maize lines were defined as cold-sensitive in mul-
tiple studies including Mo17, G50, CM 109 and 
Penjalinan; whereas other lines were defined 
as cold-tolerant in multiple studies consistently, 

including Huang C, S68911, KW 1074 and Z7. 
On the other hand, some lines were classified 
differently across studies due to various meas-
urements or evaluation criteria. For example, 
the B73 line was classified as cold-tolerant in 
some older studies (Stewart et  al., 1990; Chen 
et al., 2013) but as cold-sensitive in more recent 
studies (Bilska-Kos et al., 2018).

16.4  Maize Mutants  
for Cold Tolerance

Natural and artificial mutants with altered 
phenotypes or physiological responses provide 
good resources for breeding and for studies using 
forward and reverse genetics. Researchers have 
applied various methods, including ethyl meth-
anesulfonate (EMS), Mu insertion and irradiation, 
to create tens of  thousands of  maize mutants, 
including the ones listed by libraries/databases 
that are publicly available (Table 16.2).

Most of  the time, EMS-induced mutation 
triggers C→T changes, resulting in C/G to T/A 
substitutions, which is an advantage over other 
methods that often cause large structural vari-
ations. Another advantage of  EMS is that the 
mutations are randomly distributed throughout 
the genome (Greene et al., 2003). Traditionally, 
map-based cloning for maize EMS mutants is 
time- and labour-consuming. Now, new gene 
mapping strategies like SHOREmap (Schnee-
berger et al., 2009), MutMap (Abe et al., 2012) 
and BSR-Seq (Liu et al., 2012) have been devel-
oped. These methods combine whole-genome/
transcriptome sequencing and bulked segregant 
analysis (BSA), greatly simplifying the gene 
mapping process. Creating a new EMS-induced 
library or using the currently available libraries 
to test those mutant lines in response to different 
abiotic stresses can be beneficial for evaluating 
their tolerance. Those mutants found to be toler-
ant or sensitive to the target abiotic stressor 
could then be gene mapped using a BSA strategy.

Many mutants showing tolerance or sensi-
tivity to cold stress have been studied in Arabi-
dopsis, rice and some other species. Recently, 
researchers have used mutant libraries to discover 
novel genes important to chilling stress. In Arabi-
dopsis, Wang et  al. (2016) screened for chilling 
tolerance in 11,000 T-DNA insertion mutant 
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Table 16.1.  Performance and mechanism of cold-tolerant or -sensitive maize germplasm.

Tolerant Sensitive Performance and/or mechanism Reference

CFD04_349 CFD04_332 Sensitive line had weak growth and aerial 
biomass. Tolerant line had higher chlorophyll 
content, glucose-6-phosphate dehydrogenase 
activity and sucrose:starch ratio

Duran Garzon et al. 
(2020)

M54 753F Tolerant line had protection on PSII and 
accumulated secondary metabolites. 
Genes related to photosystem structure 
and regulating electron transport were less 
affected while genes related to secondary 
metabolism and unsaturated fatty acid 
synthesis were upregulated

Li et al. (2019)

S68911 (Zm-T) B73 (Zm-S) Sensitive line demonstrated inhibition of 
net CO2 assimilation and a clear  
decrease in F′v/F′m, Fv/Fm and ɸPSII

Bilska-Kos et al. 
(2018)

220 and P9-10 Y1518 and PH4CV Tolerant lines had better germination Li et al. (2018)
CO (439,438, 450,  

435 and 445)
CO (437, 436,  

and 440)
Tolerant lines had better germination Farooqi et al. (2016)

KW 1074 CM 109 Sensitive line demonstrated the reduction  
of aquaporins (PIP2;3)

Bilska-Kos et al. 
(2016)

KW 1074 CM 109 Sensitive line exhibited reduction of pectin 
content and PME activity

Bilska-Kos et al. 
(2017)

S68911 S50676 and S160 Tolerant line had less damage to the 
photosynthetic apparatus

Sobkowiak et al. 
(2016)

ETH-DH7 ETH-DL3 Genes encoding membrane/cell-wall  
proteins were induced

Sobkowiak et al. 
(2014)

Fengdan 3 Zhengdan 958 RuBPCase and PEPCase showed  
different temperature sensitivity

Chen et al. (2013)

B73 Mo17 ZmCIPKs had different expression patterns 
among the two lines

Chen et al. (2011)

KW 1074 CM 109 Inhibition of photosynthesis was reversible  
in tolerant line but not in sensitive line

Bilska and Sowinski 
(2010)

Huang C Mo17 Tolerant line had higher growth rate of 
mesocotyl, coleoptile, CAT and POD 
activities, Pro content in root, and lower 
plasma-membrane permeability

Gao et al. (2006)

KW 1074 CM 109 Sensitive line had more responses on 
chloroplast ultrastructure and 
photosynthetic efficiency

Sowinski et al. 
(2005)

Z7 Penjalinan Root hydraulic conductance (Lo) declined  
in both lines. Recovery exhibited only  
in the tolerant line

Aroca et al. (2005)

Z7 Penjalinan Tolerant line showed less damage in 
dark-adapted leaves

Ribas-Carbo et al. 
(2000)

CM 7 and Co 151 S 215 and EP 1 Sensitive lines had higher galactolipase 
activity in aged chloroplasts

Kaniuga et al. 
(1998)

CO 328 CO 316 SOD had increased activity in tolerant line Pinhero et al. 
(1997)

B73 and B49 G50 and G84 Sensitive lines had slower shoot growth rate Stewart et al. (1990)

PSII, photosystem II; F′v/F′m, effective photochemical efficiency; Fv/Fm, maximal photochemical efficiency of photosystem 
II; ɸPSII, quantum yield of photosystem II; PIP2;3, plasma-membrane intrinsic protein 2;3; PME, pectin methylesterase; 
RuBPCase, ribulose-1,5-bisphosphate carboxylase; PEPCase, phosphoenolpyruvate carboxylase; ZmCIPKs, genes coding 
for calcineurin B-like protein (CBL)-interacting protein kinases in Zea mays; CAT, catalase; POD, peroxidase; Pro, proline; 
SOD, superoxide dismutase.
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lines and identified 54 associated with the dis-
ruption of  49 genes that display drastic chilling 
sensitivity. Gao et al. (2017) screened more than 
3700 homozygous SALK T-DNA insertion lines 
under chilling conditions and identified 41 lines 
that exhibited visible phenotypes. In rice, Jiang 
et al. (2007) generated around 20,000 Ds inser-
tion rice lines and subjected several thousand 
lines to abiotic stresses, including chilling. These 
causal genes are potentially useful for improving 
cold tolerance in maize, although very few of  the 
maize mutants were reported or evaluated to be 
associated with cold tolerance (Table 16.3).

16.5  Linkage Analysis

Linkage is the tendency for genes of  interest 
and the genetic markers to be inherited to-
gether because they are located nearby on the 
same chromosome. Linkage analysis is the way 
of  mapping the genes of  interest using genetic 
markers as reference. The gene locations are es-
timated at the positions where the probability is 
maximized across all possible locations. Loca-
tions are represented by genetic distance with 
units of  centimorgan, equivalent to 1% of  the 
recombination rate. Through domestication, 
maize accumulated considerable genetic diver-
sity for resistance to low temperatures, provid-
ing the foundation to map genes controlling 
cold tolerance. For example, European flint and 
tropical plateau germplasm materials have a 
stronger resistance to low temperatures than 
dent germplasm resources (Soldati et al., 1999).

Studies have shown that cold resistance is a 
complex quantitative trait controlled by multiple 
genes, with different genetic mechanisms oper-
ating in different plant development periods. 
Further studies are necessary to understand the 
specific genetic mechanisms underlying differ-
ent cold resistance traits across different ger-
mplasms. Linkage analysis has been used to 
identify quantitative trait loci (QTLs) to under-
stand the genetic basis of  maize resistance to low 
temperature. Many QTLs are related to seedling 
activity and basic physiological processes such 
as photosynthesis. Although the molecular 
mechanisms of  plant adaptation to low tem-
perature are still not fully understood and rarely 
reported (Hund et  al., 2004), three general 
mechanisms have been discovered including 
photosynthetic structure, cell-wall protection 
and developmental processes. The discovery of  
these mechanisms took many years and is based 
on field data and transcription levels of  different 
maize inbred lines that were sensitive to low 
temperature (Sobkowiak et al., 2014).

Although a substantial number of  QTLs 
have been reported to be associated with cold 
stress, only a small number are consistent across 
studies, indicating that different genetic back-
grounds have a strong impact on cold tolerance 
(Huang et al., 2013). By using different popula-
tions, multiple QTLs related to the photosyn-
thetic system and nearly 200 QTLs related to 
maize cold tolerance have been located. Jompuk 
et al. (2005) used 226 F

2:3 families derived from 
ETH-DH7 and ETH-DL3, and identified 29 QTLs 
related to chlorophyll fluorescence parameters, 
leaf  greenness, leaf  area, crown dry weight and 

Table 16.2.  Maize mutant library.

Library name Type Size Link

Photosynthetic Mutant 
Library

Mu transposon ~2100 http://pml.uoregon.edu/photosyntheticml.html 
(accessed 22 February 2021)

Maize EMS induced 
Mutant Database 
(MEMD)

EMS 4264 http://www.elabcaas.cn/memd/ (accessed 22 
February 2021)

Maize Genetics 
Cooperation Stock 
Center

EMS;
UniformMu 

transposon;
RescueMu 

transposon;
Ac/Ds/Ds-GFP

Over 100,000 
individually 
pedigreed 
samples

http://maizecoop.cropsci.uiuc.edu/ (accessed 
22 February 2021)

https://www.maizegdb.org/data_center/
phenotype (accessed 22 February 2021)
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crown N content. With the same population, 19 
QTLs were found to be related to chlorophyll 
fluorescence parameters, CO2 exchange rate, 
leaf  greenness, crown dry matter content and 
crown N content traits. Additionally, 27 QTLs 
were related to C4 circulating enzyme activity, 
antioxidant content and chlorophyll.

Using 168 F2:3 family lines derived from 
Lo964 × Lo1016, 60 QTLs were located with 
the traits such as root length, root weight, root 
diameter, root number, germination rate, ger-
mination index, leaf  area, plant dry weight and 
operating efficiency of  photosystem II (PhiPSII) 
(Hund et al., 2004) and seven new QTLs were 
identified for leaf  area (Hund et  al., 2005). 
Fracheboud et  al. (2002) mapped 233 recom-
binant inbred lines (RILs), derived from Ac7643 
× Ac7729, under conditions of  low tempera-
ture (15°C) for QTLs related to chlorophyll 
fluorescence, gas exchange, photosynthetic 
pigment and other traits. They found a total of  
25 QTLs, of  which eight genetic regions were 
significantly correlated with five traits associ-
ated with photosynthesis organs. Four QTLs 
were located on chromosome 1 (~146 cM), 
chromosome 2 (~138 cM), chromosome 3 
(~70 cM) and chromosome 9 (~62 cM). These 
QTLs explained about 28% of  the phenotypic 
variation. Additionally, a gene associated with 

functional chloroplast development under cold 
stress was located near the QTL on chromo-
some 3 (~70 cM).

At present, many studies have been con-
ducted on the location of  cold tolerance QTLs in 
maize bud and seedling stages. By using 243 RIL 
families derived from B73 × Mo17, Hu et  al. 
(2017) located six QTLs on chromosomes 4, 5, 
6, 7 and 9 under different degrees of  low tem-
perature stress. Each of  these six QTLs explained 
between 3.39 and 11.29% of  the phenotypic 
variation in response to cold. Li et al. (2018) con-
structed three F

2:3 families with cold-tolerant in-
bred lines 220 and P9-10 and cold-sensitive ma-
terials Y1518 and PH4CV. They identified 43 
QTLs associated with germination rate that ex-
plained between 0.62 and 39.44% of  the pheno-
typic variation. Seven of  the 43 QTLs explained 
more than 10% of  the phenotypic variation and 
16 QTLs associated with higher resistance were 
from cold-tolerant lines. With an isolated maize 
population derived from cold-resistant inbred 
EP42 and cold-sensitive inbred A661, Rodríguez 
et al. (2013) performed QTL mapping under con-
ditions of  15°C. They detected ten QTLs using 
photosystem II electron transport and found 
three significant genetic regions on chromo-
somes 2, 4 and 8 related to seedling growth and 
development during low temperature stress.

Table 16.3.  Summary of maize mutants associated with cold tolerance.

Mutant name Mutant feature Gene encodes Reference

ZmSiR knock-down ZmSiR knock-down maize plants were 
more susceptible to cold or oxidative 
stress than wild type

Sulfite reductase (SiR) Xia et al. (2018)

Adh1–Adh2– doubly 
null mutant

Adh1–Adh2– doubly null seedlings had 
lower survival rate than non-doubly 
null maize seedlings (Silverado F1) at 
2°C

Alcohol 
dehydrogenase 
(ADH, EC 1.1.1.1)

Peters and Frenkel 
(2004)

Dwarf-5 Dwarf-5 maize seedlings had a higher 
growth-constraining temperature (Pe) 
than tall segregates

– Stoddart and Lloyd 
(1986)

Neuffer 3:116-1
Coe 7843.2-3 (wh)
97:1072-7 (var)
E8A-1
Coe 9744 × 31 (w/t)

Displayed low temperature-induced 
virescence

– Alberte et al. 
(1974)

M11 mutant Chlorophyll accumulation was sensitive 
to low temperature

– Millerd and 
McWilliam 
(1968); Millerd 
et al. (1969)
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16.6  Genome-Wide Association 
Studies

With reduced genotyping cost, the density of  
genetic markers can be high enough to guaran-
tee that a gene of  interest has the same linkage 
phase with at least one genetic marker without 
recombination. In such case, it is not necessary 
to estimate the recombination rate between the 
genes and their nearest markers. Instead, GWAS 
can be employed for gene mapping. There are 
two potential reasons that cause a gene of  inter-
est to be in linkage disequilibrium with a marker. 
The first reason is that they are in complete link-
age, i.e. they are nearby each other on the same 
chromosome. The second reason is that the gene 
of  interest is not in linkage with the marker and 
they may even be on different chromosomes. 
The common causes include selection, non- 
random mating and random drift. Therefore, 
population selection is critical for GWAS.

A collection of  282 core inbred lines from 
the USA has been used to map genes of  several 
traits, including cold tolerance, using germin-
ation traits under cold stress of  8°C (Hu et  al., 
2017). The genotype data from a GBS (genotyp-
ing-by-sequencing) data set and maize 50K array 
and their integration were used. A total of  17 
loci were detected, with seven single-nucleotide 
polymorphisms (SNPs) located in candidate 
genes. Four SNPs were located within 366 kb or 
less of  a candidate gene and the 18 candidate 
genes appeared to be involved in the regulation 
of  maize cold tolerance.

Huang et al. (2013) used 125 maize inbred 
lines to conduct GWAS on ten traits during seed-
ling germination, finding 43 SNPs related to 
maize cold tolerance. Of  these 43 SNPs, 31 were 
related to 40 candidate genes. Strigens et  al. 
(2013) performed GWAS with 375 maize inbred 
lines under different experimental conditions to 
evaluate seedling and chlorophyll fluorescence 
parameters. They identified 19 SNPs associated 
with cold resistance, which explained 5.7–
52.5% of  the phenotypic variation in early 
growth stage performance, chlorophyll fluores-
cence, and the candidate genes’ function on 
ethylene conduction, synthesis of  brassinolides 
and lignin.

Yan et al. (2017) identified 32 significant loci 
and 36 genes related to stress resistance using 

338 lines. Among these 36 genes, ten were in-
duced by low temperature stress. Revilla et  al. 
(2016) used 598 maize inbred lines to conduct 
GWAS with 49,585 SNPs for evaluating days to 
germination, relative traits of  chlorophyll con-
tent and the quantum efficiency of  photosystem 
II. They identified 275 associated loci.

16.7  Gene Expression Profiling

With microarray and sequencing technologies, 
the activities of  thousands of  genes, or even 
genes of  an entire genome, can be measured 
simultaneously. These profiles can reveal the re-
sponses to low temperatures as plants initiate a 
series of  transcriptional regulation processes 
(Chinnusamy et  al., 2007; Ding et  al., 2019). 
Many genes were identified with transcriptional 
response to cold conditions using different ap-
proaches (Table 16.4), including genes encoding 
transcription factors and functional enzymes in 
different biological processes.

Using microarray analysis in multiple 
maize varieties, Sobkowiak et  al. (2014) found 
that photosynthesis-related genes were prefer-
entially repressed by cold stress. In contrast, they 
found that numerous genes related to basic bio-
logical activity, including transcription, gene ex-
pression regulation, protein phosphorylation 
and cell-wall organization, were induced by cold 
stress (Sobkowiak et  al., 2014). More import-
antly, 20 genes encoding membrane/cell-wall 
proteins were exclusively induced in the cold-
tolerant ETH-DH7 line (Sobkowiak et al., 2014). 
Di Fenza et al. (2017) studied the response of  the 
primary roots at seedling emergence to cold 
stress using microarray analysis. They found 
that some RNA-binding proteins and pathogen-
esis-related proteins have the same expression 
pattern under cold growing conditions.

With the development of  next-generation 
sequencing, RNA-seq analysis has also been 
adopted to explore gene expression in maize 
under cold stress. Shan et  al. (2013) identified 
that in maize variety Zheng58, many genes in-
cluding C-repeat binding factor (CBF)/dehydration-
responsive element (DREB), mitogen-activated 
protein kinase (MAPK) and NAC (NAM, ATAF 
and CUC) were upregulated, while gibberellic 
acid (GA) metabolism-related gene (GA20ox) 
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and ent-kaurene synthase were downregulated. 
Therefore, under cold stress, maize seedlings may 
reduce GA level and thereby reduce growth rate 
to cope with abiotic stress. Transcriptomic re-
sponses were analysed between two maize in-
bred lines with contrasting low temperature sen-
sitivity using RNA-seq (Zhao et  al., 2016). The 
study found that genes related to the G-pro-
tein-coupled receptor protein signalling path-
way, binding and catalytic activity were signifi-
cantly upregulated.

16.8  Genomic Selection

Maize yield was increased from 2.17 t/ha in the 
1940s to 11.43 t/ha in the 2010s. Molecular 
breeding holds the promise to boost the yield in-
crease and resistance to low temperature stress 
(Revilla et  al., 2005). Although the discovered 
QTLs have not been used in practice for breeding 

to improve cold tolerance (Leipner et al., 2008), 
the genome approach may eventually lead to the 
development of  superior varieties for cold toler-
ance. The genome approach is based on dense 
genetic markers covering the whole genome 
regardless of  whether they have significant ef-
fects or not. This approach was first introduced 
through maize breeding by Dr Rex Bernardo in 
1994 using restriction fragment length poly-
morphism (RFLP) markers to define kinship 
among individuals (Bernardo, 1994).

As best linear unbiased prediction (BLUP) 
was used to evaluate individuals’ genetic poten-
tial, the genomic approach gained its popular 
name of  genome BLUP, or gBLUP, after the intro-
duction of  Bayesian methods (Meuwissen et al., 
2001) and of  gBLUP into the MTDFREMO pack-
age (Zhang et al., 2007), a widely used software for 
animal breeding using pedigree. In the broader 
sense, the genome approach was named as gen-
omic selection, or as genomic prediction in human 
genetics, regardless of  using marker-based 

Table 16.4.  Genes with transcriptional response to low temperature stress identified in maize.

Gene ID Gene name Function Reference

GRMZM2G051256 ZmMYB-IF35 Alleviates PS II photoinhibition,  
scavenges ROS, reduces ion leakage

Meng and Sui (2019)

GRMZM2G006745 ZmDREB2A Transcription regulation Nguyen et al. (2009)
GRMZM2G479760 ZmbZIP4 Transcription regulation, positively 

regulates number of stress response 
genes and some ABA synthesis- 
related genes

Ma et al. (2018)

GRMZM2G124037 ZmDREB1A Transcription regulation Qin et al. (2004); Hu et al. 
(2011); Shan et al. 
(2013)

GRMZM2G040030 ZmCOR413 Downstream of ZmDREB1A Hu et al. (2011)
GRMZM2G064701 Zhao et al. (2019)
GRMZM2G128971 Waters et al. (2017)
GRMZM2G179120 ZmFAD2.1, 

ZmFAD7, 
ZmSLD1

Possible participation in the regulation of 
fatty acid desaturation

Sobkowiak et al. (2014)

GRMZM2G119258 ZmUSP Response to stress Lu et al. (2017)
GRMZM2G028568 – Signal transduction, homologue of rice 

cell-wall-associated receptor-like 
cytoplasmic kinase

Anderson et al. (1994)

GRMZM2G173534 ZmmICE1 Transactivation activities, contains a 
highly conserved bHLH domain and 
C-terminal region of ICE-like proteins

Lu et al. (2017)

GRMZM2G079348 Zmcat3 Encodes maize catalase, isozyme 3 Shan et al. (2013)
GRMZM2G459663 – Ca2+ binding, ICE binding Shan et al. (2013)

PSII, photosystem II; ROS, reactive oxygen species; ABA, abscisic acid; bHLH, basic helix-loop-helix; ICE, interleukin 
1β-converting enzyme.
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kinship to predict individuals’ genetic potential 
directly or evaluating all marker effects and add-
ing them together for the prediction.

Many software packages have been devel-
oped to implement GS, including rrBLUP (Endel-
man, 2011), GAPIT (Lipka et  al., 2012) and 
BGLR (Pérez and de los Campos, 2014). rrBLUP 
and BGLR implemented both methods of  using 
marker-based kinship to predict individuals’ 
genetic potential directly and of  evaluating all 
marker effects and adding them together for the 
prediction. Both ridge regression and gBLUP 
methods were implemented in rrBLUP. BGLR im-
plements a large collection of  Bayesian regression 
models, including BayesA (Meuwissen et al., 2001), 
BayesB (Habier et  al., 2011), BayesC (Habier 
et al., 2011), Bayesian least absolute shrinkage 
and selection operator (LASSO) (BL) (Park and 
Casella, 2008), Bayesian ridge regression (BRR) 
and Bayesian reproducing kernel Hilbert spaces 
regression (RKHS) (Wahba, 1990). GAPIT was 
designed for both GWAS and GS. In addition to 
gBLUP, GAPIT implemented compressed BLUP 
and SUPER BLUP, which are superior to other 
methods for traits with low heritability and for 
traits controlled by a few genes, respectively.

Over 100 GS studies have been conducted 
in maize. Various populations have been newly 
created or directly used in GS, including inbred 
line populations like natural association panels 
(Zhang, H. et al., 2019), the US nested mapping 
association (NAM) population (Zhang, H. et al., 
2019), the European dent and flint panel (Allier 
et  al., 2020) and doubled haploid (DH) lines 
(Sitonik et al., 2019). There are also studies util-
izing hybrid populations, including single-cross 
hybrids from multiple inbred lines following in-
complete diallel mating design (Vidotti et  al., 
2019) or test crosses of  multiple inbred lines to a 
common parent (Galic et al., 2019). These stud-
ies covered a diversity of  important agronomic 
traits including grain yield, plant height, flower-
ing time, etc. (Alves et  al., 2019; Lyra et  al., 
2019; Millet et al., 2019; Zhang, H. et al., 2019; 
Allier et al., 2020). GS studies about abiotic/bi-
otic stress were focused on drought tolerance 

(Cerrudo et  al., 2018) and disease resistance 
(Cooper et al., 2019; Vidotti et al., 2019). How-
ever, no GS study has been reported about maize 
cold tolerance yet.

Considering the success of  GS in other traits 
especially drought tolerance, it should also be 
useful to predict the cold tolerance ability. Selecting 
inbred lines or hybrids predicted to be tolerant or 
discarding those with likely hyper-sensitivity 
would improve breeding efficiency.

16.9  Perspective

Maize yield may always stay on top in the priori-
tization of  breeding objectives; however, work-
ing on its component traits such cold tolerance 
could be more effective to increase yield indir-
ectly, especially for cooler areas and vulnerable 
environments where chilling frequently takes 
place. Technical advances, such as sequencing, 
gene editing, gene mapping through GWAS and 
GS, make the option of  improving cold tolerance 
more viable than ever. These efforts benefit the 
harvesting of  diversity of  existing maize ger-
mplasm and of  mutants existing or created in 
the future towards the development of  maize 
production.
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17.1  Introduction

In the Asian tropics, more than 80% of  the maize-
growing area is rainfed and highly prone to various 
climatic extremes/variabilities. Erratic/uneven 
distribution pattern of  monsoon rains often 
causes intermittent drought, coupled with heat 
and/or waterlogging, at different crop growth 
stage(s) within the same season. This is a major 
factor responsible for the realized low productiv-
ity of  rainfed maize. Studies have warned that 
the Asian tropics will experience an increasing 
frequency of  extreme weather conditions with 
high variability beyond the current capacity to 
cope (Lobell et al., 2011; Cairns et al., 2012). Im-
pacts of  climate change are evident in the form 
of  shifting crop seasons due to significant inter-
annual variation in rainfall, coupled with increased 
frequency of  extreme weather events causing 
severe drought and/or waterlogging.

Waterlogging is a major problem for maize 
production in several maize agroecologies in 
South and South-East Asia where rainfall is erratic 
and intense and soil drainage capacity is poor. 

Rainfed maize is grown during the monsoon sea-
son in the Asian tropics and occasionally tempor-
ary waterlogging results in anaerobic conditions, 
even in well-drained fields. These waterlogged 
soils adversely affect various crop growth stages, 
overall plant stand and final grain yield. Flood 
and waterlogging frequently affect more than 
18% of  the total maize production area in South 
and South-East Asia, causing production losses 
of  25–30% annually (Zaidi et  al., 2010; Cairns 
et  al., 2012). Moreover, the increasing demand 
for maize in Asia is rapidly transforming crop-
ping systems in the region from rice monoculture 
to more profitable rice–maize systems. Maize pro-
duction in the rice–maize system frequently faces 
the problem of  early-stage excessive soil mois-
ture, as the soils of  paddy fields are often satur-
ated due to late monsoon rains.

When the amount of  water in the soil exceeds 
field capacity (the upper limit of  plant-available 
water), it results in waterlogging or excessive soil 
moisture. Excess moisture in the root zone in the 
form of  free water fills the air spaces in the soil, 
resulting in poor soil aeration and eventually 
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hindering plant growth and development. 
Waterlogging causes major changes in the soil’s 
physical and chemical (and thereby biological) 
properties, which results in multiple stresses, in-
cluding oxygen stress caused by low/no O2 in the 
root zone, nutrient imbalance and biotic stress 
due to anaerobic conditions. Most crop plants, 
including maize, are obligate aerobes and there-
fore require well-drained soil for optimal growth, 
development and productivity. Unlike wetland 
crops such as rice, there is no aeration system in 
maize plants for gaseous exchange between 
above-ground plant parts and roots. Therefore, 
maize roots suffer with progressive decline in O

2 
in the rhizosphere. O2 supply in most soils is de-
pleted within 48 h of  waterlogging (Fausey et al., 
1985) and therefore maize roots cannot perform 
critical, life-sustaining functions such as nutri-
ent and water uptake, which eventually affects 
various plant functions and causes severe plant 
injuries and yield losses.

In the Asian tropics, waterlogging may af-
fect rainfed maize crops at different crop stages, 
starting from pre-emergence until harvest.

●	 Pre-emergence stage waterlogging. This is a 
common problem in tropical maize, especially 
if  the maize crop is planted in the following 
situations:
	 at the onset of  the monsoon rains and if  

the rains continue for a few days after 
planting;

	 in a poorly drained field that is excessively 
irrigated after planting;

	 in low-lying areas/patches in a poorly 
levelled field; and

	 under highly saturated field conditions 
immediately after rice harvest (rice–maize 
cropping system in Asia) or in char or 
diara land (areas located near riverbanks 
that are vacated after the river water 
recedes after the rainy season).

●	 Early seedling stage waterlogging:
	 heavy rainfall early in the season coupled 

with poor drainage;
	 excessive irrigation coupled with poor 

drainage; and
	 undulating field with low-lying patches 

preventing the runoff  of  excess water.
●	 Vegetative growth stage waterlogging:

	 heavy and concentrated mid-season rain-
fall coupled with poor drainage;

	 excessive irrigation coupled with poor 
drainage; and

	 poorly levelled field with low-lying 
patches where water stagnates after rain 
or irrigation.

●	 Flowering/grain-filling stage waterlogging:
	 late-planted spring-season maize crops 

in eastern India and Bangladesh (and 
similar ecologies elsewhere) that are 
exposed to early monsoon rains in low-
lying areas.

Understanding the impact of  excess moisture on 
maize plants at various growth stages, and study-
ing the phenological, physiological and molecular 
responses of  tolerant maize genotypes towards 
adaptation to excess moisture stress, could help 
define ways in which this trait could be improved 
through targeted breeding.

17.2  Impact of Excess Moisture 
Stress on Maize Plants

Being a non-wetland crop of  tropical origin, 
maize is highly susceptible to waterlogging at al-
most all the crop stages, especially before tassel 
emergence (Zaidi et  al., 2004; Kuang et  al., 
2012; Ren et al., 2014). Studies on the responses 
to excessive moisture showed a wide range of  
changes in maize plants at the molecular, 
biochemical, physiological, anatomical and mor-
phological levels, and has been reviewed exten-
sively (Kennedy et  al., 1992; Perata and 
Alpi, 1993; Ricard et  al., 1994; Drew, 1997). 
Excessive moisture condition in the rhizosphere 
severely affects various plant functions and 
causes stress injury.

17.2.1  Water deficit

An early response of  plants to waterlogging is 
stomatal closure and reduced water flux from 
roots to shoots. Waterlogging reduces K+ levels 
in the guard cells resulting in stomatal closure 
and hence slower water flux from root to shoot. 
Decrease in water uptake was also found to be 
associated with root decay and wilting. The first 
symptom of  excess moisture injury is wilting of  
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leaves. Reduced stomatal conductance is among 
the earliest responses to excess moisture in maize, 
followed by leaf  yellowing, inhibition of  root growth, 
alteration in root and shoot morphology, leaf  
senescence and brace root development from 
above-ground nodes (Rathore et al., 1997; Zaidi 
and Singh, 2001, 2002; Zaidi et al., 2003; Kaur 
et al., 2019). Under inundated conditions, maize 
root respires anaerobically and therefore very 
little energy is available (only 2 moles of  ATP per 
1 mole of  glucose versus 38 moles of  ATP pro-
duced during aerobic respiration). Consequently, 
due to energy starvation, the root cell mem-
brane is unable to maintain structural integrity; 
the membrane becomes porous, resulting in the 
leaching of  mineral nutrients and organic sub-
stances from root tissues (Table 17.1). Leaching-
induced changes in osmotic gradient in the root 
cortex result in inhibition of  the radial move-
ment of  water from root hairs across the cortex 
into the xylem. Consequently, the water supply 
to above-ground plant parts is reduced and the 
plant suffers water deficit stress.

17.2.2  Nutrient imbalance

Soil waterlogging causes mineral nutrient imbal-
ances in plants due to its effects on nutrient 
availability in the soil, uptake and transport by 
roots, and distribution within the plant. There 
are three main aspects of  plant nutrition that 
are affected by excessive moisture:

●	 reduced soil conditions change the availabil-
ity of  important mineral nutrients in the soil;

●	 anaerobiosis reduces ATP availability, result-
ing in less energy available for nutrient 
uptake by the roots; and

●	 reduced transport of  water reduces nutrient 
transport in the leaves.

Prolonged waterlogging significantly affects 
nutrient homeostasis in maize roots, which results 
in deficiency of  important nutrients and toxicity 
of  some other nutrients (Table 17.2). Under an-
oxia condition, -

3NO  is reduced to +
4NH  and 

2-
4SO  is converted to H2S, and both become un-

available to maize plants. In addition, being a 
highly soluble form, -

3NO leaches down rapidly 
with stagnating water conditions. Availability of  
P may increase or decrease depending upon soil 
pH during waterlogging. In waterlogged soil, 
anaerobic microbes start using soil oxidized com-
post as electron acceptors after the consumption 
of  the dissolved O2. In reduction reactions, pH is 
modified and increases the availability of  some 
elements (Ponnamperuma, 1972); for example, 
Fe3+ and Mn4+ are reduced to Fe2+ and Mn2+, and 
thereby concentrations of  Fe and Mn increase in 
the soil (Silva et al., 2003). The highly soluble Fe2+ 
and Mn2+ cause severe toxicity in maize plants 
(Rathore et al., 1996).

Table 17.1.  Effect of 6 days of waterlogging on the 
leakage of mineral ions from the detached leaves 
of pea. (From Jackson and Kowalewska, 1983.)

Mineral ion

Leakage (μg/ml/leaflet)

Control Waterlogging

K+ 0.18 41.63
Ca2+ 0.73 9.28
HPO3

2− / PO3
4− 0.0 8.38

Mg2+ 0.0 6.70
NH4

+ 0.0 0.39
NO3

− 0.0 0.08

Table 17.2.  Waterlogging-induced changes in tissue ion concentrations in tropical maize (Zea mays L.).

Tissue

Element

ReferenceN P K Ca Mg Fe Mn Cu Zn Mo B

Ear leaf ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ Lal and Taylor (1970)
Shoot ↓ ↓ ↓ ↓ ↓ Sharpiro et al. (1956)
Roots ↑ ↑ ↑ ↑ Singh and Ghildyal (1980)
Leaves ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↓ Rathore et al. (1997)
Whole plant ↓ ↑ ↓ → → Devitt and Francis (1972)

↓, decrease; ↑, increase; →, no change.
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17.2.3  Plant functions

Waterlogging affects several plant functions like 
photosynthesis, root respiration, hormonal bal-
ances, biochemical changes and plant growth and 
development changes in general. Sharp decline 
in aerobic respiration in root tissues is one the 
key effects on maize plants due to soil waterlog-
ging. Lack of  O2 triggers anaerobic respiration 
resulting in energy starvation and the end prod-
ucts are toxic substances such as ethanol, lactate, 
malate, alanine, etc. (Fig. 17.1) which can cause 
severe plant injuries. Increased anaerobic respir-
ation causes rapid depletion of  carbohydrate in 
the roots, resulting in ‘carbohydrate starvation’ 
(Setter et al., 1987). Activity of  the enzyme 
NAD+-alcohol dehydrogenase (ADH) increases 
exponentially in the tolerant maize genotypes, 
whereas in susceptible genotypes ADH activity 
declines rapidly (Fig. 17.2). Liao and Lin (1995) 
suggested that ADH activity was positively cor-
related with the magnitude of  excess moisture 
injury and species with higher ethanol produc-
tion were less tolerant. Ethanol accumulation 
might have a ‘self-poisoning’ role in flood-intolerant 
genotypes. According to the metabolic theory of  
Crawford (1967), flooding tolerance is achieved 
by minimization of  ethanol production and is 

associated with rerouting from ethanol fermen-
tation to malate production. Although shoot 
tissues are usually not exposed to waterlogging 
conditions, photosynthesis is affected due to: (i) 
reduced stomatal conductance (Zaidi et al., 2003; 
Else et al., 2009); (ii) reduced chlorophyll content 
and active leaf  area due to enhanced senescence 
(Rathore et al., 1997; Zaidi and Singh, 2002; Ren 
et al., 2016; Kaur et al., 2019); (iii) reduction in 
activity of  key photosynthetic enzymes (Bradford, 
1982; Liao and Lin, 1994; Ren et al., 2016); and 
(iv) reduced translocation of  photosynthates due 
to interference in phloem translocation and re-
duced sink size (Krishnamoorthy, 1993).

Waterlogging causes significant imbalance 
of  plant hormones. The levels of  hormones syn-
thesized in the roots (cytokinins and gibberel-
lins) decrease sharply, while those synthesized in 
shoots (auxins, ethylene and abscisic acid (ABA)) 
accumulate in the leaves and stems (Reid and 
Bradford, 1984). Several morphological and 
anatomical responses are observed among plants 
exposed to excess moisture, such as increased 
surface rooting, adventitious rooting from 
above-ground nodes, formation of  aerenchyma 
in cortical region of  maize roots, rapid stomatal 
closure and epinastic bending (Zaidi et al., 2003) 
mediated by phytohormones such as ethylene 
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Fig. 17.1.  Energy generation through aerobic and anaerobic respiration in plants. (From Zaidi et al., 2005.)
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and ABA (Jackson et al., 1993). Jackson (1989, 
1990) suggested that ethylene is the principal 
mediator for promoting the development of  
aerenchyma in maize roots as well as other plants 
(Fig. 17.3). Auxin and gibberellins are prerequisites 
for ethylene action and have a triggering rather 
than a regulatory function. Anaerobic metabolism 
at an accelerated rate in waterlogged roots is 
important as it supplies enough energy for root 
survival (Mohanty et al., 1993) by mobilizing 
starch reserves, induced by α-amylase activity 
(Perata et al., 1992). Excessive soil moisture sig-
nificantly affects the activity of  nitrate reductase 
and glutamine synthetase, two key enzymes in 
N metabolism (Reggiani et al., 1988).

Waterlogging during the vegetative stages 
severely inhibits maize plant growth and develop-
ment, including plant height, leaf  area and total 
biomass (Rathore et al., 1997; Zaidi et al., 2003; 
Ren et al., 2014; Shin et al., 2016; Panozzo et al., 
2019). If  the crop is exposed to waterlogging 
during the vegetative stage, the apical meristem 
is severely damaged, resulting in irreversible 
effects on the growth and development of  grow-
ing maize plants. The impact of  the excessive 
moisture stress is also apparent in reproductive 
behaviour. Female flowering is comparatively more 
susceptible to this stress than male flowering (Zaidi 
and Singh, 2001; Shah et  al., 2012). Delayed 
silking results in a long anthesis–silking interval 
(ASI) and severe barrenness with exposure to 
the stress at two-leaf  (V2) and seven-leaf  (V7) 

growth stages (Table 17.3). However, waterlog-
ging at later growth stages did not contribute to 
the increase in ASI.
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Fig. 17.2.  NAD+-alcohol dehydrogenase (ADH) activity in new developed adventitious roots of different 
maize genotypes under excess soil moisture stress at knee-high stage. (From Zaidi et al., 2003.)

Excessive soil moisture

Increased ACC synthase activity

Enhanced ethylene formation
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Lysis of cortical cell wall
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Fig. 17.3.  Schematic representation of aerenchyma 
development in root cortex under excessive soil 
moisture stress. ACC, aminocyclopropane-1-carboxylic 
acid. (From Jackson et al., 1993.)
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17.3  Phenological Adaptations  
and Physiological Mechanisms 

Leading to Excess Moisture Stress 
Tolerance in Maize

Tolerant genotypes of  non-wetland crop species, 
including maize, respond to waterlogging through 
specific morpho-physiological and biochemical 
adaptation mechanisms, which might be useful 
criteria for the selection of  genotypes with increased 
tolerance to waterlogging stress (Crawford and 
Braendle, 1996; Zaidi et  al., 2007a). Surface 
rooting and adventitious (brace) root formation 
are the most prominent morphological adapta-
tions observed in tolerant genotypes. Under ex-
cessive moisture conditions, root geotropism has 
been observed in maize genotypes (Fig. 17.4a). 
However, if  the standing water depth is deeper, 
then the advantage of  surface rooting is signifi-
cantly minimized. Within 2–3 days of  exposure 
to excessive moisture, nodal roots (Fig. 17.4b) 
are initiated from both below- and above-ground 
nodes (Rathore et  al., 1996). In tolerant geno-
types, the primary root system was found to be 
completely replaced by newly developed adventi-
tious roots below the ground surface (Zaidi et al., 
2002). Newly emerged adventitious roots in 
maize genotypes under waterlogging conditions 
were found to have large air spaces in the cortical 
region (Rathore et al., 1996; Zaidi et al., 2007a), 
which helps in increasing the supply of  O

2, 
nutrients and water, and improves anchorage 
where severe damage of  primary roots under ex-
cess moisture has occurred. A major anatomical 
acclimatization in maize to waterlogging stress 
is through aerenchyma formation in the cortical 

region of  roots, especially in waterlogging-
induced adventitious roots (Fig. 17.5). Aer-
enchyma development in maize roots can be 
stimulated within 12–24 h of  waterlogging 
associated with the shortage of  O

2. Unlike its 
ancestor teosinte, root aerenchyma is not a 
constitutive trait in maize. It is a stress-induced 
trait developed under waterlogging or with other 
low O2-related stresses.

Apart from morphological and anatomical 
changes, various metabolic adaptations have also 
been observed in maize and other non-wetland 
crop plants. In waterlogging-tolerant genotypes, 
the tricarboxylic acid (TCA) cycle switches off  
under anaerobic conditions leading to increased 
phosphofructokinase (PFK) activity, which re-
sults in an enhanced rate of  glycolysis, known 
as the ‘pasture effect’. The high rate of  pasture 
effect under anaerobic conditions helps cells to 
maintain sufficient energy supply, provided 
carbohydrate supply is sustained in the tissues. 
Another important metabolic adaptation in res-
piration is through the regulatory induction of  
ADH under anoxia, increasing alcoholic fer-
mentation as a way to alleviate the adverse ef-
fect of  anoxia on energy production (Ap Rees 
et  al., 1987). To negate the phytotoxicity of  
ethanol, the end product of  alcoholic fermenta-
tion, a low ethanol concentration is maintained 
in tolerant lines by the high excretion of  ethanol 
out of  root tissues into the surrounding water 
(Zaidi et al., 2007a). Anaerobic treatment dras-
tically alters the profile of  total protein synthe-
sis in maize seedlings. During anaerobiosis, 
there was an immediate repression of  ongoing 
protein synthesis and it was observed that 

Table 17.3.  Means of the traits observed in maize genotypes under normal and excess moisture stress 
imposed for 10 days at different growth stages.

Trait Normal moisture

Excess moisture at different growth stages

V2 stage V7 stage VT stage R1 stage

Plant mortality (%) 1.3 87.8** 70.3** 32.6** 13.6*
Plant height (cm) 121.3 45.8** 79.6** 116.6NS 122.3NS

Leaf area (dm2/plant) 286.3 92.3** 169.7** 269.2NS 279.5NS

Dry weight (g/plant) 64.9 14.2** 33.6** 53.7NS 61.5NS

ASI (days) 3.3 25.3** 10.7** 3.7NS 3.2NS

Yield (t/ha) 2.46 0.49** 1.01** 2.03* 2.27NS

V2, two-leaf stage; V7, seven-leaf stage; VT, tassel emergence stage; R1, silk emergence stage.
*P < 0.05; **P < 0.01; NS, non-significant difference.
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20 new anoxia-induced proteins (ANPs), 
which accounted for >70% of  the total transla-
tion, were selectively synthesized (Sachs et  al., 
1996). Most of  these ANPs are identified as 
enzymes of  glycolysis or sugar-phosphate me-
tabolism (Subbaiah and Sachs, 2003).

17.4  Molecular Signature of Excess 
Moisture Stress Tolerance

Interaction of  plants with the growing conditions 
triggers molecular changes at the subcellular 
level, which further translate into tissue-specific 

(b)

(a) (c)

Fig. 17.4.  Morphological adaptation in maize under excessive moisture: surface roots in susceptible 
genotype (a) and brace roots in tolerant genotype (b), showing adventitious rooting from the nodes 
present above the ground surface (c).

Normal moisture Excessive moisture

Aerenchyma

Fig. 17.5.  Anatomical adaptation under excessive moisture in maize through development of aeren-
chymatous spaces in cortical region of roots.
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fine-tuning that supports survival in a given 
environment. Reliable molecular signatures can 
provide insights into the plant’s subcellular tol-
erance mechanisms to different environmental 
stresses. This, in turn, helps plant technologists 
understand stress adaptation mechanisms and 
utilize them to tailor more sturdy crops. Excess 
moisture stress causes improper aeration in the 
rhizosphere and exchange of  gases is highly 
affected in the area surrounding the plant root. 
O

2 diffuses approximately 10,000 times slower 
in water than in air, and the flow of  O2 into 
waterlogged soil is around 320,000 times less 
(Watanabe et al., 2013). Roots of  the plants are 
usually in contact with O2 at a partial pressure 
equivalent to the gaseous atmosphere. In water-
logged soil, there could be two situations of  reduc-
tion in O2 level: (i) anoxia, where there is complete 
lack of  O2 as a result of  long-term flooding; and 
(ii) hypoxia, where there is a suboptimal level of  
O2 due to short-term flooding. The latter is the 
most common form of  excess moisture stress 
witnessed in maize-growing environments. Mo-
lecular responses of  plants in these excess mois-
ture conditions are mainly due to reduced O2 levels.

A class of  ethylene-response transcription 
factors known as the group VII ethylene-response 
factors (ERF-VIIs) regulate the expression of  a large 
number of  genes involved in adaptive responses 
to flooding and low O2 (Voesenek and Bailey-
Serres, 2015). Rice is a model plant, where a lot 
of  research has been done to study molecular 
mechanisms leading to excess moisture stress 
tolerance. In rice, the SUB1 locus on chromosome 
9 was found to confer up to 69% of  phenotypic 
variation in submergence tolerance (Xu and 
Mackill, 1996). Plants with the favourable SUB1 
allele were capable of  surviving 2 weeks or longer 
of  complete inundation (Fukao et  al., 2006). 
This locus was cloned, and the multi-genic locus 
included three genes of  ERF-VIIs, designated as 
SUB1A, SUB1B and SUB1C (Xu et  al., 2006), 
with SUB1A found to be sufficient for submer-
gence tolerance. Studies have shown that the 
favourable allele of  SUB1A (SUB1A-1) functions 
in a hierarchical hormonal pathway involving 
ethylene, ABA and gibberellic acid that regulates 
growth elongation during submergence (Bailey-
Serres et  al., 2012). It has been shown that 
SUB1A also aids recovery from submergence, as 
evident from upregulation of  mRNAs encoding 
antioxidant enzymes during submergence (Jung 

et  al., 2010) and less oxidative damage upon 
de-submergence (Fukao et al., 2011). Other rice 
ERF-VII genes, SNORKEL1 and SNORKEL2, 
were also found, specifically in deep-water rice 
(Hattori et al., 2009). These tandemly repeated 
ERF-VIIs are responsible for enhanced internode 
elongation under flooded conditions, enabling 
plants to outgrow floodwaters. Some deep-water 
rice cultivars can increase their height by 25 
cm/day (Vergara et al., 1976). In Arabidopsis, five 
ERF-VII genes, HRE1, HRE2, RAP2.2, RAP2.3 
and RAP2.12, were recognized as key regulators 
for flooding and low O

2 tolerance (Fukao et al., 
2019). There seems to be differing mechanisms 
involving ERF-VII genes in different systems 
(Fukao et al., 2019). All of  the Arabidopsis ERF-VIIs 
are substrates of  the N-end rule pathway related 
to their stability, regulated by the N-end rule of  
proteolysis (NERP). However, some rice ERF-VIIs 
such as SUB1A and SUB1C are not degraded via 
this pathway (Gibbs et al., 2011).

Plant survival under excess moisture requires 
tolerance to multiple stresses such as submer-
gence, reoxygenation and dehydration (Fukao 
et  al., 2019). Many ERF-VIIs themselves are 
involved in the adaptation to these processes, by 
activating the detoxification of  reactive oxygen 
species (ROS) and ABA responsiveness (Fukao 
et al., 2011). Jasmonate is also found to be a pivotal 
hormone in activation of  ROS and detoxification 
systems under reoxygenation in Arabidopsis 
(Yuan et al., 2017). The biological roles of  NO in 
plants undergoing hypoxia and de-submergence 
also have been elucidated to fit well with a cellu-
lar signalling process, where ROS are recognized 
as an integral part (Foyer et  al., 2017). Plant 
cells have evolved efficient mechanisms to sense 
O

2 levels and to transduce those concentrations 
into a molecular response suited to the different 
flooding and hypoxic scenarios, aimed at detect-
ing a cellular energy crisis. Studies have presented 
strong evidence for the role of  Ca2+ signalling as 
a strong, fast and flexible primary signal of  energy 
stress (Igamberdiev and Hill, 2018). Downstream 
signal transduction events may not be unique 
to hypoxic stress, but to any stress condition 
that limits energy availability, thus creating an 
adjustable response to multiple stresses (Fukao 
et al., 2019).

Through transcriptional profiling of  a set of  
submergence-tolerant and -sensitive lines in 
maize, it was observed that sensitive genotypes 
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displayed a considerably higher induction of  
ROS marker genes Alternative Oxidase 1a (AOX1a), 
WRKY6 and CYP81D8 in response to submer-
gence and submergence-tolerant genotypes main-
tained lower ROS levels (Campbell et al., 2015). 
This suggested that the lower survival and poor 
recovery of  the sensitive lines could partly be due 
to higher ROS levels and downstream transcrip-
tome changes that accompany oxidative stress-
es. Panozzo et  al. (2019) also observed that 
AOX1a was an important gene in the responses 
of  genotypes to excess moisture conditions. Sub-
mergence-tolerant maize lines exhibited higher 
expression of  hypoxia-associated energy homeo-
stasis genes (Campbell et  al., 2015). They also 
observed that 18 ERFs were upregulated in tol-
erant and sensitive genotypes, suggesting that 
ERFs are an integral component of  the early 
submergence response in maize also.

The molecular changes happening at cellu-
lar level under excess moisture stress also lead to 
recognizable anatomical and morphological 
changes in tolerant plants, aiding their survival, 
as discussed in Section 17.3. Plants without 
constitutive aerenchyma in the roots, like maize, 
form cortical lysigenous aerenchyma within 
12–24 h of  waterlogging through a programmed 
cell death process that involves ethylene, Ca2+ 
and ROS (Steffens et  al., 2012). Rajhi et  al. 
(2011) profiled the transcriptomes of  the cortex 
and stele of  waterlogged seedling roots of  maize. 
Their study identified genes expressed preferen-
tially in the cortex in a waterlogging- or ethylene-
dependent manner that are associated with 
transcription, Ca2+ signalling, ROS regulation 
and cell expansion. Evans (2004) outlined the 
five stages in molecular signalling following hyp-
oxia to aerenchyma formation in maize, leading 
from hypoxia-induced ethylene signalling to cell 
lysis. Promotion of  growth of  adventitious root 
primordium was also found to be initiated by 
ethylene- and ROS-dependent signalling, through 
a mechanical force on the overlying epidermis. 
This cell-to-cell mechano-signalling led to local-
ized cell death of  the tightly attached epidermal 
cells through ethylene signalling and ROS pro-
duction, aiding the emergence of  adventitious 
roots (Steffens et al., 2012).

Micro RNAs (miRNAs) have been found to 
have an active role in response to multiple stresses, 
by modulating their target mRNAs. Under excess 
moisture conditions, miRNAs have been found 

to regulate plant responses through morphological 
adaptation, management of  energy supply, con-
trol of  flowering and oxidative stress response 
(Fukao et  al., 2019). In maize roots, miR159, 
miR166, miR167, miR164 and miR172 were 
found to have differential expression towards 
modulation in root development, leading to ad-
ventitious root formation (Zhang et  al., 2008; 
Liu et al., 2012; Zhai et al., 2013). In maize, sub-
mergence was found to induce miR399, predictably 
downregulating a gene coding for a granule-
bound starch synthase (Zhang et al., 2008) that 
could be a possible mechanism to manage 
energy supply. Similarly, miR395 and miR474, 
regulating targets involved in the management 
of  fundamental processes under energy stress, 
were found to have differential action during short-
term and long-term hypoxia treatments (Zhang 
et  al., 2008). miR408, miR528 and miR397, 
which target mRNAs producing activation of  
oxidation/reduction enzymes containing cupre-
doxin domains, were found to be differentially 
regulated under hypoxia in maize (Liu et  al., 
2012) and Arabidopsis (Licausi et  al., 2011), 
reflecting a possible activation of  oxidative stress 
response.

17.5  Genetic Studies on Excess 
Moisture Stress Tolerance in Maize

It is imperative to understand the genetic archi-
tecture of  traits to devise effective breeding 
strategies. Stress tolerance traits are generally 
studied on grain yield under stress, or on compo-
nent traits exhibited in the form of  morphological 
or physiological changes exhibited under stress. 
Component traits are comparatively easier to 
study, considering the possibility to achieve high 
heritability in phenotyping and reduced dimen-
sionality. Polygenic inheritance of  waterlogging 
stress tolerance with partial dominance of  toler-
ance over susceptibility was inferred from a study 
involving tropical maize lines exposed to water 
logging at V7 to eight-leaf  (V8) stage for 7 days 
(Zaidi et  al., 2007b, 2010). In diallel and line 
cross tester studies, Zaidi et al. (2010) observed 
a predominance of  additive variance over non-
additive variance controlling grain yield under 
waterlogging. In another study, under similar phe-
notyping conditions, Zaidi et al. (2007b) observed 
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that the contribution of  mid- and best-parent 
heterosis increased under waterlogging for grain 
yield along with component traits, compared with 
optimal soil moisture conditions. That study fur-
ther suggested that per se performance of  lines 
was a relatively more important factor in deter-
mining hybrid performance under excess mois-
ture stress, while under optimum soil moisture 
conditions mid-parent heterosis was relatively 
more important than per se performance of  
mid-parent. Significant phenotypic correlation 
was observed between hybrid and mid-parent 
yields under excess moisture stress (r = 0.66), 
suggesting that the performance of  hybrid pro-
genies under excessive moisture conditions 
could be predicted and improved to some extent 
on the basis of  their inbred parents that have 
been systematically selected and improved for 
excess moisture stress.

Genetic mapping is another way of  under-
standing the genetic factors underlying a trait, 
by studying recombination in controlled or un-
controlled crosses. With the advent of  molecular 
markers, linkage mapping has emerged as a 
commonly used method to achieve this under-
standing and to utilize this information in directed 
crop breeding. Linkage mapping or quantitative 
trait locus (QTL) mapping is carried out using 
two (or a few) genetically diverse parents which 
are crossed in various ways to produce a progeny 
with maximum genetic variation for a particular 
trait to elucidate linkage between specific mark-
ers and the genetic loci controlling the trait. 
Considering its major limitation that only allelic 
diversity that segregates between the parents 
of  the particular population can be studied, ge-
nome-wide association study (GWAS) in a panel 
of  breeding-relevant diverse lines came into 
practice.

After the first GWAS reported in maize a 
decade ago (Belo et al., 2008), there has been a 
large number of  publications on GWAS in maize 
for traits ranging from nutritional quality to abi-
otic and biotic stress tolerance and grain yield 
(Xiao et  al., 2017). It must be emphasized that 
QTL mapping and GWAS are complementary 
strategies towards genetic mapping and when 
effectively combined, can overcome the limita-
tions of  each other (Korte and Farlow, 2013). 
Based on this understanding, huge resources for 
joint linkage and association mapping have been 
created in temperate maize (Yu et  al., 2008; 

Dell’Acqua et  al., 2015). Several association 
mapping panels have been assembled at the 
International Maize and Wheat Improvement 
Center (CIMMYT), like the DTMA (Drought Tol-
erant Maize for Africa) panel, IMAS (Improved 
Maize for African Soils) panel, CAAM (CIMMYT 
Asia Association Mapping) panel and HTAM 
(Heat Tolerant Maize for Asia) panel, which have 
been used in GWAS of  many traits relevant to 
the tropics (Nair et  al., 2015; Suwarno et  al., 
2015; Zaidi et al., 2016; Cao et al., 2017; Gowda 
et  al., 2018; Hindu et  al., 2018; Rashid et  al., 
2018). Similarly, hundreds of  articles have been 
published on QTL mapping for various traits 
relevant to tropical maize, but there are very few 
studies where both these approaches are judiciously 
employed to discover and validate trait-associated 
markers.

Three mapping populations developed to 
study waterlogging tolerance in teosinte (Zea nic-
araguensis) identified seven QTLs for constitutive 
aerenchyma under waterlogging, accounting 
for between 6 and 25% of  phenotypic variance 
(Mano et al., 2016). The QTL with the largest 
effect was identified on chromosomal bin 1.05–
1.07 in all the populations studied. Construction 
of  a high-density linkage map aided in developing 
fine-mapping populations of  this QTL on 
chromosome 1 (Qaer1.06) (Mano et al., 2009). 
In addition, for adventitious root development, 
three QTLs were identified with low effect size of  
0.04–0.06 in one of  the three populations. Fur-
ther, one QTL with large effect size of  0.13–0.42 
was identified for tolerance to reducing conditions. 
There were efforts eventually to pyramid these 
teosinte QTLs into parents of  successful varieties. 
A similar study involving another subspecies of  
teosinte (Zea luxurians) identified a different set 
of  QTLs for constitutive aerenchyma formation, 
thereby indicating the possibility of  pyramiding 
multiple genomic regions from the different teo-
sinte subspecies into cultivated maize (Mano et al., 
2008). Mano et al. (2005) mapped QTLs for ad-
ventitious root formation under waterlogged 
conditions on chromosomes 4 and 8 using a 
maize × teosinte (Zea huehuetenangensis) cross, in 
which the favourable alleles were contributed by 
teosinte. Flooding tolerance has also been studied 
in Brazilian germplasm and Anjos e Silva et  al. 
(2005) identified three loci corresponding to 
glutamine synthetase (on chromosome 5), zein 
(on chromosome 4) and triosephosphate isomerase 
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(on chromosome 3) which together explained up 
to 30% of  phenotypic variance for shoot and 
root dry matter under flooded conditions. Qiu 
et al. (2007) mapped QTLs in Chinese germplasm 
for various secondary traits like plant height, 
root length, shoot dry weight, root dry weight 
and total dry weight under waterlogging stress 
at V2 stage under glasshouse conditions. They 
identified QTLs for all these traits, with a major 
QTL identified on chromosome 9 for shoot dry 
weight and root dry weight. Table 17.4 provides 
a compilation of  the QTLs reported for several 
excess moisture tolerance-associated traits.

At CIMMYT, Zaidi et al. (2015) studied a re-
combinant inbred line (RIL) population, formed 
from waterlogging-tolerant and elite susceptible 
lines, for grain yield and secondary traits under 
waterlogging stress in lines per se and test 
crosses at V7–V8 stage. The study was designed 
in this way as the per se performance of  lines as 
well as the performance of  test crosses have 
practical implications in breeding. Based on the 
per se performance, a total of  six QTLs on 
chromosomes 1, 2, 3, 5, 7 and 10 were identi-
fied, and one QTL was identified on chromosome 
5 using the RIL test cross data set for grain yield 
under waterlogging stress, together explaining 
around 40% of  phenotypic variance. QTLs on 
chromosome 1, 3 and 5 were contributed by the 
waterlogging-tolerant parent, while the rest by 
the elite but waterlogging-susceptible parent. 
The additive effect sizes of  the QTLs ranged from 
0.1 to 0.6 t/ha. Three QTLs were detected for 
number of  nodes with brace root on chromo-
somes 7, 8 and 10, together explaining close to 
15% of  phenotypic variance.

The grain yield QTL on chromosome 1 and 
brace root QTL on chromosome 7 co-located 
with previously identified constitutive QTLs for 
aerenchyma formation (Mano et al., 2010) that 
were contributed by the teosinte accession, 
Z. nicaraguensis. A total of  ten QTLs were detected 
across all the chromosomes for the waterlogging 
component traits, namely root lodging, stem 
lodging, brace roots and chlorophyll content in 
lines per se. The detected QTLs accounted for 
4–14% of  phenotypic variance. For secondary 
traits studied in test crosses, one QTL was de-
tected each for ASI, brace roots and mortality 
percentage, ranging from 3 to 12% of  pheno-
typic variance. Additionally, eight bi-parental 
populations were developed by crossing two 

common parents with eight different waterlog-
ging-tolerant lines to derive c.700 F

2:3 families. 
They were evaluated for per se performance 
under waterlogging and a total of  39 QTLs 
across seven bi-parental populations were found 
for grain yield and component traits. Nine QTLs 
for grain yield were identified explaining pheno-
typic variance of  1–20%, and 30 QTLs for com-
ponent traits explained phenotypic variance 
ranging from 1 to 24%. The physical coordinates 
flanking these QTLs were compared against the 
QTL regions that were detected in the RIL fam-
ilies of  WLT × WLS population, which revealed 
around 65% overlap indicating consensus re-
gions that were identified across populations 
(D.D. Van, 2021, unpublished results).

Apart from QTL mapping studies carried 
out in controlled crosses, association mapping 
was also conducted in diverse germplasm for tol-
erance to waterlogging stress. Zhang et  al. 
(2012) conducted GWAS followed by linkage 
mapping for validating the associations identi-
fied from the study. They identified major associ-
ations with single-nucleotide polymorphisms 
(SNPs) located within genes GRMZM2G012046, 
GRMZM2G009808, GRMZM2G137108 and 
GRMZM2G369629, on chromosomes 5, 6 and 
9. The linkage mapping study in an advanced 
backcross population validated the associations 
identified on chromosomes 5 and 9. Apart from 
these, many associations identified at lower sig-
nificance threshold were also found to be located in 
QTL regions reported in other published studies.

Yu et al. (2019) utilized the current under-
standing of  the molecular basis for waterlogging 
tolerance and conducted a candidate gene–
association mapping analysis. In a waterlogging 
trial at two-leaf  stage of  maize seedlings in 
greenhouse conditions, they identified and char-
acterized 19 ERFVIIs of  maize (ZmERFVIIs) and 
associated the genetic variations of  each ZmERFVII 
gene with waterlogging tolerance, evaluated in 
terms of  survival rate under long-term stress at 
the seedling stage, in a diverse population of  maize 
consisting of 368 inbred lines from global germplasm. 
A key candidate gene, ZmEREB180, was found 
to be strongly associated with survival rate 
under multiple environments. Variations in the 
5′-untranslated region (5′-UTR) of  ZmEREB180 
affected its expression in different varieties and 
showed significant correlation with survival 
rate. They conducted functional analysis of  
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Table 17.4.  QTLs mapped for excess moisture tolerance traits in maize.

Trait
Chromosome 

bin
Flanking/nearest  
marker PVE (%)

Wild/cultivated 
accessions used in 
mapping population Reference

Adventitious root 
formation

8.05 umc1777–bnlg240 25.0 Zea 
huehuetenangensis

Mano et al. 
(2005)

4.07 umc1869–bnlg1189 9.0
8.03 phi115–phi014 10.0

Shoot dry matter 5.06 Phi085 16.0 Cultivated Anjos e Silva 
et al. 

(2005)
4.04 Phi074 15.0
3.04 Phi029 14.0

Root dry matter 4.04 Phi074 11.0
3.04 Phi029 11.0

Plant height 1.07 bnlg1556 13.5 Cultivated Qiu et al. 
(2007)

1.08 bnlg1643 6.0
4.06 umc2027 4.7
7.03 umc1567 4.9

Shoot dry weight 4.06 umc1299 4.2
Root length 7.03 umc1567 7.4
Total dry weight 4.06 umc1299 4.6
Plant height 2.05 nc131 4.2

6.04 umc1918 5.8
Shoot dry weight 3.04 umc1347 3.9

4.05 phi026 5.6
9.04 umc1519 37.3

Root length 7.02 bnlg657 6.3
Root dry weight 6.04 umc1918 4.2

9.04 umc1519 26.3
Total dry weight 3.04 umc1347 4.1

4.05 phi026 5.5
9.04 umc1519 33.3

Plant height 10.03 umc2067 7.1
10.04 umc1053 5.2

Shoot dry weight 4.05 nc005 5.1
6.04 umc1918 5.4

Root length 7.02 bnlg657 4.0
Root dry weight 1.04 bnlg1811 4.4
Total dry weight 9.04 umc1519 31.7
Root aerenchyma 

formation
2.06–2.07 umc1763–umc2402 9.1 Zea luxurians Mano et al. 

(2008)
2.05–2.06 bnlg1887–umc1763 9.1
3.09–3.1 umc1136–umc2048 6.3
5.05–5.06 mmc0282–umc1019 4.2
9.07–9.08 bnlg1191–bnlg1129 4.5

10.04–10.05 umc2003–bnlg1074 3.7
Root aerenchyma 

formation
1.06 umc2396 17.0 Zea nicaraguensis Mano et al. 

(2010)
7.01 umc1159 12.0
1.07 bnlg1556 8.0

Grain yield (t/ha) 1.08–1.09 PZA03301.2–
PZA01921.20

5.0 Cultivated Zaidi et al. 
(2015)

3.06–3.06 PZA02212.1–
PZA02654.3

4.2

Continued
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Trait
Chromosome 

bin
Flanking/nearest  
marker PVE (%)

Wild/cultivated 
accessions used in 
mapping population Reference

5.04–5.04 PZA02164.16–
PZA01796.1

8.0

7.02–7.02 PHM4353.31–
PZA02612.1

6.1

10.03–10.03 PZA01677.1–
PZA02941.7

3.6

Root lodging (%) 1.07–1.08 PZA02014.3–
PZA03001.15

3.8

3.07–3.08 PZA03458.1–
PHM13742.5

6.3

10.04–10.04 PZA03713.1–
PZA03196.1

6.1

Stem lodging (%) 3.06–3.06 PZA02402.1–
PZA02212.1

8.6

4.09–4.09 PZA00636.7–
PZA00521.3

9.2

7.03–7.04 PHM9162.135–
PHM1912.23

6.4

8.01–8.03 PZA01601.1–
PZA01186.1

7.1

Brace root (no.) 7.03–7.04 PHM9162.135–
PHM1912.23

4.8

8.06–8.06 PZA03698.1–
PZA00838.2

4.2

Chlorophyll  
(SPAD)

2.0–2.02 PZA00365.2–
PHM12952.13

13.6

Grain yield_test 
cross (t/ha)

5.05–5.05 PZA02383.1–
PZA02209.2

3.4

ASI_test cross 
(days)

3.07–3.08 PZA03154.4–
PHM15964.16

6.8

Brace root_test 
cross (no.)

7.01–7.02 PHM2691.31–
PHM4353.31

2.6

Plant mortality_test 
cross (%)

5.02–5.03 PZA01371.1–
PHM5484.22

12.3

Leaf senescence 6 (bin: NA) NA 22.0 Cultivated Campbell 
et al. (2015)

Constitutive 
aerenchyma

1.02–1.03 bnlg1007–bnlg1484 11.0 Z. nicaraguensis Mano et al. 
(2016)

1.05 umc1297–IDP5918 17.0–25.0
1.06–1.07 umc1128–bnlg1347 8.0–17.0

1.11 umc1862 12.0
5.09 umc1153 6.0
7.01 umc1159 12.0
8.05 umc1712–bnlg162 7.0

Adventitious root 
development

3.04 bnlg1113 6.0

7.04 dupssr13 4.0
8.03 umc2075 4.0

Tolerance to 
reducing 
conditions

4.07–4.11 NA 13.0–42.0

PVE, proportion of phenotypic variance explained by the QTL; SPAD, Soil Plant Analysis Development (chlorophyll 
meter); NA, information not available.

Table 17.4.  Continued.
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ZmEREB180 and showed that this gene played a 
positive role in maize waterlogging tolerance by 
promoting the formation of  adventitious roots 
and coordinating ROS homeostasis. In another 
study under similar waterlogging stress condi-
tions, Yu et  al. (2018) conducted GWAS in the 
same panel and identified a total of  110 associ-
ations spanning 16 genomic regions, of  which 
14 co-localized with previously detected water-
logging tolerance-related QTLs. Single locus 
associations explained 3–11% of  the phenotypic 
variance observed. They resequenced and studied 
the expression profile of  the gene GRMZM2G110141 
on chromosome 6, which had the most signifi-
cantly associated SNP signals, and found vari-
ations in the 5′-UTR of  the gene leading to leaf  
injury responses under waterlogging.

At CIMMYT, association mapping for water-
logging tolerance at V7–V8 stage was conducted 
in two association mapping panels: (i) DTMA 
panel, primarily formed by lines with adaptation 
to sub-Saharan Africa and Latin America; and 
(ii) CAAM panel, a panel of  419 Asia-adapted 
lines. DTMA panel lines were evaluated for sec-
ondary traits associated with waterlogging toler-
ance, whereas CAAM panel lines were test 

crossed with testers of  two heterotic groups and 
phenotyped for grain yield under waterlogging 
stress and its component traits. For grain yield 
under stress, 21 significant associations in the 
test crosses with HG-A tester (CML451) and 18 
significant associations in the test crosses with 
HG-B tester (CL02450) were identified. Eighteen 
associations were validated based on the linkage 
mapping studies done on RILs and multiple F

2:3 
families, mentioned above, to develop KASP 
(competitive allele-specific PCR) assays for tar-
geted introgression of  valuable alleles tagged to 
specific waterlogging-tolerant donors identified 
in the panel (Table 17.5) (S.K. Nair, 2021 un-
published results).

Studies undertaken to date on the genetic 
analysis of  waterlogging tolerance have shown 
that this is a polygenic trait, mostly explained by 
low- to moderate-effect QTLs. Waterlogging tol-
erance in teosinte has shown some large-effect 
QTLs, especially affecting morphological modifi-
cations associated with the tolerance mechanism, 
like the constitutive aerenchyma formation and 
adventitious root development. Utilizing a wild 
relative of  maize as a trait source in breeding 
programmes would require long pre-breeding 

Table 17.5.  Synopsis of GWAS and QTL mapping studies for grain yield and component traits for 
waterlogging tolerance in maize at CIMMYT.

Trait No. of significant associations R2 (%) range

GWAS line per se: DTMA_AM
Reduction in root weight (%) 19 2.6–9.3
Reduction in shoot weight (%) 18 3.5–12.3
Reduction in total weight (%) 21 3.4–13.4
Differential emergence 34 2.8–12.4
Days to differential emergence 28 2.6–9.5

GWAS test crosses: CAAM_AM
GY_WL_CML451 21 2.5–8.6
GY_WL_CL02450 18 2.4–7.9

No. of QTLs

F2:3_QTL
Grain yield 9 1.1–20.4
Brace root 6 1.8–23.7
Surface root 6 0.1–5.1
ASI_WL 10 1.3–17.7
% Mortality 8 6.2–56.7

RIL_QTL
Grain yield 6 3.4–6.1
Root lodging (%) 3 3.8–6.3
Stem lodging (%) 4 5.2–13.0
Brace root (no.) 3 2.6–4.8

AM, association mapping; GY, grain yield; WL, waterlogging.
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processes, to remove the unwanted traits of  teo-
sinte. It is encouraging to note that some genetic 
mapping studies in cultivated germplasm have 
identified QTLs in genomic regions previously 
reported for constitutive root aerenchyma and 
adventitious root formation in teosinte. QTLs 
identified for waterlogging tolerance in culti-
vated germplasm in maize are much smaller in 
size and would require pyramiding of  multiple 
QTLs from multiple sources to have a discernible 
effect on the trait, as expressed in terms of  grain 
yield under stress.

17.6  Molecular Breeding for Excess 
Moisture Tolerance

The duration of  excess moisture stress, the stage 
of  cultivation and other environmental factors 
during this stress often determine the magnitude 
of  yield loss in the maize crop (Zaidi et al., 2012). 
Zaidi et al. (2004) reported V2 and V7 stages of  
the crop as the most susceptible to excess mois-
ture, particularly in medium to heavy textured 
soils. Nielsen (2019) further suggested that high 
temperatures could exacerbate the effect of  
excess moisture stress leading to plant mortality 
particularly during the vegetative stage of  the 
maize crop. Developing hybrids that withstand 
excess moisture stress should be a major focus of  
maize breeding programmes targeting products 
to regions prone to this stress. Substantial 
variability has been recorded among the maize 
germplasm evaluated under excess moisture 
stress (Zaidi et al., 2004, 2010) that could be 
effectively utilized in breeding programmes. 
Designing a breeding pipeline often entails an 
in-depth understanding of  the target population 
of  environments (TPE), along with a detailed 
genetic analysis of  the trait of  interest and the 
effect of  the stresses in combination with other 
factors unique to the TPE. Breeders often con-
sider performance under high-yielding environ-
ment as a major criterion of  selection; however, 
products from these pipelines are often unsuited 
for low-input stress-prone environments. Ban-
ziger et al. (2006) suggested that with adequate 
weighing of  performance of  entries in managed 
stress-prone environments in the breeding pipe-
line, the yield levels of  entries could be margin-
ally increased simultaneously in high- and even 
in severely stressed low-yielding environments. 

This strategy has been used for the development 
of  several potential hybrids with high yield under 
optimal conditions along with resilience to excess 
moisture stress within Asia (Das et al., 2019).

One of  the major bottlenecks in breeding 
for excess moisture stress is the low heritability 
generally observed for grain yield under the 
stress. This presents a significant hindrance to 
the gains that could be achieved in the breeding 
programme. In addition, grain yield under excess 
moisture stress is reported to be controlled by 
both additive and non-additive gene action. Hence 
breeding pipelines need to be designed to exploit 
these effects for making significant progress to 
excess moisture tolerance. The use of  secondary 
traits could greatly improve the selection response, 
particularly under stress conditions. Several 
successes have been reported for gains observed 
when selections are done primarily on second-
ary traits like ASI for drought tolerance in maize 
(Edmeades et al., 1999; Monneveux et al., 2006). 
An ideal secondary trait is one that could be 
effectively used as a proxy for grain yield under 
the stress, should be highly heritable and show 
high genetic variation in the working germplasm, 
and should be stable and economical to score 
(Lafitte et al., 2003). For waterlogging tolerance, 
brace root has been identified as one of  the most 
effective surrogates for excess moisture stress, due 
to higher heritability, good genetic variability and 
ease of  observation (Zaidi et al., 2007c, 2015).

Initial studies for waterlogging stress toler-
ance in maize have identified several lines within 
the working germplasm, although at low frequency, 
having tolerance to excess moisture stress (Zaidi 
et  al., 2004, 2007c, 2010; Mano et  al., 2006; 
Amin et al., 2014; Kaur et al., 2019). A multi-
parent population breeding approach, to increase 
favourable allele frequency through recurrent 
selection, is being followed within CIMMYT 
dedicated towards simultaneous improvement 
of  drought and waterlogging tolerance. Given 
the complexity of  the trait, there is a need for evalu-
ating a large number of  genotypes at multiple 
locations to identify suitable recombinants, which 
often limits the gains that could be attained. 
Hence investing in high-throughput methodolo-
gies along with appropriate screening and selec-
tion techniques could greatly assist breeders with 
making substantial progress.

Molecular breeding, utilizing the findings 
from genetic and molecular studies on the trait, 
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is found to be an efficient breeding strategy in 
enhancing genetic gains. This is especially 
true in the case of  traits like excess moisture stress 
where managed phenotyping is cumbersome 
and repeatability is generally low. In this con-
text, wherever possible, marker-based selection 
methods like targeted introgression and genomic 
selection are extremely beneficial. Targeted 
introgression follows particular markers linked to 
traits, which allows them to be tracked with rea-
sonable precision and hence tailors the product 
with the required trait, but keeps the background 
intact. Trait-linked markers that are discovered 
and deployed by way of  marker-assisted selection 
(MAS) require prior knowledge of  the precise 
location and effect size of  QTLs and germplasm/
environment specificity. This strategy also requires 
that the genetic architecture of  the trait supports 
such interventions by way of  having large-effect 
genes/QTLs.

Genomic prediction is another form of  MAS 
where genome-wide markers are used to estimate 
the breeding value of  individuals (Meuwissen 
et al., 2001). This concept, which was originally 
developed in dairy cattle, found its way to crop 
plants, especially in crops like maize. While the 
public-sector maize breeding programmes in the 
tropics have been slow in venturing into gen-
omic prediction strategy, the commercial seed 
sector has been routinely practising genomic 
prediction in its breeding pipelines with success. 
Genomic prediction brought a paradigm shift in 
the way plant breeding is done, shifting the unit 
of  selection from individual lines to alleles 
(Lorenz and Nice, 2017). A number of  factors like 
heritability, trait architecture, marker density, train-
ing population size and relationship between the 
training and prediction populations are critical 
to the accuracy of  the predicted breeding value 
(Combs and Bernardo, 2013). Genomic predic-
tion will be highly beneficial and cost-efficient in 
driving genetic gains in the breeding programmes 
when medium- to high-density genotyping costs 
and turnaround times decrease sufficiently to 
replace resource-intensive, field-based precision 
phenotyping at least partially.

There are not many published reports on 
using molecular markers in breeding for excess 
moisture stress tolerance in maize, understand-
ably, due to the polygenic nature of  the trait and 
most of  the detected QTLs not being significant 
enough to provide discernible effect differences 

under actual field conditions under stress. Rice 
has the most well-documented effort for improv-
ing submergence tolerance in terms of  MAS using 
SUB1A, a submergence QTL with about 69% 
effect in phenotypic variation (Xu and Mackill, 
1996). Using marker-assisted backcrossing, a 
small genomic region containing SUB1A from a 
landrace FR13A was introgressed into modern 
high-yielding varieties in diverse genetic back-
grounds, such as Swarna, Samba Mahsuri, IR64, 
Thadokkam 1 (TDK1), CR1009 and BR11 
(Septiningsih et al., 2009). Multiple evaluations 
of  submergence tolerance in the greenhouse 
and farmers’ fields confirmed that all converted 
lines exhibit significantly greater tolerance to 
complete submergence as compared with their 
original parents (Sarkar et al., 2009; Septining-
sih et al., 2009; Singh et al., 2009).

In maize, Mano et al. (2016) used teosinte, 
as a flooding-tolerant donor, as it is tolerant to 
flooding in its low-lying and frequently flooded 
natural growing habitat. Teosinte possesses 
unique morphological and physiological charac-
teristics related to flooding tolerance, including 
the capacity to form constitutive aerenchyma 
(Mano et al., 2006, 2007), tolerance to flooding 
under reducing soil conditions (Mano and Omori, 
2013), a barrier to radial oxygen loss (Abiko 
et al., 2012) and the ability to form adventitious 
roots at the soil surface during flooding (Mano 
et  al., 2009). Mano et  al. (2016) developed 
near-isogenic lines (NILs) separately for these 
component traits possessing one or more QTLs 
for the given trait, using teosinte as the donor 
parent. These NILs were later used for pyramid-
ing effective flooding tolerance-related QTLs. To 
our knowledge, the field performance of  the final 
variety incorporating multiple pyramided com-
ponent traits is not yet in the public domain.

Based on the various genetic studies conducted 
on waterlogging in cultivated maize germplasm, 
both by GWAS and QTL mapping, CIMMYT de-
veloped backcrosses of  elite lines in the two 
heterotic groups with waterlogging-tolerant 
parents, (DT/LN/EM-46-3-1 × CML311-2-1-3) 
-B-F239-1-1-1-BB and Saracura. The strategy 
was to incorporate waterlogging tolerance in 
elite lines using inter-crosses of  backcrosses de-
veloped using multiple waterlogging tolerance 
donors. The backcrosses were selected using 
markers validated in genetic analyses, and favour-
able families carrying the trait markers were 
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selected. Doubled haploids were developed for 
fixing favourable combinations and test crossed 
with corresponding heterotic group testers. The 
test crosses thus developed are in the process 
of  evaluation under waterlogging conditions 
(S.K. Nair, 2021, unpublished results).

Rapid-cycle genomic selection (RCGS) is 
considered an efficient strategy in population 
improvement, offering better prediction accuracy 
of  breeding and genetic values by incorporating 
all markers compared with using a subset of  
markers significantly associated with the QTL, 
namely marker-assisted recurrent selection (MARS) 
(Zhang et  al., 2017). Massman et  al. (2013) 
reported that RCGS had a superior response for 
stover yield and grain yield indices that were 
14–50% higher than those of  MARS. Beyene 
et al. (2015) evaluated realized genetic gains in 
grain yield from RCGS in eight bi-parental maize 
lines; they found that the average gain from 
RCGS per cycle across eight populations was 
0.086 tons/ha1 and that hybrids derived from 
cycle 3 produced 7.3% (0.176 tons/ha) higher 
grain yield than those developed through the 
conventional pedigree breeding method. RCGS 
in bi-parental populations offered the advantage 
of  significant time efficiency over conventional 
breeding methods, as up to three cycles of  RCGS 
can be conducted within a year. Vivek et  al. 
(2017) conducted RCGS in bi-parental popula-
tions and found that top crosses from cycle 2 of  
RCGS produced 4–43% higher grain yield than 
top crosses from cycle 2 of  the same populations 
formed based on phenotypic selection. Zhang 
et al. (2017) conducted RCGS in a multi-parental 
population involving 18 parents with an object-
ive of  increasing the favourable allele frequency 
for drought stress tolerance in the population 
and further deriving improved inbred lines. 
Results from that study indicated that realized 
grain yield from cycle 1 to cycle 4 reached 0.225 
tons/ha per cycle, which is equivalent to 0.100 
tons/ha per year over a 4.5-year breeding period 
from the initial cross to the last cycle.

RCGS was carried out for simultaneous im-
provement of  source germplasm belonging to 
the two heterotic groups for waterlogging stress 
and drought stress tolerance in Asia. Four wa-
terlogging tolerance donors, four drought toler-
ance donors and two elite lines were included in 
population development for RCGS in each of  the 
heterotic groups. As part of  the RCGS strategy, 

S
2 test crosses formed after F1 inter-crosses of  

parental crosses carried out in a half-diallel de-
sign were phenotyped in multiple stress environ-
ments. These families were also genotyped using 
300 genome-wide markers and marker effects 
were estimated. After an initial cycle of  pheno-
type-based selection with an intensity of  5–10%, 
two cycles were raised based on intermating of  
plants selected based on genomic estimated 
breeding value (GEBV). Genetic gain studies 
from test crosses of  various cycles indicated an 
increase in genetic gain under waterlogging 
stress of  38 kg/ha per year in HG-A population 
and 113 kg/ha per year in HG-B population with 
two cycles of  genomic selection (Das et  al., 
2020). Genomic selection within bi-parental 
populations in the breeding pipeline has been 
proven to be a resource- and a time-efficient 
method towards enhancing genetic gains in 
stress tolerance breeding programmes (Zhang 
et  al., 2015; Beyene et  al., 2019). At CIMMYT, 
the waterlogging tolerance breeding programme 
has initiated this strategy, where 50% of  the 
lines entering Stage 1 test crosses from a full-sib 
family (forming the training set of  the genomic 
selection model) are used to predict the perform-
ance of  the other 50% of  the lines (tester/valid-
ation set) based on their GEBVs. These selected 
lines can enter Stage 2 test crossing without ac-
tual test crossing and Stage 1 field-based evalu-
ations. In general, genomic selection will be a 
strategy to look forward to for improvement of  
polygenic traits in changing times where geno-
typing technologies are becoming more access-
ible and breeder oriented.

17.7  Conclusion

Excess moisture tolerance in plants is a well- 
researched topic, with most of  the morphological 
and anatomical adaptations, hormonal and me-
tabolite pathways, and molecular mechanisms 
elegantly elucidated. Maize also adds to the rep-
ertoire of  crops where molecular signals leading 
to various tolerance mechanisms leading to excess 
moisture tolerance have been studied, although 
no gene has been cloned for this trait in maize. 
Genetic studies to understand the hereditary 
basis of  the trait and possible selection targets, in 
terms of  linked markers, are not many. This could 
be due to the difficulty in precision phenotyping 
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for the trait and lack of  excess moisture-tolerant 
germplasm in many breeding programmes. 
Also, most of  the studies deal with the trait in 
terms of  studying morphological adaptations, 
rather than grain yield under stressed growing 
conditions, and hence lack any proven impact in 
breeding programmes. The polygenic nature of  
the trait, with no large-effect QTLs identified for 
the trait in the cultivated germplasm, makes it 
tougher to undertake MAS. Pyramiding of  QTLs 

from specific donors has been attempted with 
good success. RCGS, which is a form of  recurrent 
selection using genome-wide markers, has been 
successful in rapid population improvement to 
derive improved waterlogging-tolerant lines. 
Genomic selection has the capacity to remodel 
breeding strategies with a positive impact on 
cost, time and efficiency towards achieving en-
hanced genetic gains under excess moisture 
stress.

Endnote

1 Conversion factor from tons to tonnes = 0.9.
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18.1  Introduction

Maize is the most produced cereal in the world, 
whereas sorghum is a crop of  great importance 
for global agriculture that is used for food, feed 
and bioenergy production. Acidic soils occupy 
a large portion of  the world’s surface, including 
tropical and subtropical areas that are suitable 
for agriculture. Al is one of  the major limiting 
factors for grain yield on low-pH soils. Al-
though liming can be used to neutralize Al3+ in 
superficial soil layers, neutralization of  Al3+ in 
the subsoil is difficult and expensive. In order to 
cope with this problem, soil amendments 
should be combined with genetic tolerance to 
Al toxicity for achieving sustainable yields on 
acid soils.

Citrate transporters belonging to the multi-
drug and toxic compound extrusion (MATE) 
family of  membrane transporters in sorghum 
and maize, SbMATE and ZmMATE1, respect-
ively, play a major role in Al tolerance. However, 
these MATE members show regulatory differ-
ences, as well as peculiarities in their genetic  
effect and mode of  action. These aspects, 
which are discussed in this chapter, have to 
be considered to design successful breeding 
programmes in order to achieve maximum Al 
tolerance and, consequently, to improve grain 

and biomass production in regions of  the world 
with Al toxicity.

18.2  Effects of Aluminium Toxicity  
in Plants

Al toxicity is a major constraint for agricultural 
production on acidic soils, which comprise over 
30% of  arable lands on Earth (von Uexküll and 
Mutert, 1995). At soil pH below 5, Al3+ damages 
plant root systems, inhibiting root growth due to 
changes in cell division and elongation (Kochian 
et al., 2004). Al toxicity also reduces lateral root 
growth and induces root thickening (Foy et al., 
1978). Roots intoxicated by Al are unable to ex-
plore deeper soil layers, limiting water and nutri-
ent uptake (Foy et al., 1978). Hence, Al-sensitive 
cultivars become more prone to drought stress 
and mineral nutrient deficiency, which results in 
yield losses.

18.3  Genetic Control of Aluminium 
Tolerance in Sorghum and Maize

Plants possess two major mechanisms to cope 
with Al toxicity: (i) Al exclusion mechanisms 
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that prevent Al from entering the root apex; and 
(ii) internal mechanisms that minimize the toxic 
effects of  internal Al, either by detoxification or 
by translocation to organelles. The Al exclusion 
mechanism mediated by root-apical citrate ex-
udation takes place both in sorghum (Magal-
haes et al., 2007) and maize (Maron et al., 2010), 
in addition to other species. Via this mechanism, 
citrate in the rhizosphere forms non-toxic com-
plexes with Al3+, excluding it from the root cells 
(Kochian et al., 2004).

Several Al tolerance genes have been iso-
lated and characterized in different plant species 
(Delhaize et  al., 2012; Kochian et  al., 2015; 
Zhang et  al., 2019), with a few of  them being 
identified in maize and sorghum (Table 18.1).

18.3.1  Sorghum

In sorghum, a single locus, Alt
SB

, located on 
chromosome 3, explained a large proportion of  the 
variation for Al tolerance (Magalhaes et al., 2004). 
The underlying gene, SbMATE, encodes an Al-acti-
vated citrate transporter of  the MATE family 
(Magalhaes et al., 2007). SbMATE is induced by Al 
in the root apex of  Al-tolerant sorghum lines and 
variation in SbMATE expression was associated 
with allelic effects on citrate exudation and thereby 
Al tolerance (Magalhaes et al., 2007).

Most sorghum accessions are sensitive to 
Al. In fact, 80% of  sorghum accessions repre-
senting a wide genetic variability in the species 
were characterized as highly sensitive to Al tox-
icity (Caniato et al., 2007, 2011). Al tolerance in 
sorghum is likely to have a relatively recent ori-
gin and Al-tolerant accessions belong primarily 
to the guinea and the caudatum races (Caniato 
et al., 2011).

The extensive variability of  Al tolerance in 
near-isogenic lines (NILs) derived from parents 

carrying different functional alleles of  SbMATE 
was linked with SbMATE expression, which con-
firmed the importance of  factors acting in cis to 
control SbMATE expression and hence Al toler-
ance in sorghum (Melo et  al., 2013). However, 
incomplete transfer of  Al tolerance to NILs was 
associated with a reduction in SbMATE expres-
sion, which indicated the involvement of  regula-
tory loci acting in trans (Melo et  al., 2013). 
WRKY and zinc finger-DHHC transcription fac-
tors, designated SbWRKY1 and SbZNF1, were 
isolated by positional cloning and found to influ-
ence genetic background effects on SbMATE ex-
pression, which leads to incomplete transfer of  
Al tolerance from parents to NILs (Melo et  al., 
2019). WRKY proteins are a large family of  
transcription factors that share the conserved 
amino acid signature WRKYGQK followed by a 
zinc finger-like motif  at the N-terminal end (Eu-
lgem et al., 2000). SbZNF1 is a DHHC-like S-acyl 
transferase zinc finger that was also implicated 
in the transactivation of  SbMATE (Melo et  al., 
2019). Variation in SbMATE expression likely re-
sults from changes in tandemly repeated cis se-
quences flanking a MITE (miniature inverted 
repeat transposable element) in the promoter re-
gion of  SbMATE, which recruits SbWRKY1 and 
SbZNF1 to modulate SbMATE expression in a 
dose-dependent manner (Melo et al., 2019).

Four sensitive to proton rhizotoxicity 1 
(STOP1)-like genes (SbSTOP1a, SbSTOP1b, Sb-
STOP1c and SbSTOP1d) with different expression 
profiles were identified in response to Al in sweet 
sorghum (Huang et al., 2018). All SbSTOP1 pro-
teins contain four putative Cys

2His2 zinc-finger 
domains and SbSTOP1d has the highest sequence 
identity with OsART1 (Oryza sativa Al resistance 
transcription factor 1). SbSTOP1d was found to 
transcriptionally regulate both SbSTAR2 and 
SbMATE (Huang et  al., 2018). SbSTAR2 is a 
sorghum homologue of  OsSTAR2 (Oryza sativa 
sensitive to Al rhizotoxicity 2), which encodes the 

Table 18.1.  Al tolerance genes in sorghum and maize.

Gene Plant species Function Reference

SbMATE Sorghum Citrate transport Magalhaes et al. (2007)
SbSTAR2 Sorghum Homologue to OsSTAR2 Huang et al. (2018)
SbSTOP1 Sorghum Regulation of SbSTAR2 expression Huang et al. (2018)
SbZNF1 Sorghum Regulation of SbMATE expression Melo et al. (2019)
SbWRKY1 Sorghum Regulation of SbMATE expression Melo et al. (2019)
ZmMATE1 Maize Citrate transport Maron et al. (2010)

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



320	 C.T. Guimaraes and J.V. de Magalhaes	

transmembrane domain of  a bacterial-type 
ATP-binding cassette (ABC) (Huang et  al., 
2009). In rice, OsSTAR2 is transcriptionally 
regulated by OsART1 (Yamaji et al., 2009; Tsut-
sui et  al., 2011). Together, OsSTAR2 and OsS-
TAR1 constitute an ABC transporter that has 
been suggested to mediate the efflux of  UDP-glu-
cose into the cell wall, which presumably alters 
the cell-wall composition, limiting Al accumula-
tion and reducing Al toxicity in rice (Huang 
et  al., 2009). These findings suggest the exist-
ence of  another Al tolerance mechanism in sor-
ghum based on SbSTAR2 (Huang et al., 2018).

18.3.2  Maize

Genetic variability for Al tolerance in maize has 
been detected in experiments conducted both in 
the field and in hydroponics, where Al inhibition 
of  root growth is typically used to quantify Al 
tolerance (Lutz et al., 1971; Guimaraes et al., 2014). 

The inheritance of  Al tolerance assessed in 
hydroponics is affected by the genetic back-
ground. For example, a single dominant locus 
primarily controlled Al tolerance in maize popu-
lations derived from crossing Al-sensitive and 
Al-tolerant lines (Rhue et al., 1978; Garcia and 
Silva, 1979). In contrast, polygenes acting addi-
tively explained most of  the genetic variation for 
Al tolerance in bi-parental populations, with a 
minor contribution of  dominance and epistatic 
effects (Magnavaca et  al., 1987; Sawazaki and 
Furlani, 1987; Prioli et al., 2000).

Three to five quantitative trait loci (QTLs) 
explaining from 5 to 30% of  the phenotypic 
variance for Al tolerance were detected in differ-
ent mapping studies in maize (Table 18.2) (Sibov 
et al., 1999; Ninamango-Cárdenas et al., 2003; 
Conceição et al., 2009; Guimaraes et al., 2014; 
Matonyei et  al., 2020). These results indicate a 
predominantly oligogenic control of  maize Al 
tolerance.

The maize Al tolerance QTL, qALT6, located 
at bin 6.00 on chromosome 6, explained 30% of  

Table 18.2.  Al tolerance QTLs in maize.

QTL
Chromosome 
position (bin) Closest marker R2 Parents Population Trait Reference

Alm2 6.00 csu70 7.67* Cat-100-6 × 
S1587-17

56 F2:3 
families

Net root 
growth

  Sibov et al. 
(1999)Alm1 10.01 umc130 24.20*

QTL1 2.06 umc139 10.9 Cateto Al237 × 
L53

168 F3:4 
families

Net seminal 
root 
length

  Ninamango-
Cárdenas 
et al. (2003)

QTL2 6.00 bnlg238 5.30
QTL3 6.05 mmc241 15.60
QTL4 8.04 csu155 7.40
QTL5 8.07 bnlg1828 8.60

4.03 umc1550 10.00 Diallel between 
L20, L08 and 
L06 (Al-
sensitive) × 
L10 and L09 
(Al-tolerant)

96 F2 from 
each  
of 10 
hybrids

Root 
regrowth

  Conceição 
et al. (2009)6.05 bnlg1154 9.00

8.05 umc1202 7.00
10.01 umc1318 15.00

qALT2 2.08 S2_212940514 15.47 Cateto Al237 × 
L53

118 RILs Relative net 
root 
growth

  Guimaraes 
et al. (2014)qALT3 3.06 S3_187460236 27.51

qALT5 5.03 S5_30301926 17.56
qALT6 6.00 ZmMATE1 30.54
qALT8 8.03 S8_22681622 19.86
qALT1.09 1.09 PZA00356_8 5.50 203B-14 × 

SCH3
180 F2:3 

families
Relative net 

root 
growth

  Matonyei 
et al. (2020)qALT5.03 5.03 PZA001870_20 5.40

qALT8.05 8.05 PHM10525_9 0.50
qALT9.01 9.01 PHM229_15 5.50
qALT10.02 10.02 PZB01301_5 4.80

*P < 0.05 (F-test).
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Al tolerance in a recombinant inbred line 
(RIL) population derived from Cateto Al237 (Al- 
tolerant) × L53 (Al-sensitive) (Guimaraes et al., 
2014). QTLs on chromosome 6, in similar pos-
ition to qALT6, were detected by Ninaman-
go-Cárdenas et al. (2003) and Sibov et al. (1999). 
Sibov et  al. (1999) designated the Al tolerance 
locus on chromosome 6 Alm1, which acted in 
semi-dominant fashion in a segregating popula-
tion derived from Cat-100-6 × S1587-17, an 
Al-sensitive somaclonal variant of  Cat-100-6 
(Moon et al., 1997). The Al-tolerant parents that 
originated the mapping populations where 
qALT6 and Alm1 were mapped were Cateto 
Al237 (Ninamango-Cárdenas et al., 2003; Gui-
maraes et al., 2014) and Cat-100-6 (Moon et al., 
1997; Sibov et al., 1999), respectively. Interest-
ingly, both lines belong to cateto maize races, 
which were classified as ‘ancient commercial 
races’ according to Paterniani and Goodman 
(1977). Cateto maize races were cultivated by 
native South American Indians in pre-Colombi-
an times and were subsequently cultivated for 
commercial purposes (Paterniani and Goodman, 
1977). In the early 1980s, cateto accessions 
from Brazil were found to be highly Al-tolerant 
based on nutrient solution screenings (Mag-
navaca et  al., 1987; Sawazaki and Furlani, 
1987) and were then widely used both for 
physiological and genetic studies of  Al tolerance 
in maize.

The major Al tolerance QTL on chromosome 6, 
qALT6, co-localized with ZmMATE1, which en-
codes a citrate transporter of  the MATE family 
(Maron et al., 2010) homologous to sorghum Sb-
MATE (Magalhaes et al., 2007). ZmMATE1 is in-
duced by Al and is expressed at higher levels in the 
root apex of  Cateto Al237 compared with L53 
(Al-sensitive) (Maron et  al., 2010). Higher 
ZmMATE1 expression in Cateto Al237 was asso-
ciated with copy number variation (CNV) for 
ZmMATE1. Cateto Al237 was found to harbor 
three copies in tandem of  ZmMATE1, whereas a 
single copy is found in the Al-sensitive line, L53 
(Maron et al., 2013). Two other lines were found 
to possess a similar three-copy CNV, Cat-100-6 
and Il677a, a sweet corn from Bolivia, among 
278 genetically diverse maize lines evaluated 
(Maron et al., 2013). Thus, the superior allele of  
ZmMATE1 is rare in maize and seems to be pri-
marily originated in South American regions 
with acidic soils (Maron et al., 2013).

Maize landraces and inbred lines from Kenya 
have also been shown to be highly Al-tolerant 
(Gudu et al., 2001; Ouma et al., 2013; Matonyei 
et  al., 2020; Table 18.3). However, these Al- 
tolerant maize genotypes have lower ZmMATE1 
expression compared with Cateto Al237 (Mato-
nyei et al., 2014, 2017, 2020). Five QTLs and four 
epistatic interactions explained ~51% of  the 
phenotypic variance for Al tolerance in an F

2:3 
population derived from a highly tolerant Kenyan 
line, 203B-14, and no QTL overlapping with 
ZmMATE1 was found using this population 
(Matonyei et al., 2020). Thus, evidence from QTL 
mapping and expression analyses suggested that 
ZmMATE1 does not play a significant role in Al 
tolerance in 203B-14, whereas other candidate 
genes such as ZmNrat1, ZmMATE3, ZmWRKY 
and ZmART1 may possibly contribute to Al toler-
ance in 203B-14 (Matonyei et al., 2020).

18.4  Molecular Tools for  
Marker-Assisted Breeding

18.4.1  Sorghum

Allele-specific markers for the SbMATE gene 
have been developed based on polymorphisms 
within the Alt

SB
 locus, where SbMATE is located 

(Caniato et  al., 2014). These polymorphisms 
were associated with Al tolerance and were con-
verted into the KASP (competitive allele-specific 
PCR) and ARMS (amplification-refractory mu-
tation system) marker systems (Hufnagel et al., 
2018). These markers, along with DNA-pooling 
strategies, offer a wide range of  possibilities for 
allele mining approaches aimed at identifying 
superior alleles of  SbMATE in different sorghum 
germplasm.

SbWRKY1 and SbZNF1 modulate the ex-
pression of  SbMATE and consequently sorghum 
Al tolerance. The allele-specific markers de-
signed to differentiate the alleles from contrast-
ing parental lines (Melo et al., 2019) can also be 
used to select superior alleles of  these transcrip-
tion factors to maximize SbMATE expression in 
marker-assisted breeding.

The effect of  SbMATE was validated in a 
field site with high Al saturation and a single 
‘Al-tolerant’ allele of  SbMATE was found to in-
crease grain yield by approximately 600 kg/ha, 
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both in inbred lines and in hybrids (Carvalho 
et  al., 2016). The activity of  SbMATE does not 
cause yield penalty in the absence of  Al toxicity. 
Additionally, SbMATE explained 16% of  the gen-
etic variation for grain yield in sorghum geno-
types grown in a soil with low P availability in 
western Africa (Leiser et al., 2014). These results 
suggest a pleiotropic effect of  SbMATE on toler-
ance to different abiotic stresses, such as Al tox-
icity and P deficiency, which in general coexist 
on acid, tropical soils.

18.4.2  Maize

An allele-specific marker based on the KASP sys-
tem was also developed for ZmMATE1-based 
marker-assisted selection (Barros et  al., 2016). 
The underlying polymorphism is located ~3 kb 
upstream of  the ZmMATE1 start codon and al-
lelic variation at the marker locus was associated 
with variation in ZmMATE expression (Barros 
et  al., 2016). Marker-assisted introgression of  
ZmMATE1 from Cateto Al237 into the Al-sensi-
tive background of  L53 led to a twofold increase 
in Al tolerance (Guimaraes et  al., 2014) and 
improved Al tolerance in flint and dent tropical 
elite lines.

18.5  Molecular Breeding Strategies 
to Improve Aluminium Tolerance in 

Sorghum and Maize

Knowledge of  the genetic complexity of  Al toler-
ance is essential when predicting the effective-
ness of  molecular breeding strategies to produce 
cultivars adapted to acid soils with Al toxicity. 
The molecular tools currently available for Al 
tolerance in sorghum and maize can be used for 
marker-assisted introgression approaches of  
major Al tolerance genes in both species. As the 
superior alleles of  both ZmMATE1 and SbMATE 
are rare and likely originated in specific regions 
of  the world, it is expected that the target alleles 
are absent in elite germplasm that has not been 
previously selected for Al tolerance. In the case 
where superior alleles of  ZmMATE1 and Sb-
MATE are found within the breeding germplasm, 
a locally adapted source would be the preferred 
choice for marker-assisted introgression ap-
proaches. Otherwise, the sorghum accessions 
SC283 and SC566 are important sources of   
Al tolerance controlled by SbMATE. In maize, 
Cateto Al237 is the most studied source of  the 
ZmMATE1-based Al tolerance, whereas two 
lines identified by Maron et al. (2013) and NILs 
introgressed with ZmMATE1 by Guimaraes et al. 
(2014) can also be used.

Table 18.3.  Maize genotypes possessing high Al tolerance.

Identification Genotype Origin RTia RNRGb Reference

5A Landrace Nandi, Kenya 0.9 Gudu et al. (2001)
1X1 Landrace Vihiga, Kenya 1.1 Gudu et al. (2001)
4D Landrace Butere-Mumias, Kenya 1.0 Gudu et al. (2001)
203B Landrace Muranga, Kenya 1.0 107 Gudu et al. (2001)
6D Landrace Nandi, Kenya 0.9 Gudu et al. (2001)
2B4 Landrace Vihiga, Kenya 0.9 Gudu et al. (2001)
401 Landrace Kilifi, Kenya 0.9 Gudu et al. (2001)
2A1 Landrace Vihiga, Kenya 0.9 Gudu et al. (2001)
4C3 Landrace Butere-Mumia, Kenya 0.9 Gudu et al. (2001)
203B-14 Line Kenya 105 Ouma et al. (2013); 

Matonyei et al. (2020)
CON5 Landrace Kenya 104 Ouma et al. (2013)
CatAl237/67 × L3-5 Hybrid Brazil 103 Ouma et al. (2013)
S396-15-1 Line Kenya 101 Ouma et al. (2013)
203B-39 Line Kenya 100 Ouma et al. (2013)
203B-2 Line Kenya   98 Ouma et al. (2013)
Cateto Al237 Line Brazil   97 Guimaraes et al. (2014)

aRoot tolerance index.
bRelative net root growth (%).
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18.6  Conclusions and Remarks

As shown in this chapter, target genes with 
major effects and molecular tools are available 
for marker-assisted breeding for improving  
Al tolerance both in sorghum and maize.  

However, wide adaptation to acid soils should 
be sought by pyramiding genes controlling dif-
ferent traits such as drought tolerance, P ac-
quisition, resistance to diseases and other 
stresses commonly found in each agroecologi-
cal environment.
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19.1  Introduction

N is an essential element for plant vegetative as 
well as reproductive growth. It is an important 
constituent in most biomolecules such as DNA, 
RNA, proteins and enzymes. Owing to the crit-
ical role of  N in crop development and hence 
yield, nitrogenous fertilizers are usually utilized 
by farmers in the field. Although, up to some 
extent, these fertilizers are very helpful for in-
creasing crop yield, excessive use of  fertilizers is 
harmful for the environment and the ecosystem, 
on one hand, and increases the cost of  cultivation, 
on the other. It was reported that the nitrogen- 
use efficiency (NUE) of  cereal crops, including 
Zea mays (maize), does not exceed 40–50% 
and the remaining 50–60% of  N either leaches 
into the soil or evaporates into the environ-
ment (Raun and Johnson, 1999; Tilman et al., 
2002; Galloway et al., 2014). There are many 
adverse effects of  excess nitrogenous fertil-
izers, such as:

1.	 Sometimes excessively applied nitrogenous 
fertilizer promotes the growth of  non-native 
plants which compete with and suppress the 

growth of  native plants, thereby creating an eco-
logical imbalance in that particular area.
2.	Too much N also causes the depletion of  
other important nutrients, such as Ca, P, Mg, etc. 
When these nutrients deplete from the soil, other 
toxic nutrients like Al could accumulate.
3.	Excess 3NO–  from soil leaches into under-
ground waters and drinking of  3NO– -contamin-
ated water causes various diseases like blue baby 
syndrome or methaemoglobinaemia (Majum-
dar, 2003). Other than this, when this N enters 
the food chain through vegetables and fruits, it 
may cause thyroid disorders, cancers and neural 
tube defects (Ward et al., 2018).
4.	The excess N from fertilizer application may 
lead to the formation of  N

2O in the atmosphere, 
which is a potent greenhouse gas resulting in de-
pletion of  the atmospheric ozone layer, thereby 
causing global warming (Wuebbles, 2009; Gal-
loway et al., 2014).
5.	Nitrogenous fertilizers are very popular 
among farmers but manufacturing of  nitrogen-
ous fertilizer is an energy-intensive process be-
cause natural gas is used as both reactant and 
heat source for the reaction. This also adds to the 
cost of  fertilizer, which ultimately may create a 
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burden on the farmer’s income as well as the en-
vironment (Smith, 2002).

Maize is one of  the major cereal crops with wide 
adaptability under diverse agroclimatic condi-
tions. Among the cereals, maize has the highest 
genetic yield potential. Being a C4 crop, water- 
and C-use efficiency of  this crop are higher than 
other cereals like wheat and rice. It is also a 
day-neutral crop and can be grown in any sea-
son. This crop has wide utilities as food, fodder and 
feed as well as industrial uses. Owing to its myriad 
uses and the ever-increasing global population, 
demand for maize is increasing continuously. Like 
high-yielding crop varieties, single-cross maize 
hybrids required high levels of  N for optimum pro-
duction. Thus, to meet the increased global de-
mand and obtain high yield, as well as in view of  
the prevalence of  N deficiency in most soils glo-
bally, farmers excessively use N-based chemical 
fertilizers. As mentioned above, plants can utilize 
only half  of  the applied N from fertilizer. Therefore, 
development of  novel strategies and maize geno-
types which can utilize externally applied N more 
efficiently would be of  prime importance to reduce 
the cost of  cultivation, environmental pollution 
and achieve sustainable agriculture.

19.2  Importance of Nitrogen in Plant 
Growth and Development

For efficient plant growth and production, bal-
anced nutrition is essential. Proper nutrient 
management plays a key role in increased food 
grain production and quality. In this regard, N 
occupies a central role in plant metabolism as it 
is an essential component of  chlorophyll, pro-
teins, enzymes, nucleic acids, etc. (Table 19.1). N 
is the fourth most important component of  any 
living organism after C, H and O. Up to 4% of  
plant dry matter is N. Chlorophyll is the mol-
ecule which captures light energy and converts 
it into carbohydrate by the process of  photosyn-
thesis. Being part of  the chlorophyll, N directly 
affects photosynthetic capacity of  the plant and 
ultimately yield. Low N affects chlorophyll 
content resulting in reduced flow of  available photo-
synthates to the growing regions, affecting over-
all plant growth. Protein is the building block of  
any living entity and DNA contains all its genetic 
information, which is a key molecule for plant 

survival. N affects crop yield by increasing leaf  
area, canopy structure, net assimilation rate and 
photosynthetic capacity of  the plant. For achieving 
higher yields, N fertilizer application is unavoid-
able and indispensable as it also affects grain 
weight and quality. Maximum leaf  area along 
with total leaf  biomass are major determinants 
of  crop yield. A constituent of  chlorophyll, N im-
parts dark green colour to leaves and promotes 
vegetative growth of  other plant parts. In maize, 
zein is the main storage protein in the endo-
sperm and globulin in the embryo. These play an 
important role in seed germination and initial 
plant vigour (Moose and Below, 2009). During 
early stage development, N promotes growth of  
roots which in turn absorb other mineral nutri-
ents like P, K, etc. Root branching pattern influ-
ences N uptake from soil as the root is the point 
of  entry of  N into the plant. Absorbed N is 
assimilated into amino acids in the root or leaf  
tissues (Moose and Below, 2009). Maximum N 
uptake and assimilation take place during early 
growth stages. However, N uptake continues 
briefly after flowering. Kernel number and size 
among yield-attributing traits are influenced 
maximally by N application in maize (John and 
Schmitt, 2008). Starch synthesis in the endo-
sperm of  maize seeds is greatly influenced by N.

Being a macronutrient, N plays myriad roles 
in cellular physiology. Low N availability leads to 
poor growth in plants (Hull and Liu, 2005), chlor-
osis, necrosis of  leaves and disorders in many 
physiological and biochemical characteristics 

Table 19.1.  General information about nitrogen.

Name Nitrogen

Discovered by Daniel Rutherford in 1772
Availability  

in air
78–79% by weight

Classified as Non-metallic/macro element
Colour Colourless
Present as N2, NO2, NH3, 

+
4NH , 3NO− , C–NH2

Plant uses +
4NH , NO− , C–NH2

Losses by Leaching, volatilization, crop 
removal, erosion, etc.

Deficiency 
symptom

Yellowing of older leaves 
(V-shaped yellowing)

Excess  
symptom

Extra green colour to leaves and 
succulent growth

Contribution in 
agriculture

Promotes yield and quality
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(Bray et al., 2000). Deficiency of  N in maize causes 
reduced growth, chlorosis in leaves (changing of  
the green colour of  leaves into yellow), especially 
V-shaped chlorosis of  lower leaves (Chun, 2005). 
Deficiency appears first in the lower leaves be-
cause N is mobile in the plant and under defi-
cient condition, it moves to the younger leaves 
(Soltabayeva et al., 2018). The anthesis–silking 
interval (ASI) is most sensitive to any stress, in-
cluding N stress. ASI beyond 5 days drastically 
affects grain yield (Elings et al., 1996). Recently, 
Yadava et al. (2020) studied the effect of  N star-
vation in maize and observed reduced growth 
along with reductions in leaf  chlorophyll con-
tent, total soluble proteins and total biomass ac-
cumulation.

Excess nitrogenous fertilizer is also harmful 
for plants as it imparts dark green colour in 
leaves, succulent vegetative growth over repro-
ductive growth and less fruit quantity with poorer 
quality. Plants take up N from soil in the form of  

3NO–  in aerobic soils and +
4NH  in flooded wet-

land or acidic soils. 3NO–  is the most common 
absorbable form rather than +

4NH , which is less 
available in soil. Soil and climatic condition play 
an important role in N uptake and utilization.

19.3  What is Nitrogen-Use Efficiency 
and How to Manage It?

An essential nutrient for plant growth and de-
velopment, N is unavailable in its most prevalent 
form as atmospheric N2. Plants instead depend 
upon combined, or fixed, forms of  N such as 

+
4NH  and 3NO– , also competing with microbes 

for the limited N that is available in soil. Thus, N 
is a major limiting nutrient for most agricultural 
ecosystems. Therefore, for restoring soil fertility 
and increasing crop yield, inorganic nitrogenous 
fertilizer application has become the most com-
mon practice. The nitrogenous fertilizers con-
tain relatively soluble forms of  N, which makes 
the absorption and assimilation easy from soil 
(Reetz et al., 2015). However, plants cannot util-
ize the complete exogenous N applied in the form 
of  chemical fertilizers.

The term ‘nitrogen-use efficiency’ refers to 
grain yield per unit of  supplied N (by soil and fer-
tilizers) (Moll et al., 1987). It has been estimated 
that since 1961, total N applied has increased by 

a factor of  4.4 and total protein production has 
increased only by a factor of  3.1; thus in actual 
terms NUE has declined from 66 to 46% (Lassal-
etta et al., 2016). NUE is made up of  two compo-
nents: (i) nitrogen-uptake efficiency (NUpE), 
which is the efficiency of  absorption/uptake of  
per unit of  supplied N; and (ii) nitrogen-utilization 
efficiency (NUtE), which is the efficiency of  
assimilation and remobilization of  plant N to 
ultimately produce grain. In general, NUE of  
applied N includes recovery efficiency (RE), 
physiological efficiency (PE) and agronomic effi-
ciency (AE) (Huggins and Pan, 2003). The RE of  
applied N reflects the efficiency of  above-ground 
N uptake per unit of  N applied. PE is the effi-
ciency by which N in above-ground plant parts is 
converted to grain, and AE is grain yield per unit 
of  N applied (Hirel et  al., 2007). Large genetic 
variability has been observed in maize for both 
uptake efficiency and utilization efficiency of  N 
(Han et  al., 2015). High-yielding varieties of  
maize are not necessarily the best ones, when N 
supply is reduced, because most of  the breeding 
programmes are carried out under non-limiting 
N conditions. In intensive agriculture systems, 
where enormous amounts of  nitrogenous fertil-
izer are applied, most of  it is lost by leaching and 
runoff  into the surface water or groundwater 
and poses a serious threat to human health 
(Majumdar, 2003; Ward et al., 2018).

Initially, it was reported that NUpE is more 
important for better yield, because a significant 
positive correlation was established between use 
efficiency and accumulation of  N (Sinclari and 
Vadez, 2002). Eventually other findings reported 
that under N-limited condition, N utilization af-
fects grain yield in a significant way. Moreover, 
NUtE encourages more N uptake and accumula-
tion; for example, a plant which has faster growth 
rate at early developmental stage will have a more 
structured root system which in turn will pro-
mote more N uptake. Therefore, both N uptake 
and N utilization are dependent on one another 
and their contribution for plant growth and yield 
cannot be described in isolation. NUE can be in-
creased by improving either NUpE or NUtE or 
both; however, due to variable soil and climatic 
conditions, it is difficult to quantify the actual 
amount of  N available to or absorbed by plants.

Variation in the NUpE affects all phases of  
maize growth including the development, activity 
and senescence of  leaves and the initiation, 
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growth and composition of  ovules (Uhart and 
Andrade, 1995). In maize, primary N assimila-
tion and mobilization occur simultaneously in 
source leaves and contribute almost equally to 
the supply of  N to the developing ear (Hirel et al., 
2007). It is therefore likely that the supply of  N 
assimilates, their efficient translocation and their 
conversion during kernel formation contribute 
to the overall plant NUE (Canas et al., 2009).

Low soil N is a major maize production con-
straint worldwide, particularly in the developing 
countries. The global demand for N fertilizers was 
105 million tonnes in 2017 and is predicted to 
reach 111.5 million tonnes by 2022 (FAO, 2019). 
Maize is an N-responsive crop with higher de-
mand for N fertilizers. NUE of  maize varies from 
25 to 50% (Tilman et al., 2002). This suggests that 
wide cultivation of  maize is associated with signifi-
cant contamination of  the environment due to N 
loss. Hence, high NUE should be a major breeding 
emphasis. Significant interaction of  genotype and 
N fertilizer application has been reported in maize 
by a number of  studies (Tollenaar et  al., 1997; 
Presterl et  al., 2002; Gallais and Coque, 2005; 
Haegele et  al., 2013; Mastrodomenico et  al., 
2018). This interaction may be due to differential 
uptake of  N applied or differential utilization of  N. 
The former is important under conditions of  high 
N input, while the latter is relevant under condi-
tions of  low N input (Gallais and Hirel, 2004). The 
complex nature of  soil, microorganism and plant 
interaction makes selection of  genotypes for high 
NUE difficult (Gallais and Coque, 2005). Screen-
ing a large number of  maize genotypes, first under 
hydroponic conditions followed by evaluation 
under field conditions could be a better strategy for 
identifying N-use-efficient maize genotypes.

19.4  Traits Influencing  
Nitrogen-Uptake Efficiency

NUpE is regulated by plant demand and affected 
by various factors (Ismande and Touraine, 
1994) as described below.

19.4.1  Root system architecture

Roots, being the underground part of  a plant, 
help in nutrient uptake and absorption. N is a 

mobile element in soil as well as in plants. In 
soil it moves by mass flow. Under N-sufficient 
conditions with adequate water supply, plant 
nutrient uptake remains unaffected by root 
morphology and size. However, under water 
scarcity, length and spatial distribution of  roots 
play an important role for nutrient accumulation 
(Sinclair and Vadez, 2002). It has been reported 
that N-efficient genotypes allocate relatively 
more N to roots at early growth stages of  the 
plant (Niu et al., 2007). Root senescence is also 
an important feature for nutrient uptake. It has 
been reported that major N uptake for grain 
happens post anthesis. Therefore, a plant 
staying green at later maturation stage to pro-
mote root growth is a desirable feature to en-
hance NUpE (Chun et  al., 2005; Yadava et  al., 
2019).

19.4.2  Root nitrogen  
transporter system

In primary roots, the apical section is involved in 

3NO–  sensing and signalling, and the basal 
section in 3NO–  acquisition. However, root tips 
exhibit higher capacity to absorb N and this cap-
acity is dependent on plant age (Sorgonà et al., 
2011). N is absorbed by specific transporters lo-
cated on root cell membranes, which may have 
high or low affinity. The high- and low- affinity 
nitrate transporters (NRTs) play a major role in 

3NO–  transport when soil N concentration is low 
and high, respectively. In higher plants, nitrate 
transporters are classified mainly into two fam-
ilies, namely: (i) the nitrate transporter 1/peptide 
transporter (NRT1/PTR) family (NPF); and (ii) 
the NRT2 family, also called the major facilitator 
superfamily (Léran et al., 2014). The availability 
of  the maize genome sequence has improved our 
understanding of  how N uptake is carried out 
under both N-sufficient and N-deficient condi-
tions. Garnett et  al. (2013) reported that 3NO–  
uptake capacity in maize plants after 40 days of  
leaf  emergence is correlated with ZmNRT2.1 
and ZmNRT2.2 genes encoding two high-affinity 
transporters. Yu et  al. (2014) reported that 
expression of  ZmNRT2.1 and ZmNRT2.2 was en-
hanced and inhibited in the roots of  maize plants 
under high and low 3NO– , respectively. Recently, 
it has been found that two maize NPF6 
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transporters, ZmNPF6.4 and ZmNPF6.6, are 
permeable to both 3NO–  and Cl– and the latter 
transporter has selectivity for substrate when 
roots are exposed to high 3NO–  (Wen et  al., 
2017). Different NRTs exhibit differential ex-
pression patterns during the plant life cycle and 
under different levels of  3NO–  concentration 
(Garnett et al., 2013). For instance, increased ex-
pression level of  many high-affinity NRT2s has 
been reported in Arabidopsis, maize and Triticum 
aestivum (wheat) under N deficiency, which in 
turn increased 3NO–  uptake (Okamoto et  al., 
2003; Garnett et al., 2013, 2015; Buchner and 
Hawkesford, 2014).

In soil, the concentration of  +
4NH  is much 

lower than that of  3NO–  and plants also prefer 

3NO–  over +
4NH . In higher plants, +

4NH is taken 
up by transporters of  the ammonium transporter/
methylammonium permease/Rhesus (AMT/MEP/
Rh) family, located on root cell membranes, that 
show different cellular distribution and substrate 
affinities (Yuan et  al., 2007). Two ammonium 
transporters, ZmAMT1.1 and ZmAMT1.3, located 
in the rhizodermis have been reported as a high-
affinity transport system.

19.4.3  Interaction with  
microorganisms

Arbuscular mycorrhizal fungi (AMF) are sym-
biont fungi which enter the root cortical cells 
and form arbuscules. This symbiotic association 
has been shown to improve nutrient uptake in 
plants. Therefore, for improving NUE, develop-
ing varieties with efficient symbiosis with AMF 
could be one of  the strategies (Verzeaux et  al., 
2017). Another possible approach could be to 
exploit the potential of  various N-fixing bacteria 
such as diazotrophs which have the ability to 
colonize the roots of  cereals (Parnell et  al., 
2016). These N-fixing bacteria do not form root 
nodules as rhizobium, but they colonize the root 
surface and sometimes enter root tissue and pro-
vide sufficient amount of  N to the plant. They 
are sold as biofertilizers or phytostimulators 
(Kuan et  al., 2016). Some other plant growth-
promoting bacteria (PGPB) have also been re-
ported to release hormones for root development, 
thus increasing nutrient acquisition (Cassán 
and Diaz-Zorita, 2016).

19.5  Traits Influencing  
Nitrogen-Utilization Efficiency

19.5.1  Nitrate assimilation

After the uptake of  3NO– , it is generally trans-
ported to shoots for further assimilation. In the 
cytosol of  leaf  mesophyll cells, this 3NO−  is con-
verted into 2NO–  by the enzyme nitrate reduc-
tase (NR; EC 1.6.6.1). Further, the enzyme 
nitrite reductase (NiR; EC 1.7.7.1) catalyses the 
reduction of  2NO–  into +

4NH  in the plastids of  
these cells. Wang and Loussaert (2015) have 
shown that overexpression of  yeast nitrate trans-
porter (YNT1) in maize driven by root-preferred 
promoter led to yield improvement in the trans-
genic YNT1-overexpressing lines. Subsequently, 
irrespective of  their origin, +

4NH ions (both syn-
thesized via 3NO−  reduction and absorbed) are 
incorporated into the amino acid (organic form) 
glutamine and glutamate via assimilation pri-
marily by glutamine synthetase (GS; EC 6.3.1.2) 
and sometimes by ferredoxin-dependent gluta-
mate synthase (Fd-GOGAT; EC 1.4.7.1), also 
known as the GS/GOGAT cycle (Krapp, 2015). 
The generated glutamine and glutamate are 
used as amino group donors for most of  the 
other amino acids, which are further incorpor-
ated into proteins and nucleic acids directly or 
transported through the phloem stream pro-
viding organic N to developing organs. In both 
C

3 and C4 plants, various isoenzymes of  GS and 
GOGAT are present which are located in differ-
ent cellular compartments. Luo et  al. (2015) 
reported that the gene encoding GS1 isoen-
zymes coincides with a quantitative trait locus 
(QTL) for low N tolerance. That study confirmed 
that GS plays an important role in NUtE. It has 
also been reported that some variability exists 
in long-distance transport of  amino acids in 
phloem (Yesbergenova-Cuny et  al., 2016), es-
pecially in the concentrations of  amino acids 
and their translocation in phloem tissue for im-
proving grain yield. Although amino acid 
translocation to developing sink organs and 
utilization play an important role, most of  the 
studies have focused on vegetative organs such 
as root and shoot. The developing ear and tassel 
also play an important role in improving NUtE 
(Seebauer et  al., 2004; Liao et  al., 2012; Pan 
et al., 2015).
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19.5.2  Canopy photosynthesis  
per unit of nitrogen

It is well-established fact that foliar N content is 
the major determinant for leaf  photosynthesis. 
Being a C4 plant, maize has a much higher NUtE 
than most of  the C3 cereal plants. The best strat-
egy for efficient N use is to absorb as well as util-
ize the whole N for grain yield. It has been re-
ported that if  N concentration in vegetative 
organs is the same, N-efficient maize hybrids still 
have greater photosynthetic rate at kernel-filling 
stage resulting in a higher number of  kernels per 
ear (Chen et al., 2006). One possible explanation 
for this behaviour might be that there is strong 
positive feedback on photosynthetic rate from 
the sink requirement in N-efficient cultivars. So, 
it can be concluded that for higher NUtE, it is im-
portant to develop more active reproductive sink 
units.

19.6  Identification and Use  
of Quantitative Trait Loci Related  

to Nitrogen-Use Efficiency

A QTL is a locus (section of  DNA) that correlates 
with variation of  a quantitative trait in the 
phenotype of  a population of  organisms. QTLs 
are mapped by identifying which molecular 
markers correlate with an observed trait. As 
NUE is defined as the production of  grain yield 
per unit of  N from soil and fertilizers, NUE must 
be a multi-gene/QTL-controlled trait. Numerous 
studies suggest that NUE and its related physio-
logical traits such as N accumulation and 
re-translocation are mainly controlled by addi-
tive gene effects (Pollmer et  al., 1979; Below, 
1997; Chen et al., 2003). Therefore, identifying 
QTLs linked to NUE is a promising way for gen-
etic improvement of  NUE. The first maize NUE 
trait-related QTLs were reported by Agrama 
et al. (1999). In most of  the studies in which QTL 
mapping was performed using recombinant in-
bred lines (RILs) (Table 19.2), the size of  the 
characterized chromosomal regions was gener-
ally between 5 and 30 cM depending on the size 
of  the population of  RILs and on the measured 
agronomic and phenotypic traits (Gallais and 
Hirel, 2004; Jansen et al., 2015). Agrama et al. 
(1999) found significant differences in QTLs 

controlling grain yield and its components 
under high and low N supply, and the contribu-
tion of  these QTLs to the phenotypes is between 
11.8% (grain weight) and 42.1% (yield). Later 
studies have shown coincidences between QTLs 
and traits related to NUE which are controlled by 
specific genes involved in N uptake, metabolism 
and remobilization. Bertin and Gallais (2001) 
found QTLs related to NUE at high rather than 
low N supply, possibly because plant response to 
N is higher at high N inputs. They further re-
ported that on chromosome 1 the region near to 
bnlg1643 locus may be involved in grain yield 
determination under optimal N fertility, prob-
ably through efficient plant N uptake. Moreover, 
at the end of  chromosome 6, locus umc1653 
plays a role in the adaptation to N-stress condi-
tions through efficient grain filling (Coque and 
Gallais, 2006). Further, QTLs for root architec-
ture and GS activity may be important for grain 
yield both under N-sufficient and N-deficient 
conditions. Analysing coincidences between 
QTLs for agronomic and physiological traits and 
key genes of  N uptake and metabolism could be 
useful to identify genes/QTLs involved in the 
variations in NUE. By this means, one QTL for 
leaf  GS1 enzyme activity has been shown to be 
coincident with a QTL for yield, one QTL for 
1000-kernel weight was coincident with the 
Gln3 (gln1-4) locus and two QTLs for 1000-kernel 
weight and yield were coincident with the 
Gln4 (gln1-3) locus (Hirel et  al., 2001; Gallais 
and Hirel, 2004). Based on this information, 
gln1-3 and gln1-4 mutants, as well as the gln1-
3/gln1-4 double mutant, were isolated and ana-
lysed. The gln1-4 phenotype displayed reduced 
kernel size and gln1-3 reduced kernel number, 
with both phenotypes displayed in the gln1-3/
gln1-4 double mutant. All three mutants have 
not produced any kernels when grown under 
the N-limiting conditions (Hirel et  al., 2007). 
Moreover, when gln1-3 gene was over-expressed 
constitutively in the leaves, kernel number in-
creased by 30%, indicating that gln1-3 plays a 
major role in kernel yield (Martin et al., 2006). 
Based on these results, the GS locus on chromo-
some 5 appeared to be a good candidate gene 
which can, at least partially, explain the vari-
ation in NUE (Gallais and Hirel, 2004). These 
studies highlighted the possibility of  increasing 
maize yield by optimizing N metabolic traits. 
Considering the importance of  root traits in 
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NUE, various groups are working on QTLs re-
lated to maize and the most important QTLs 
were detected on chromosome bins 1.03, 1.06, 
1.08, 2.03, 2.04, 7.02, 8.06 and 10.04 (Tuber-
osa et  al., 2003) In a meta-analysis study, Luo 

et  al. (2015) identified 21 consensus QTLs 
(cQTLs) strongly induced for low-N tolerance. He 
et al. (2018) identified five stable QTLs specific to 
low-N stress (qPH5b, qLL4a, qSPAD-BEL2b, 
qSPADBEL8b and qGLN2a) (Table 19.2). Out of  

Table 19.2.  List of cloned/fine-mapped and important QTLs for NUE and associated traits in maize.

Study 
no. QTLs/loci mappeda

Mapping 
population Cross

Genotyping 
markersb

Chromosome 
or bin no. Reference

1. Two joint QTLs having 
additive effects across 
environments for GY per 
plant and NUE, as well  
as for biomass and N 
harvest index

RIL B100 × LP2 SSR, SNP 1, 9 Mandolino 
et al. 
(2018)

2. Five stable, low-N stress-
specific QTLs

RIL 178 × K12 SSR 2.07, 
2.03/2.04, 
4.00/4.01, 
5.02/5.03, 
8.05/8.06

He et al. 
(2018)

3. Five important QTL clusters 
in which QTLs for NUE 
and root system 
architecture-related traits 
coincided

RIL Ye478 × 
Wu312

SSR 1.04, 2.04, 
3.04, 
3.05/3.06, 
6.07/6.08

Li et al. 
(2015)

4. A major QTL for AARL 
under low N co-localizes 
with QTLs previously 
reported for GY and N 
uptake

RIL Z3 × 87-1 SSR 1 Liu et al. 
(2008)

5. Eight QTL clusters in which 
QTLs for root architecture 
and traits related to N 
uptake, N remobilization 
and GY yield coincide 
positively

RILs F-2 × Io RFLP, SSR 2.6, 3.7, 4.2, 
4.6, 5.1, 
5.4, 5.5, 
5.6

  Coque 
et al. 
(2008)

6. Two QTL clusters having 
QTLs for N remobilization 
and leaf senescence

6.4, 7.4

7. Genomic locus playing role 
in adaptation to N-stress 
conditions through 
efficient grain filling

RILs F-2 × Io SSR 6 Coque 
and 
Gallais 
(2006)

8. One locus in which QTLs for 
CY, GS and NR enzyme 
activity, and 3NO−  
content coincide

RILs F-2 × Io RFLP 5 (gln4 locus) Hirel et al. 
(2001)

9. Six QTLs involved in 
expression of GY 
components under low-N 
stress

F2:3 B73 × G79 RFLP 1, 2, 7, 9, 10 Agrama 
et al. 
(1999)

aGY, grain yield; AARL, average axial root length.
bSSR, simple sequence repeat; SNP, single-nucleotide polymorphism; RFLP, restriction fragment length polymorphism.
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these five, four QTLs have been reported for the 
first time and it is expected that candidate genes 
of  these low-N stress-specific QTLs may be in-
duced by low-N stress, which in turn might play 
a pivotal role in maize adaptation to N deficiency. 
Recently, map-based cloning was successfully 
utilized in tobacco to identify homologous genes 
involved in NUE (Edwards et al., 2017). This ap-
proach has not been successful in maize so far. 
However, the recent approach of  balanced multi- 
parental (MAGIC) populations (Dell’Acqua et al., 
2015) and ultra-high-density maps (Liu et  al., 
2015; Su et  al., 2017) could provide powerful 
tools leading to higher power and definition in 
QTL mapping for complex traits such as NUE.

19.7  Identification of Nitrogen- 
Responsive Genes

A detailed understanding of  NUE is necessary 
for optimizing fertilizer input without comprom-
ising crop yield. To understand and improve 
NUE, two major approaches can be adopted: (i) 
study the response of  crop plants to N stress to 
identify the major genes and metabolic/bio-
logical processes affected by it; and (ii) utilization 
of  natural or induced genetic variation in NUE. 
From microarray and other gene expression 
studies, various genes involved in C assimilation, 
N and C metabolism, 3NO− assimilation (NR and 
GS) and 3NO−  transport (NRT1 and NRT2) were 
found differentially regulated under conditions 
of  varied N application (Gutiérrez et  al., 2007; 
Amiour et al., 2012; Schlüter et al., 2012; Plett 
et  al., 2016; Jiang et  al., 2018; Yadava et  al., 
2020). By transcriptomics and transgenic ap-
proaches, the roles of  a set of  genes (encoding 
transcription factors, nitrogen transporters and 
kinases) related to the regulation of  N assimila-
tion have also been investigated. Transcriptom-
ics has played a key role in understanding NUE 
in plant systems, including Arabidopsis, rice, 
wheat and maize. Overexpression of  OsE-
NOD93-1 (early nodulin 93) has been shown to 
lead to accumulation of  higher concentrations 
of  total amino acids and total N in roots (Sun 
et  al., 2014). Heterotrimeric G-proteins that 
regulate NUE were reported in rice (Kurai et al., 
2011; Sun et al., 2014). Similar work has been 
carried out in Arabidopsis with Dof1 (DNA-binding 

with one finger) (Table 19.3). In maize, by 
integrating meta-analysis and large-scale gene 
expression data, Luo et al. (2015) mined 30 can-
didate low-N stress tolerance genes and a further 
12 most important maize orthologues were 
identified by in silico analyses of  genes with 
known functions in NUE in model plants. Apart 
from genes, micro RNAs (miRNAs) responsive to 

3NO−  stress have also been identified (Fisher 
et al., 2013). In Arabidopsis, miR393/AFB3 has 
been shown as a unique N-responsive module 
controlling root system architecture in response 
to external and internal N availability (Vidal 
et al., 2010). The repression of  miR528a/b and 
miR169i/j/k in maize roots under 3NO−  stress 
suggested their role in integrating 3NO−  signals 
into root developmental changes (Trevisan et al., 
2012). Although significant progress has been 
made in the identification and characterization 
of  genes and miRNAs playing critical roles in N 
uptake, translocation and homeostasis in Arabi-
dopsis and rice, only a few studies are available in 
maize pertaining to the same. The potential can-
didate genes/miRNAs playing a pivotal role in 
NUE in Arabidopsis and rice (Table 19.3) or their 
maize orthologues might be utilized and ex-
plored for improving NUE in maize.

19.8  Nitrogen Signalling and  
Transduction for Improving  

Nitrogen-Use Efficiency

Signal transduction for any physiological pro-
cess involves sensing and processing of  stimuli. 
In the case of  NUE in maize, Dof1 plays an im-
portant role. Dof1 is a transcription factor, a 
member of  the DNA binding with one finger 
(Dof) family. It is unique to plants and facilitates 
expression of  a range of  genes associated with 
organic acid metabolism (Yanagisawa, 2004). 
The overexpression of  Dof1 in Arabidopsis under 
the control of  a maize pyruvate phosphate dikinase 
(PPDK) promoter resulted in increased concen-
tration of  amino acids, especially glutamine, 
under low-N stress conditions, which in turn 
helped the transgenic plants to tolerate N stress 
(Yanagisawa, 2004). However, Cavalar et  al. 
(2007) reported that Dof1 does not play a major 
role in the control of  N or C metabolism in maize. 
Recently, Peña et  al. (2017) have shown that 
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Table 19.3.  List of key genes validated for improving N uptake and utilization in various crop plants that may be potentially useful for improving NUE in maize.

Gene name; source Gene function Crop engineered Overexpression/silencing phenotype Reference

Alanine aminotransferase 
(AlaAT); barley (Hordeum 
vulgare)

Involved in both C and N 
metabolism; catalyses the 
reversible reaction (by 
transfer of an amino 
group) converting alanine 
and 2-oxoglutarate to 
glutamate and pyruvate, 
and vice versa

Brassica napus spp. oleifera
O. sativa

Overexpression using root-specific 
promoter resulted in significant 
increase in root biomass and NUE 
in transgenic lines

Good et al. (2007); Shrawat 
et al. (2008)

AlaAT; from barley, mouse 
(both cytoplasmic and 
mitochondrial isoforms)  
and Pyrococcus furiosus

Arabidopsis Overexpression of different variants 
of AlaAT conferred diverse NUE 
phenotypes under different 
external conditions

McAllister and Good (2015)

  Dof1; maize (Zea mays) Regulates expression of 
genes encoding enzymes 
for C-skeleton production 
(e.g. upregulation of 
PEPC) and thereby 
modulates C/N network

Arabidopsis
Solanum tuberosum

Overexpression resulted in enhanced 
N and amino acid contents (i.e. N 
assimilation) and increased plant 
growth under low-N conditions

Yanagisawa (2004)

O. sativa Overexpression resulted in increased 
C and N assimilation under low-N 
conditions

Kurai et al. (2011)

Triticum aestivum
Sorghum bicolor

Constitutive overexpression resulted 
in reduction in photosynthesis, 
plant height and biomass in 
transgenic lines, while tissue-
specific expression under rbcS1 
(Rubisco subunit 1) promoter 
resulted in increased biomass and 
yield

Peña et al. (2017)

NRT2.3b; rice (Oryza sativa) 3NO− uptake, enhances the 
pH-buffering capacity of 
the plant

O. sativa Constitutive overexpression resulted 
in improved plant growth, yield and 
NUE by 40% in transgenic lines

Fan et al. (2016)

NPF6.5 (NRT1.1B); O. sativa 3NO− uptake and 
subsequent root-to-shoot 
transportation, 3NO−  
signalling

O. sativa Overexpression significantly 
improved NUE and yield

Hu et al. (2015)

Continued
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Gene name; source Gene function Crop engineered Overexpression/silencing phenotype Reference

NRT2.1; O. sativa Interacts with OsNAR2.1 
and plays a role in 3NO−  
transport

O. sativa Constitutive overexpression (using 
ubiquitin promoter) resulted in 
decreased NUE, while 
overexpression under native 
promoter resulted in increased 
NUE

Chen et al. (2016)

NLP6 and NLP8; Z. mays 3NO− signalling and 
metabolism, induction of 

3NO− -responsive genes

Arabidopsis Overexpression restored 3NO−  
signalling and assimilation in nlp7 
mutant, increased biomass and 
yield

Cao et al. (2017)

ENOD93-1; Oryza sativa Encodes the early nodulin 
93 protein and expressed 
at high levels in roots, 
especially at the panicle 
emergence stage, 
localized in mitochondria; 
exact role not known

O. sativa Overexpression resulted in higher 
accumulation of total N and amino 
acids in roots, increased shoot dry 
biomass and seed yield under 
N-limiting condition

Sun et al. (2014)

PEPC, phosphoenolpyruvate carboxylase.

Table 19.3.  Continued.
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19.9  Conclusion

NUE is the key to sustainable agriculture in the 
coming future. Over the past few years, remark-
able progress has been achieved in identifying 
molecular targets for improvement of  NUE in 
various crops including maize. Various import-
ant genes having crucial roles in root develop-
ment, N assimilation, N uptake and utilization, 
N signalling and sensing can be used for improv-
ing NUE. As discussed above, NUE is a complex 
phenomenon. So, neither conventional breeding 

nor the transgenic approach alone is sufficient 
to increase the NUE. Soil N status and the plant’s 
inherent nature towards N uptake and utiliza-
tion are also important. For improving NUE in 
any field crop, a holistic approach which includes 
soil management, agronomic practices, conven-
tional breeding as well as transgenic approaches 
with specific transgenes will help in maintaining 
crop yield with minimum N input and will en-
sure environmentally friendly crop production.

Roots play a key role in N uptake. In this 
regard, root response studies should be 
undertaken more systematically. Roots being an 
underground system are inherently difficulty to 
phenotype, but several high-throughput screen-
ing techniques may help breeders and physiolo-
gists effectively. Selection of  genotypes recording 
efficient growth under low N is indicative of  bet-
ter root architecture. Hence, this should be a 
general strategy for selection of  efficient geno-
types. Transcriptome analyses have identified a 
large number of  genetic elements influencing 
NUE. These can be used as biomarkers for better 
NUE. However, these need further validation in a 
wider number of  genotypes.

Intensive research on molecular and gen-
etic aspects of  NUE has led to the identification 
of  many new genes, QTLs and alleles that could 
be deployed to develop new genotypes. The fu-
ture direction of  the research efforts should be 
towards understanding the interaction of  
NUE-related genes with cellular small RNA flux 
and perturbing the system performance through 
metabolic engineering and genome editing 
techniques. It is expected that these efforts 
would ultimately lead to commercialization of  
new improved maize hybrids with high NUE in 
the near future.
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20.1  Introduction

Since the 20th century, the use of  chemical 
fertilizers has contributed to increase food 
production to feed nearly half  of  the global 
population (Roser and Ritchie, 2020). Maize 
(Zea mays L.) is a preferred dietary staple in 
many developing countries, particularly in 
southern and eastern Africa, Central America 
and Mexico. Maize is cultivated in several 
countries around the world and the USA, 
China and Brazil are the top three maize-
producing countries, accounting for approxi-
mately 563 million tonnes of  the 717 million 
tonnes produced per year (Ranum et  al., 
2014). Over the past 50 years, maize breeders 
have made great progress in producing new 
varieties of  maize with desired agronomic 
traits, including improved nutritional quality 
and harvest index, resistance to diseases, in-
sects and weeds (i.e. striga), tolerance to 
drought, cold and Al, and early-maturing 
tropical germplasm (Dowswell, 1996). More-
over, genetically modified maize resistant to 
different herbicides and insects is currently on 
the market. However, to the authors’ best 
knowledge, no new varieties with significantly 
improved nutrient uptake or use efficiency, by 

using molecular or traditional breeding ap-
proaches, have been released to date.

A reliable supply of  N and P, two essential 
macronutrients, has greatly improved maize 
production per unit area of  land over the past 
century, thereby contributing to global economic 
development, supporting food production for 
large populations in the Third World nations and 
preventing the conversion of  forests into agricul-
tural lands to meet food demand in Africa and 
Latin America (Dowswell, 1996; Hallauer et al., 
2010; Zhang, X. et al., 2015). Due the relevance 
of  N and P as two essential macronutrients to sus-
tain maize productivity, this chapter is devoted to 
summarizing and discussing efforts towards mo-
lecular breeding of  maize to improve N-use effi-
ciency (NUE) and P-use efficiency (PUE).

First, nutrient-use efficiency is defined 
and the relevance of  N and P as essential macro-
nutrients and the molecular regulation of  their 
metabolism in maize are presented. Then, the 
efforts towards molecular breeding of  maize to 
improve NUE and PUE are summarized and dis-
cussed. Finally, plant phenotyping as one of  the 
main and challenging components of  molecular 
breeding and the potential of  genome editing ap-
proaches to implement current findings on 
maize are addressed.
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20.2  What is Nutrient-Use  
Efficiency?

Several definitions have been coined to de-
scribe nutrient-use efficiency over the years, 
some of  them relying on complex mathemat-
ical models and formulas. From a physio-
logical perspective, nutrient-use efficiency is 
contributed by a complex array of  physio-
logical, molecular and developmental inter-
actions involving root uptake, root-to-shoot 
transport, utilization and remobilization, and 
C and N/P balance in the plant (Xu et  al., 
2012; Hirel and Lea, 2018; Li, S. et al., 2018) 
(Fig. 20.1). However, nutrient-use efficiency 
is also influenced by fertilizer application 
practices that vary widely from field to field 
depending upon socio-economic aspects and 
local practices. Moreover, soil properties (i.e. 
pH) and the presence of  beneficial micro-
organisms also affect nutrient utilization by 
plants (Fig. 20.1). Therefore, for practical 
purposes, nutrient-use efficiency is defined 
here as the combined effect of  two main fac-
tors: (i) the efficiency of  the plant to take up 
the nutrient from the soil; and (ii) the effi-
ciency of  its utilization for grain yield, or the 
amount of  grain produced per unit of  mineral 
absorbed by the plant (for a detailed review on 
this topic, see Wang et al., 2018). In agricul-
tural systems, this can be translated into how 

well applied fertilizer (input) is used by the 
plant and harvested (output) in the form of  
grain, fruits, etc. (Fig. 20.1).

20.3  Nitrogen and Phosphorus:  
Two Limiting Nutrients for Maize 

Productivity

Like all living organisms, plants require P and N 
as essential nutrients for their growth and repro-
duction. P participates in numerous essential 
cellular processes and is a component of  differ-
ent macromolecules such as DNA, RNA and 
phospholipids; therefore, it cannot be substi-
tuted in plant nutrition. The vast majority of  or-
ganisms acquire and metabolize P in the form of  
orthophosphate (Pi) and are unable to metabol-
ize other chemical forms of  P (López-Arredondo 
et  al., 2014). Similarly, N is a component of  
many plant structures and takes part in multiple 
metabolic processes (Wang et  al., 2018). N is 
commonly used as -

3NO and +
4NH by plants.

Modern cultivation of  maize relies on the 
application of  large amounts of  N- and P-based 
fertilizers to obtain high yields. In 2017, the 
total world consumption of  N fertilizers was ap-
proximately 109 million tonnes, of  which maize 
production accounted for 39 million tons, repre-
senting 35% of  the total (FAO, 2017); the con-
sumption of  Pi fertilizers was about 45 million 

YieldAgronomic
practices

Field OutputInput

Fertilizers
N/P

Soil properties P fixation

Recycling

N runoffMicroorganisms
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Fig. 20.1.  General illustration of nutrient-use efficiency in the context of agricultural systems. Achieve-
ment of high yield (output) in modern varieties relies on high N and P application rates (input). Under field 
conditions, multiple factors may influence nutrient-use efficiency, from agronomic practices to soil 
properties. Therefore, it is necessary to optimize management practices to avoid excessive use of 
fertilizers and loss of nutrients by soil fixation and runoff.
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tonnes in the same year, and its demand is ex-
pected to peak by 2033 (FAO, 2017). Being one 
of  the most important cereals, meeting about 
60% of  global dietary needs, high fertilizer appli-
cation has been necessary to improve maize 
yields in intensive agriculture. However, current 
agricultural practices based on high P and N ap-
plication rates have led to excessive fertilization 
which also brings environmental pollution. For 
example, excessive application of  N fertilizers re-
sulted in accumulation of  one-third of  the N ap-
plied to maize-producing soil in the form of  -

3NO ,  
which is very soluble and can run off  into water-
bodies (Fig. 20.1) (Lu et al., 2019).

The case of  Pi fertilizers is special because 
unlike the chemically synthesized N fertilizers, 
Pi fertilizers are made from phosphate rock, 
which is a non-renewable resource and expected 
to become scarce in the near future. Further-
more, most soils are poor in available P content, 
which has become a major limiting factor for in-
creasing maize production. Of  the available P in 
the soil, less than 0.01% is in the form of  
water-soluble ions 2 4H PO−  and 2

4HPO−  that are 
readily available for plant uptake. This condition 
directly impacts PUE, which ranges from 20 to 
30% in agricultural systems, and thus limits 
maize yield by 30 to 40% (Li et al., 2019). Hence, 
there is an urgent need to optimize agronomic 
management for the rational use of  both N and P 
fertilizers, but more importantly to reduce the re-
quirements for fertilizer to achieve high yields via 
improving NUE and PUE by implementing inte-
grated molecular breeding strategies in maize.

20.4  General Regulation of Nitrogen 
and Phosphorus Use in Maize

P and N are the main inorganic compounds used 
to feed crops in agricultural soils, and deficiency 
of  N and P leads to growth retardation and yield 
losses. However, plants have evolved a series of  
molecular and adaptive responses to face N and P 
supply limitation (e.g. altering root system archi-
tecture (RSA) and improve biochemical proper-
ties of  the nitrate transporters). Besides being one 
of  the most important crops cultivated world-
wide, maize has served to some extent as a model 
plant to study these responses, allowing studies 
on its agronomic performance, physiological  
responses to different stresses and regulatory  

networks involved by applying different molecu-
lar and genomic approaches. This provides a 
unique opportunity to expand our knowledge of  
the regulatory networks controlling N and P use 
in monocots. In this section, recent findings in 
this regard are summarized and discussed.

20.4.1  Uptake, translocation and  
assimilation of nitrogen and phosphorus

Molecular and genetics studies have revealed 
the primary mechanisms of  P and N uptake 
and metabolism and how specific transporters, 
transcription factors, microRNAs (miRNAs) and 
enzymes act in concert to regulate root architec-
ture, metabolic adaptations and hormone sig-
nalling to define crop performance.

Root cells take up N and P which are then 
transported and distributed to plant tissues by 
means of  a complex arrangement of  specific 
protein transporters. These transporters, dis-
playing high and/or low affinity for the ion, be-
long to different gene families which have been 
identified in numerous plant species (for a de-
tailed review, see López-Arredondo et al., 2014; 
Wang et al., 2018). -

3NO  transporters belong to 
the nitrate transporter/peptide transporter 
(NRT1/PTR) family (NPF), the NRT2 family (or 
major facilitator superfamily, MFS) or the AMT 
family of  transporters, whereas Pi transporters 
belong to four different families, PHT1, PHT2, 
PHT3 and PHT4 (Xu et  al., 2012; López-Arre-
dondo et  al., 2013). Exhaustive comparative 
transcriptomic and microarray data analysis of  
maize in response to low-N and low-P conditions 
have shown that the expression of  most of  these 
transporter genes (i.e. NRT1.1/NPF6.3, NRT2.2, 
NPF7.3, NPF6.6, AMT1, AMT2, PHT7) is up-
regulated to increase nutrient absorption (Plett 
et al., 2016; Sawers et al., 2017; Hirel and Lea, 
2018; Dechorgnat et al., 2019; Ma et al., 2020). 
Garnett et  al. (2013) characterized the tran-
script profiles of  the N-responsive genes in maize. 
Expression of  ZmNRT2.1 and ZmNRT2.2 was cor-
related with two distinct peaks in high-affinity 
root N-uptake capacity and N availability (Gar-
nett et  al., 2013). To date, the functional valid-
ation of  several maize transporters, homologues 
of  Arabidopsis, has been carried out. A good ex-
ample is the functional characterization of  two 
homologues of  AtNRT1.1 (CHL1 or NPF6.3) in 
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maize, ZmNPF6.6 and ZmNPF6.4, which un-
covered that ZmNPF6.6 is a pH-dependent high- 
affinity nitrate-specific transporter whereas 
ZmNPF6.4 is a low-affinity nitrate transporter 
with efflux activity in maize. However, Cl– can 
switch the affinity of  ZmNPF6.6 and ZmNPF6.4; 
that is, with only Cl– as substrate, ZmNPF6.6 be-
comes a low-affinity chloride transporter but 
ZmNPF6.4 functions as a high-affinity chloride 
transporter. The finding that ZmNPF6 proteins 
have different substrate specificity in maize sug-
gests that the competition in soil of  -

3NO  and 
Cl– drives a new mechanism in maize root on N 
use, and that controlling their expression is a 
potential avenue to develop plants in which N 
nutrition and Cl– uptake can be manipulated 
(Wen et al., 2017).

In maize, five PHT1 genes with differential 
expression have been identified which are in-
volved in diverse processes, including phosphate 
uptake from soil and transport at the symbiotic 
interface with mycorrhizas, phosphate trans-
location into the shoot and phosphate uptake 
during pollen tube growth (Nagy et al., 2006).

20.4.2  Molecular regulators

Molecular elements potentially important for 
the global regulation of  P and N utilization have 
been identified in the maize genome based on 
Arabidopsis homologue genes, such as NLPs, 
miRNAs, PHR1, PHO1, ZAT6 and SXP 
(Calderón-Vazquez et  al., 2011; Van-de-Wiel 
et al., 2016; Ge et al., 2017; Hirel and Lea, 2018; 
Jiang et al., 2018; Kumar et al., 2018), and some 
have been validated, mainly in Arabidopsis.

The miRNA399–ZmPHO2 module has 
been identified as a key regulator of  P uptake in 
maize (Du et al., 2018). The miRNA ZmmiR399b 
was found to regulate P homeostasis because 
ZmMIR399b-overexpressing lines displayed ex-
cessive phosphate content in shoots and typical 
phosphate toxicity phenotype in leaves. In that 
study, authors also confirmed that ZmmiR399b 
could target a ubiquitin-conjugating E2 enzyme, 
ZmPHO2, as demonstrated previously in Arabi-
dopsis. From the transcriptome assembly and se-
quence complementary analysis, the regulation 
of  a long non-coding RNA ncRNA1 (PILNCR1) 
and ZmmiR399b was investigated. The authors 

demonstrated that PILNCR1 could inhibit Zm-
miR399-guided cleavage of  ZmPHO2 (Du et al., 
2018). Interestingly, ZmmiR399 expression was 
upregulated under low-P conditions in both 
P-efficient (CCM454, XI14, HAI9-21) and 
P-inefficient (31774, FR19, 1538, JI419) lines. 
However, post-transcriptional repression of  Zm-
miR399 was observed only in P-efficient lines, 
suggesting that this regulatory mechanism in-
creases tolerance to P deficiency in maize (Du 
et  al., 2018). Furthermore, comparative tran-
scriptomic analysis of  two genotypes, Qi319 and 
99038 (a low-P-tolerant mutant), under normal 
and P-deficiency conditions, allowed the identifi-
cation of  seven novel miRNA families associated 
with low-P tolerance, with predicted target 
genes involved in root development or stress re-
sponse (Pei et al., 2013). A cDNA clone pZmCip1, 
isolated by differential RNA display, was confirmed 
to be a primary response gene to cytokinin 
which could be involved in N-signal trans-
duction mediated by this hormone in maize 
(Sakakibara et  al., 1998). NIN-LIKE PROTEIN 
(NLP) is a plant-specific transcriptional factor fam-
ily that plays important roles in -

3NO signalling 
and assimilation. To date, nine ZmNLPs have 
been identified in the maize genome by search-
ing the conserved PWP-RK and PB1 domains. 
ZmNLP6 and ZmNLP8a function was validated 
by overexpressing them in the Arabidopsis nlp7-4 
mutant background (Cao et  al., 2017). The re-
covered -

3NO assimilation and induction of  
-
3NO -responsive genes in the transgenic plants 

indicated that these two genes play important 
roles in -

3NO metabolism regulation. Recently, it 
was demonstrated that ZmNLP5 is highly respon-
sive to -

3NO treatment and its product directly 
regulates the expression of  nitrite reductase 1.1 
(ZmNIR1.1) by binding to its 5′-untranslated re-
gion (5′-UTR) (Ge et al., 2020). These molecular 
elements represent potential targets to improve 
NUE and PUE in maize.

20.4.3  Nitrogen, phosphorus and  
carbon trade-off

In plants, coordinated acquisition of  the different 
mineral nutrients is required to achieve optimal 
development and maximum yield. However, for 
many years, the general approach has been to 
study N and P adaptive responses and regulatory 
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mechanisms independently. However, it was 
shown that during N deprivation, Pi accumulates, 
and genes involved in Pi-starvation response, es-
pecially SPX-encoding genes, are downregulated, 
suggesting a crosstalk between the signalling 
pathways that regulate responses to N and Pi star-
vation (Schlüter et  al., 2012). At the same time, 
genes associated with C metabolism (i.e. pep3, 
sps2, sus2, fru, pyruvate decarboxylase) are also 
strongly regulated by N stress in maize (Liu et al., 
2011). In a recent report, it was demonstrated 
that plants evolved finely tuned mechanisms to 
coordinate utilization of  P and N to face the highly 
variable environmental nutrient conditions 
(Poza-Carrión and Paz-Ares, 2019). The novel 
regulatory module OsNRT1.1B–OsSPX4–OsNLP3 
was reported to integrate N and P signalling in 
rice. OsNRT1.1B can physically interact with 
OsSPX4, a crucial repressor involved in Pi signal-
ling, which is enhanced in the presence of  -

3NO , 
leading to SPX4 degradation (Hu et  al., 2019; 
Wang et  al., 2020). Furthermore, OsNLP3 also 
interacts with OsSPX4, blocking OsNLP3 capacity 
to move into the nucleus (Hu et al., 2019). OsN-
RT1.1B was shown previously to have great po-
tential to improve NUE in rice (Chao and Lin, 
2015). Thus the potential of  manipulating the 
complete module to improve PUE and NUE should 
be evaluated in maize and other plant species.

Rice and wheat varieties produced from the 
‘green revolution’ are characteristically dwarfed 
and resistant to lodging, and DELLA proteins 
contribute to this dwarfing. However, as these 
varieties are generally produced under high fertil-
ization rates, they are not very efficient in N and P 
uptake and utilization. Recently, a control system 
was identified that enables rice varieties to have an 
improved use of  nutrients. The transcription fac-
tor GROWTH-REGULATING FACTOR 4 (GRF4) 
was shown to control the expression of  N- and 
C-related genes which is limited by GRF4 inter-
action with SLR1, a DELLA protein (Li, S. et  al., 
2018), confirming that C metabolism and N me-
tabolism are strongly interconnected. GRF4 pro-
motes and integrates N assimilation, C fixation 
and growth, whereas DELLA inhibits these pro-
cesses. Therefore, rice varieties carrying this allele 
of  GRF4 show enhanced grain yields and greater 
NUE, without losing the desirable dwarf  charac-
teristic. It remains to be investigated whether a 
similar mechanism also modulates NUE and PUE 
in maize and other monocots.

20.5  Strategies for Molecular  
Breeding of Nutrient-Use Efficiency  

in Maize

As P and N are essential inputs to maize product-
ivity, it is of  great significance to dissect the gen-
etic architecture of  maize PUE and NUE. Identifi-
cation of  alleles related to PUE and NUE will 
provide targets for modern maize breeding, to 
contribute to the development of  a more sus-
tainable agriculture. However, maize breeding 
efforts and public programmes have been mainly 
focused on abiotic stresses such as drought and 
waterlogging for example, whereas breeding 
programmes for improving P utilization in plants 
are much less frequent.

Given the complexity of  quantitative traits 
like PUE and NUE, along with the strong influ-
ence of  environmental interactions, the dissec-
tion of  the genetic architecture in maize has 
been challenging. Nevertheless, the generation 
of  reference maize genomes, the B73 (Schnable 
et al., 2009) and the Mexican landrace Palomero 
(Vielle-Calzada et al., 2009), and recent versions 
with improved assembly of  intergenic regions 
and centromeres and annotation (Jiao et  al., 
2017) have provided valuable tools for maize 
basic and applied research. Similarly, sequen-
cing and comparative analyses of  numerous 
maize inbred lines have provided significant in-
sights on the genetic foundation of  maize yield 
improvement over the years, highlighting an in-
crease of  rare alleles in inbred lines as a result of  
modern breeding techniques (Jiao et al., 2012). 
Moreover, transcriptomic, proteomic, metabolo-
mic and genomic data have increased substan-
tially over the last 10 years and now more inte-
grative approaches to study P and N use towards 
NUE and PUE improvement are under applica-
tion. Important to achieving higher NUE and 
PUE is the high genetic natural diversity of  
maize as the basis for crop improvement and 
breeding.

20.5.1  Genetic diversity of maize under 
low nitrogen and phosphorus availability

Besides being an important food and energy 
crop and the most cultivated worldwide, maize 
has proven to be one of  the plant species with 
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more diversity and plasticity, adaptable to many 
different environmental conditions. Maize ger-
mplasm represents an important source of  rare 
and favourable alleles related to abiotic stress 
tolerance and therefore an opportunity exists to 
exploit these resources for the development of  
improved varieties.

Heterosis studies, meaning the increased 
vigour of  hybrid plants in comparison to their 
parental lines, have demonstrated that morpho-
logical, physiological and even molecular traits 
related to NUE and PUE are inherited by the hy-
brid progeny (Da-Silva et al., 1992; Narang and 
Altmann, 2001; Wang et al., 2019). Wang et al. 
(2019) compared the difference in NUE between 
parental hybrids and inbred lines and found that 
hybrids exhibited a significant heterosis, up to 
466% for NUE. Phenotypically, those hybrid 
lines showed higher leaf  appearance rate with 
higher photosynthetic NUE, rapid reduction in 
the specific weight of  leaf  and stalk after flower-
ing, and reduced grain N concentration and  
enhanced sink strength. Based on these obser-
vations, they attributed the heterosis of  NUE in 
maize to three major mechanisms: (i) earlier es-
tablishment of  pre-anthesis source for N uptake 
and accumulation; (ii) enhanced leaf  N remobi-
lization during grain filling; and (iii) a higher 
productive efficiency per unit of  grain N (Wang 
et  al., 2019). In maize hybrids under low-P 
stress, reduced above-ground P demand and 
grain P concentration were observed (Liu et al., 
2018). The identification of  these traits is ex-
tremely useful for the establishment of  breeding 
programmes aiming to develop cultivars more 
tolerant to low availability of  P and more effi-
cient in their use of  N.

In a recent study, analysis of  33 three maize 
genotypes based on 15 variable traits using 
standard procedures allowed the identification 
of  low-P-tolerant genotypes including inbred 
and hybrid varieties (i.e. HKI 288-2, HKH 308, 
HQPM 7, PEHM2, HM 7, HKH 312, HKI 46, 
Seed Tech, HKI 163, HKI 193, HKH 407, CM 
137, CM 138) and low-P-sensitive lines (i.e. EI 
116, VIVEK-5, HM 4, NAI 105, PMH 2, CML 
172, BIO 9637, CM 212, HKI 193-1, HKI 323, 
HKI 1105) (Ganie et  al., 2015). The most im-
portant traits contributing to the low-P toler-
ance included P uptake, total biomass, root 
dry weight, PUE, shoot P per leaf  area, root P 
concentration and root length. A comparative 

metabolomic analysis of  PEHM2 and HM 4 
genotypes allowed the identification of  metabol-
ites that are possibly involved in this mechanism 
(Ganie et al., 2015). Zhang, H. et al. (2015) in-
vestigated 826 maize accessions, representing 
tropical/subtropical and temperate germplasm 
from the International Maize and Wheat Im-
provement Center (CIMMYT) and China, to 
identify traits useful for low-P tolerance and ac-
cessions that can be used in breeding pro-
grammes. The authors were able to identify 41 
low-P-tolerant accessions based on biomass and 
leaf  traits (Zhang, H. et al., 2015).

These studies are just some examples pro-
viding evidence of  the huge diversity of  adaptive 
mechanisms in maize to use P from the environ-
ment, which is a prerequisite for the establish-
ment of  selection-based improvement.

20.5.2  Quantitative trait locus mapping 
and genome-wide association studies

While screenings such as those mentioned above 
are very helpful to dissect the most important 
phenotypic traits to study, evaluate and select 
promising varieties, they do not provide direct 
information about the number and nature of  
genes involved in NUE or PUE. Thus, to gain in-
sights on the genetic nature and the number of  
genes responsible for these phenotypes, quanti-
tative trait locus (QTL) mapping and ge-
nome-wide association studies (GWAS) are now 
being implemented (Table 20.1).

So far, most of  the studies about the gen-
etic architecture of  maize PUE and NUE have 
deployed the strategy of  linkage-based map-
ping using segregating populations. To perform 
linkage mapping on maize PUE and NUE, the 
first step is to identify two parental lines with 
contrasting performance on PUE and NUE, 
then segregation populations, normally F

2:3 
families and recombinant inbred lines (RILs), 
are generated and the related traits evaluated 
in these segregating populations. The genotyp-
ing of  the population is characterized by DNA 
markers depending on the available technolo-
gies, such as single-nucleotide polymorphisms 
(SNPs), simple sequence repeats (SSRs, or 
microsatellites) and restriction fragment length 
polymorphisms (RFLPs). Finally, markers that 
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are genetically linked to a QTL influencing the 
trait of  interest will segregate more frequently 
with trait values and thus will inform on the 
genetic context.

In the 1990s, with the development of  mo-
lecular DNA marker technology, Reiter et  al. 
(1991) conducted the first mapping of  PUE QTLs. 
In that study, they performed QTL mapping using 

Table 20.1.  QTL and GWAS mapping of genes/genomic regions for PUE- and NUE-related traits in maize.

Trait Major results Reference

PUE
Vegetative  

growth
Six QTLs: umc42b, umc46, umc138, umc19, umc59, umc117 Reiter et al. (1991)

Root  
development

Three QTLs: umc107a, umc110a, phi041 Kaeppler et al. (2000)

Root hair length 
and number

Seven QTLs: phi001/csu3, csu164a/phi055, nc003/umc36b, 
bn16.16/umc17, phi070/umc62, bn17.08a/phi121, umc131/
nc003

Zhu et al. (2005a)

Seminal root 
length

One QTL: csu093/bn114.28 Zhu et al. (2005b)

Seminal root 
number

Three QTLs: umc34/bn112.09, csu3/umc133b,  
umc34/bn112.09

Zhu et al. (2006)

Grain yield Four QTLs: umc1757–bnlg1318, umc1990–bnlg2323,  
umc1888–bnlg1805, umc1773–umc1012

Cai et al. (2012)

Leaf area Six QTLs: mmc0191–umc1049, bnlg1019–umc1655,  
umc1620–umc1194, bnlg391–umc2313, umc2213–bnlg430,  
umc2003–bnlg1074

Leaf length Three QTLs: phi083–umc2248, bnlg2077–bnlg1267,  
umc1006–umc1257

Leaf width One QTL: umc2213–bnlg430
Chlorophyll level Four QTLs: umc1518–bnlg2248, umc1757–bnlg1318, 

phi299852–bnlg1740, umc2197–phi082
Flowering time Three QTLs: bnlg1556–bnlg1025, bnlg2248–phi083,  

umc1164–umc1757
ASI One QTL: umc1164–umc1757
APA in maize  

leaf
Major QTL AP9: a 546-kb fragment defined by ac219 at 

100,135.78 kb and ac2096 at 100,681.88 kb on  
chromosome 9

Qiu et al. (2013)

APA in root One stable QTL: bnlg1350–bnlg1449 on chromosome 3 Qiu et al. (2014)
Kernel number QTL qkn: a ~480-kb region by SSR15 and SSR19 on 

chromosome 10
Zhang et al. (2013)

18 yield-related 
traits for GWAS

259 candidate genes mainly involved in four categories: 
transcriptional regulation, ROS scavenging, hormone 
regulation and remodelling of cell wall

Xu et al. (2018)

22 traits for 
GWAS

1062 candidate genes Luo et al. (2019)

NUE
Agronomic traits Five QTLs for leaf −

3NO  content Hirel et al. (2001)
Grain yield One QTL overlapping with the gln1 gene Gallais and Hirel (2004)
RSA A total of 184 and 147 QTLs for NUE- and RSA-related traits, 

respectively, assigned into 64 clusters
Li, P. et al. (2015)

Root traits 30 QTLs associated to seven root traits Pestsova et al. (2016)
Metabolites in 

maize leaf 
tissue for GWAS

514 candidate genes Zhang, N. et al. 
(2015)

APA, acid phosphatase activity; ROS, reactive oxygen species.
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an F3 population from two maize inbred lines: 
NY821 (low-P tolerance) and H99 (low-P intoler-
ance). A total of  77 RFLP markers were tested on 
90 F3 individuals. This effort allowed the identifi-
cation of  six loci related to biomass under low-P 
stress. Since then, several other efforts have been 
carried out by studying other plant traits such as 
leaf  area, chlorophyll content, flowering time and 
grain yield under low-P conditions. Kaeppler et al. 
(2000) first tested the variation among 28 major 
maize inbred lines in the response to low-P stress. 
B73 and Mo17 were identified with the most sig-
nificant effect on root development under low-P 
stress, which were then used to construct a RIL 
population for QTL mapping that enabled three 
QTLs controlling the root growth under low-P 
stress to be mapped (Kaeppler et al., 2000). Using 
the same population and similar strategy, other 
authors (Zhu et  al., 2005a,b, 2006) identified 
additional QTLs related to the tolerance of  low P; 
seven QTLs associated with root-related traits 
(root length and number), one QTL associated 
with root hair length and one main-effect QTL 
associated with seminal root length, and three 
QTLs associated with seminal root number. By 
characterizing leaf  area, leaf  chlorophyll con-
tent, flowering time, anthesis–silking interval 
(ASI) and grain yield at the silking stage under 
low-P condition, 25 QTLs were detected (Cai 
et al., 2012). In another study, Qiu et al. (2013) 
conducted QTL mapping and fine mapping of  
loci associated with maize leaf  under low-P 
stress, narrowing the stable QTL AP9 at a 546-kb 
fragment in chromosome 9. With the same cross 
of  maize lines 082 × Ye107, the authors were 
also able to map one stable QTL affecting root de-
velopment under low-P condition (Qiu et  al., 
2014). Kernel number and grain yield have also 
been used to evaluate the PUE in maize. Zhang 
et al. (2013) identified a QTL named qKN in a re-
gion of  ~480 kb that increases the kernel num-
ber under low-P condition. So far, one of  the best 
examples of  the successful application of  mark-
er-assisted selection is the identification of  
Pup1/PSTOL1 (phosphorus starvation tolerance 1), 
a serine/threonine (Ser/Thr) kinase gene identi-
fied in rice, which enhances grain yield under 
low-P conditions in both rice and sorghum 
(Gamuyao et al., 2012; Hufnagel et al., 2014). 
In maize, six PSTOL1 homologues have been 
predicted, with four members co-localized with 
P-related QTLs (Azevedo et al., 2015). However, 

to date, there are no reports of  further studies with 
maize PSTOL genes.

Besides the studies mentioned above, other 
studies integrating meta-analysis and genome 
mining are an efficient way to integrate the 
mapping works mentioned above to narrow 
down positions of  QTLs with high confidence. A 
good example is the work reported by Zhang 
et al. (2014). These authors collected 191 QTLs 
to perform meta-analysis, which produced 23 
consensus QTLs (cQTLs). Gene mining yielded 
215 genes, 22 of  them located in the cQTL re-
gion (Zhang et  al., 2014). These genes were 
found to be homologous of  14 functionally char-
acterized genes encoding enzymes that partici-
pate in plant low-P tolerance, including miR399, 
WRKY75, PHO1, purple acid phosphatases 
(PAPs), LPR1 and PHT1 phosphate transporters. 
Four cQTLs, containing QTLs (cQTL2-1, cQTL5-3, 
cQTL6-2, cQTL10-2) with better consistency, 
were considered to have more possibilities for im-
proving PUE. These studies facilitate the possibil-
ity of  identifying the true positions of  QTLs 
involved in PUE and thereby provide direct tar-
gets for molecular breeding by transgenic and 
genome editing approaches.

A number of  QTL linkage maps on NUE 
have also been conducted in maize. For example, 
Hirel et al. (2001) developed a quantitative gen-
etic approach by associating metabolic functions 
and agronomic traits to DNA markers. In that 
study, leaves were analysed for physiological 
traits including -

3NO content and nitrate reduc-
tase (NR) and glutamine synthetase (GS) activ-
ities. In particular, the authors detected five 
QTLs that could explain 28% of  the leaf  -

3NO  
content variation. Another interesting finding 
of  the study was that two QTLs for GS activity 
overlapping with the QTLs for yield components 
were found (Hirel et al., 2001). Gallais and Hirel 
(2004) studied relationships between grain 
yield, NUE and some other specific traits, identi-
fying one QTL that overlapped with the gln1 
gene (encoding cytosolic GS) related to low N in-
put, ten QTLs at high-N condition and five QTLs 
for leaf  -

3NO content explaining 28% of  the 
phenotypic variations. In another study, 42 
QTLs for grain yield and yield components were 
detected, 23 of  them under sufficient-N condi-
tions and 33 under limited-N conditions. 
Meta-analysis of  published maize NUE QTLs 
revealed 37 cQTLs including 18 under low-N 
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conditions (Liu et al., 2011). Li, P. et al. (2015) 
investigated the relationship between RSA and 
NUE in maize using a RIL population. A total of  
184 and 147 QTLs for NUE- and RSA-related 
traits were assigned into 64 clusters. Interest-
ingly, the introgression of  these QTL clusters 
into another background increased grain yield 
by about 15% for the line per se and 16% in the 
test cross (Li, P. et al., 2015). RSA is crucial for 
nutrient acquisition and usage efficiencies and 
thus several efforts have been carried out to 
study root morphological characteristics in re-
sponse to -

3NO  availability. By studying seven 
European maize inbred lines (NUEC1–7), Pestso-
va et  al. (2016) were able to identify two lines, 
NUEC2 and NUEC4, with the most contrasting 
differences in constitutive root traits, which 
were used to generate a mapping population; 
they were able to detect 30 QTLs associated to 
seven root traits.

The possibility of  having (generating and 
studying) maize populations has remarkably 
contributed to increase our knowledge on the 
genetic architecture of  NUE and PUE in maize, 
as they provide a highly diverse genetic and 
phenotypic repertoire that is the foundation for 
GWAS. In addition to the linkage mapping, 
GWAS has also been performed to identify QTLs 
related to PUE and NUE (Table 20.1). Xu et  al. 
(2018) carried out GWAS on two natural popu-
lations under low-P stress at two experimental 
sites representative of  different climate and soil 
types; the genotyping in their study was done by 
the 55K SNP array. They found 259 candidate 
genes involved in four categories: transcriptional 
regulation, scavenging of  reactive oxygen spe-
cies, hormone regulation and remodelling of  cell 
wall. According to transcriptomic data, 98 can-
didate genes showed differential expression (Xu 
et al., 2018). The study provided a genetic basis 
for marker-assisted selection or maize breeding 
for tolerance to low-P stress. In an interesting 
approach, Luo et al. (2019) combined analyses 
of  metabolite profiles and GWAS to identify can-
didate genes regulating the response to P defi-
ciency in maize seedlings. Eleven metabolites 
with significant differences were identified from 
comparative analysis of  metabolite profiles of  
maize leaves and roots under Pi-sufficient and 
Pi-deficient conditions (Luo et al., 2019). More-
over, a total of  1062 candidate genes were iden-
tified from the GWAS using 338 inbred lines. 

Within the candidates, five genes were reported 
to be related directly to Pi-starvation response 
mechanisms (Luo et al., 2019).

Genome-wide association has also been 
performed to study N metabolism in maize by 
use of  nested association mapping (NAM) popu-
lations. In a GWAS conducted by Zhang, N. et al. 
(2015), 12 metabolites in maize leaf  tissue 
under field conditions were targeted. Taking ad-
vantage of  a robotized metabolic phenotyping 
platform, that study investigated more than 
100,000 assays across 12,000 samples, with 
two independent replicates. In total, 514 candi-
date genes were identified from the test of  the as-
sociation of  1.6 million SNPs from the maize 
HapMap1. Interestingly, the authors also found 
that many of  the candidate genes were previ-
ously known to be involved in C and N metabol-
ism pathways (Zhang, N. et al., 2015).

20.5.3  Transgenic approach to  
improve nitrogen- and phosphorus-use 

efficiencies

With the purpose of  enhancing NUE and PUE, 
efforts to manipulate some of  the molecular 
elements identified by genetic engineering have 
increased in the last years. Unfortunately, the 
difficult genetic transformation of  maize has 
constrained gene validation directly in this spe-
cies and in most cases, validation is carried 
out in Arabidopsis. Nevertheless, some of  these 
efforts have produced promising results by 
improving nutrient-use efficiency and open a 
window of  opportunity to improve NUE and PUE 
in maize as well.

Due the important role of  P and N trans-
porters for nutrient acquisition, they represent 
potential targets for future breeding strategies 
(Table 20.2, Fig. 20.2). Two of  the candidates 
are ZmNRT1.1 and ZmNRT2.2, that have been 
found to play a major role in N metabolism by 
maintaining biomass production in several 
maize genotypes under both low and high sup-
ply of  P (Garnett et al., 2013). Using root-specific 
promoters, ZmNRT1.1 and ZmNRT1.3 were 
overexpressed in transgenic maize which was 
tested in the field under normal and low-N condi-
tions; a significant increase in yield was observed 
under normal fertilization conditions (Allen 
et al., 2014). Indeed, the potential expression of  
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nitrate transporters from yeast (i.e. YNT1) has 
also been proposed as an alternative because 
when expressed in maize it produced an in-
creased yield (Wang and Loussaert, 2015).

It has been reported that PP2A is a major 
Ser/Thr protein phosphatase involved in regu-
lating localization of  the PIN family of  auxin 
efflux carriers in the cell (Michniewicz et  al., 
2007) and influencing auxin distribution and 
RSA in plants. In a recent report, it was demon-
strated that ZmPP2AA1 is upregulated under P 
deficiency in maize (Wang et al., 2017). Over-
expression of  ZmPP2AA1 in the maize inbred 
line Q319 induced an increased lateral root 
density and length, whereas suppression of  
ZmPP2AA1 by RNAi caused a significant de-
crease in the same traits (Wang et  al., 2017). 

ZmPP2AA1-overexpressing plants showed a 
35–37% increase in phosphate accumulation 
in shoots, development of  more tassel branches, 
larger and higher number of  kernels, an in-
crease of  up to 45% in ear weight under low-P 
conditions, and enhanced tolerance to P star-
vation in both hydroponic and soil pot experi-
ments (Wang et al., 2017). In a recent report, 
the previously identified QTL AP9 associated to 
a 546-kb region on chromosome 9 in maize 
was fine mapped and correlated with activity of  
an acid phosphatase, ZmAPRG. The authors 
cloned and overexpressed ZmAPRG in maize 
and rice (Yu et  al., 2019). For the case of  
ZmAPRG-overexpressing maize lines, increases 
of  15–34% in acid phosphatase activity and 
62–102% in phosphate concentration were 

Table 20.2.  Genes with potential to improve NUE and PUE in maize.

Gene Function Reference

Zmm28 
(Zm00001d022088)

MADS-box; when overexpressed, induces plant  
growth, photosynthesis capacity and N utilization

Wu et al. (2019)

ZmNPF6.4 Low-affinity 3NO
−

 transporter with efflux activity Wen et al. (2017)
ZmNPF6.6 pH-dependent high-affinity 3NO

−
-specific transport 

protein
Wen et al. (2017)

ZmNRT2.1 and 
ZmNRT2.2

Correlated with root 3NO
−

 uptake capacity Garnett et al. (2013)

ZmNLP5 Directly regulates the expression of nitrite reductase  
1.1 (ZmNIR1.1) by binding to its 5′-UTR

Ge et al. (2020)

ZmCip1 
(Zm00001d001865)

A primary response gene to cytokinin involved in the 
N-signal transduction mediated by cytokinin

Sakakibara et al. (1998)

ZmNLP6 and ZmNLP8a Similar roles to the master 3NO
−

 regulatory gene 
AtNLP7 in 3NO

−
 signalling and metabolism

Cao et al. (2017)

ZmmiR528 Reduction of lignin biosynthesis under high-N 
conditions

Sun et al. (2018)

ZmLAC3 and ZmLAC5 Targets of miR528 Sun et al. (2018)
ZmDof1 Promotes N assimilation Kurai et al. (2011)
Ms44 The mutation of Ms44 increases N content in ear  

and kernel number
Fox et al. (2017)

ZmPHT1 Phosphate transporter; contributes 20% more 
phosphate uptake and 22–26% in PUE

Sawers et al. (2017)

ZmPHR1 Increases phosphate content in shoots Wang et al. (2013)
ZmmiR399b PILNCR1 could inhibit ZmmiR399-guided cleavage  

of ZmPHO2
Du et al. (2018)

ZmPHO2 Ubiquitin-conjugating E2 enzyme that negatively 
regulates phosphate uptake and translocation

Du et al. (2018)

TsVP Increases expression of auxin transporters Pei et al. (2012)
ZmATG8 Key gene for autophagic recycling involved in N 

remobilization of maize, critical during N stress
Li, F. et al. (2015)

ZmGS1 Overexpression improves yield in maize by  
increasing kernel production and NUE under high 
and low N in field conditions

Martin et al. (2006)
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observed. A transcriptomic analysis of  ZmAPRG- 
overexpressing maize lines showed the up-
regulation of  a number of  genes involved in 
P assimilation, such as those for phosphate 
transporters, phosphatases and enzymes in-
volved in phospholipid metabolism (Yu et  al., 
2019).

NR and GS are key enzymes in N metabol-
ism in maize (Gallais and Hirel, 2004; Martin 
et  al., 2006; Liu et  al., 2011; Thomsen et  al., 
2014; Plett et al., 2016). NR catalyses the reduc-
tion of  nitrate to nitrite, the first reaction in ni-
trate assimilation, whereas GS incorporates 

+
4NH  into glutamine through the GS–GOGAT 

(glutamine synthetase–glutamate synthase) cycle, 
a crucial step for converting inorganic N into or-
ganic N in plants (Kleinhofs and Warner, 1990). 
Therefore, manipulation of  their activity has 

represented a relevant factor for improving NUE 
(Plett et  al., 2016). Overexpression of  the gene 
coding for the cytosolic enzyme glutamine syn-
thetase 1 (GS1) has been reported to successfully 
improve maize yield by increasing kernel pro-
duction and NUE under high- and low-N condi-
tions in field experiments (Martin et al., 2006). 
Similarly, the expression of  OsGS1 under control 
of  the ubiquitin promoter in rice, and of  SbGln 
under control of  the CaMV35S promoter in sor-
ghum, led also to increased grain yield (Brauer 
et al., 2011; Urriola and Rathore, 2015).

The function of  ZmPHR1, a PHR-like gene 
in maize, was validated in Arabidopsis (Wang 
et al., 2013). Transgenic Arabidopsis lines overex-
pressing ZmPHR1 showed an increase of  phos-
phate content in shoots with upregulation of  
multiple genes involved in metabolism during P 
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Fig. 20.2.  Components of nutrient-use efficiency and genes with potential to improve NUE and PUE in 
maize. Uptake and utilization of N and P are critical components determining nutrient-use efficiency in 
maize, with the achievement of high grain yields being the final goal. Key traits for nutrient-use efficiency 
improvement are provided by root system (i.e. shallow root angle/deeper roots), shoot (i.e. biomass) and 
grain traits (i.e. kernel size), which are controlled by the concerted action of numerous genes, from 
transporters to miRNAs. Some target genes for NUE and PUE improvement are provided.
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starvation. A plant‐specific transcription factor 
Dof1 was shown to promote N assimilation in 
Arabidopsis (Yanagisawa et  al., 2004). ZmDof1 
function was validated in rice, enhancing C and 
N assimilation under low-N conditions (Kurai 
et al., 2011).

In a recent work, a maize MADS-box tran-
scription factor gene, Zmm28, under the control 
of  a moderate-constitutive maize promoter, re-
sulted in maize plants with increased plant 
growth and higher photosynthesis capacity and 
N utilization (Wu et al., 2019). The authors gen-
erated the transgenic lines by constitutively ex-
pressing Zmm28 instead of  expression at late 
developmental stage. The transgenic lines 
showed increased plant growth, photosynthesis 
capacity and N utilization. A mutation in the 
male sterile gene Ms44 was found to be able to 
improve NUE by increasing the N content in ear 
and to increase kernel number (Fox et al., 2017). 
The Ms44 maintainer line for fertility restor-
ation was developed to increase hybrid seed pro-
duction in that study.

Genetic manipulation of  miRNAs could also 
be an alternative method of  improving NUE in 
crops. OsmiR528, a monocot-specific miRNA, 
was reported to enhance N-deficiency tolerance 
in bentgrass (Yuan et al., 2015). In a recent study, 
Sun et al. (2018) reported that ZmmiR528 is in-
duced under high-N but reduced under low-N 
conditions. ZmmiR528-overexpressing maize lines 
showed reduced lignin content and was prone to 
lodging under high-N conditions (Sun et  al., 
2018). Manipulation of  ZmmiR528 could be an 
alternative to improve lodging resistance in 
maize, that reduces crop yield and grain quality.

Other works have reported the expression 
of  heterologous genes in maize with interesting 
results. The V-H+-PPase-encoding gene TsVP 
was first cloned from Thellungiella halophilea 
(Gao et al., 2006) and then investigated in maize 
by generating TsVP-overexpressing plants (Pei 
et  al., 2012). Transgenic maize plants overex-
pressing TsVP developed more robust root sys-
tems because of  increased expression of  auxin 
transporters. The stronger root system enabled 
the plants to accumulate more P under phos-
phate limitation.

With the purpose of  developing a highly se-
lective P-nutrition system in crops, the expres-
sion of  the bacterial ptxD gene was reported 
some years ago in tobacco and Arabidopsis 

(López-Arredondo and Herrera-Estrella, 2012) 
and more recently in cotton (Pandeya et  al., 
2018). ptxD encodes a phosphite oxidoreductase 
and its expression using the CaMV35S promoter 
confers the plant the capacity to use phosphite, a 
compound not metabolized by plants and most 
organisms, as a sole P source. As weeds are not 
able to metabolize phosphite, the system allowed 
an effective control of  weeds in greenhouse and 
field experiments (Heuer et al., 2017). Although 
not reported formally yet, a codon-optimized 
version of  the ptxD gene has been expressed in 
maize under the ubiquitin promoter (D.L. 
López-Arredondo, L. Herrera-Estrella, K. Wang 
and M.A. Leyva-Gonzalez, 2021, unpublished 
results). In greenhouse experiments, the trans-
genic plants were able to grow using phosphite 
as the only P source, whereas the non-transgenic 
control and negative lines died after some days 
(Fig. 20.3). When expressed in tobacco plants, 
higher biomass and seed yield were observed 
when fertilized with phosphite in comparison 
to non-transformed controls fertilized with simi-
lar rates of  phosphate (López-Arredondo and 
Herrera-Estrella, 2012). Thus, it could be inter-
esting to evaluate the performance of  transgenic 
maize plants in greenhouse and field tests and 
determine if  an improvement in PUE is revealed.

20.6  Phenotyping: An Important 
Component of Molecular Breeding

Efforts in maize breeding have been mainly fo-
cused on phenotyping aerial shoot traits such as 
ASI, barrenness, stay-green and grain yield. 
However, as presented above, due the importance 
of  root morphological and physiological traits in 
nutrient acquisition, in order to select genotypes 
useful for breeding programmes, root phenotyp-
ing when the nutrimental stress is applied is ne-
cessary and thus increasing efforts have been de-
voted to that end. Recently, root traits related to 
NUE and PUE and associated QTLs important for 
the uptake of  these mineral nutrients have been 
dissected (Gamuyao et al., 2012).

Technological advances in plant phenotyp-
ing now offer now a variety of  tools that can be 
implemented in field and greenhouse tests such 
a multispectral sensors, aerial imaging, and 
even automated mobile and fixed platforms, 
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which can now speed up breeding efforts (for a 
detailed review, see Tracy et al., 2020). However, 
root maize phenotyping under field conditions is 
still a critical point to be overcome due to the dif-
ficulties of  measurements in the field and the ex-
traction of  the intact root system.

20.6.1  Root phenotyping

RSA of  maize is complex and comprises different 
types of  roots that emerge at different physio-
logical stages and display different functional 
properties (Lynch, 1995). Therefore, variation 
in root architecture and function will contribute 
to the efficiency of  nutrient uptake. In particular, 
for P, a non-mobile nutrient that tends to accu-
mulate in the upper layers of  the soil, a root archi-
tecture favouring topsoil foraging is important. In 
maize, bean and soybean, shallow root growth 
angles of  axial roots enhance topsoil foraging 
and, thus, P acquisition; whereas to improve N 
acquisition the development of  deeper root sys-
tems can be more important (Lynch and Brown, 
2012; Lynch, 2013) (Fig. 20.2). Thus, in order to 
develop crops with enhanced NUE and PUE, 
breeding for root traits should prove more effect-
ive than conventional breeding practices.

Numerous studies have been conducted at 
laboratory or greenhouse scale using young 
plants and implementing high-throughput pro-
cedures to measure the root system. Some studies 
reported the use of  hydroponic systems with 
growth media and agarose or gellan gum (San-
guineti et al., 1998) or the paper roll system (Zhu 
et  al., 2006). More recently, the shovelomics 
method allowed root phenotyping of  field-grown 
plants (Trachsel et al., 2011). Moreover, innova-
tive software such as WinRhizo, Smart-Root and 
ARIA (Automatic Root Image Analysis) have 
been developed to analyse root traits (Lobet et al., 
2011; Pace et al., 2014). The shovelomics method 
is based on the use of  shovels to excavate and ex-
tract a soil cylinder where the plant is growing, 
followed by washing out the soil from the roots 
and then quantification of  root traits (Trachsel 
et al., 2011). While this method offers a real view 
of  the root system under the experimental treat-
ment, it is destructive, labour-intensive, time-con-
suming and unsuitable for large screenings. 
Other methods report the use of  columns to grow 
the plants and inert substrates such as sand. 
The method GroScreen-PaGe accompanied by a 
high-resolution imaging module allows non- 
invasive high-throughput root phenotyping and 
is suitable for different plant species including 

Fig. 20.3.  Maize that metabolizes phosphite. Maize genotype B104 was genetically transformed with the 
ptxD gene under control of the ubiquitin promoter, in collaboration with Dr Luis Herrera-Estrella at 
LANGEBIO-Cinvestav and Dr Kan Wang at Iowa State University. Transgenic lines were screened 
directly to test their capacity to use phosphite as the P source on sand–vermiculite substrate. Figure 
shows two putative transgenic lines: a putative positive event (right) and a putative negative event (left). 
(Photograph courtesy of StelaGenomics, Inc.)
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maize; however, only 2- or 3-week-old plantlets 
can be studied (Gioia et al., 2017). Nevertheless, it 
is important to recognize that despite the limita-
tions each method presents, substantial advances 
in maize root phenotyping have been made that 
have allowed high-throughput evaluation of  
large populations under nearly natural condi-
tions and identification of  important root traits. 
Like sequencing technologies, technologies for 
phenotyping are continually expanding and 
evolving new features, thus exploiting their po-
tential for maize breeding will depend on our cap-
acity to integrate the different technologies into 
the generated knowledge.

20.7  Potential of Genome  
Editing Approach to Improve Maize 

Productivity and Performance

Recent advances in genome editing allow the 
alteration of  endogenous genes to improve 
traits in crops without transferring transgenes 
across species boundaries (Brandt and Bar-
rangou, 2019; Chen et  al., 2019). In particu-
lar, the clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associ-
ated protein 9 (Cas9) system has emerged as 
one of  the most promising systems to alter in a 
precise way the genome of  any organism. To 
date, it has been used in numerous crops such 
as tomato, maize, wheat, potato and rice to im-
prove quantity and quality traits (Waltz, 2016; 
Li, T. et al., 2018; Nakayasua et al., 2018). The 
CRISPR systems have been significantly im-
proved over the last years, now allowing the 
editing of  multiple sites of  coding and regula-
tory sequences at the same time, as well as de-
livery methods of  the assembled Cas9 enzyme 
directly to the target cells without the need for 
stable integration of  transgenes (Brandt and 
Barrangou, 2019; Chen et  al., 2019). In rice, 
the CRISPR/Cas9 system has been utilized to 
induce specific mutations in a number of  genes 
with implications in multiple processes such as 
biotic and abiotic stress tolerance, nutritional 
improvement and grain yield (Ma et al., 2015; 
Xu et  al., 2016; Huang et  al., 2018; Lu et  al., 
2018). For maize, there are no reports on the 
use of  the CRISPR technology to obtain high 
NUE or PUE in maize germplasm.

Most of  the work proposed to date to use 
genome editing for crop improvement is based 
on mutations that inactivate gene function or 
cause simple nucleotide substitutions. In the 
case of  OsNRT1.1B, an SNP in OsNRT1.1B be-
tween indica and japonica was reported to induce 
significant alteration of  NUE in rice (Hu et  al., 
2015). Therefore, this suggests that precise sin-
gle-base changes can be made via CRIPSR/Cas9 
reagents and thus produce elite variants of  agro-
nomic traits in crops, which may facilitate NUE 
improvement. It remains to be investigated 
whether similar variations for NRT1.1 are pre-
sent in different maize varieties and landraces 
and if  they can be manipulated by genome edit-
ing approaches to improve NUE. Deep explor-
ation of  genetic variation of  P and N trans-
porters might be a powerful strategy for the 
further improvement of  PUE and NUE and grain 
yield in maize. Another potential target for 
CRISPR/Cas9 application is the N transporters 
ZmNPF6.6 and ZmNPF6.4. In the case of  
NPF6.4, for example, a low-affinity -

3NO trans-
porter that switches to a high-affinity Cl– trans-
porter in the presence of  Cl–, Wen et al. (2017) 
reported that a simple mutation (Y370H) 
resulted in a saturable high-affinity -

3NO trans-
port activity and -

3NO selectivity, whereas an-
other mutation (H362Y) eliminated both -

3NO  
and Cl– transport. By implementing genome 
editing, these and more complex arrangements 
of  mutations can be achieved and therefore ex-
ploited to design fine-tuned strategies for model-
ling plant nitrate and chloride metabolism.

20.8  Challenges and Future  
Perspectives

Significant efforts have been made in maize to-
wards the dissection and isolation of  genes and 
QTLs involved in nutrient-use efficiency. How-
ever, due to complexity of  the regulatory net-
works of  PUE and NUE and the challenges in 
measuring maize phenotypic variations, most of  
the QTL studies did not narrow down to specific 
genes. Although transcriptomic, genomic and 
metabolomic studies have extended our know-
ledge on use efficiencies of  N and P in maize and 
other non-model plants, more integrative stud-
ies are required to be able to develop improved 
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varieties. Unlike herbicide or insect resistance 
traits that have been conferred on several crops 
including maize by expressing a single gene, im-
proving nutrient-use efficiency is much more 
complex. Therefore systems-level approaches 
are necessary to identify and manipulate all the 
genes and their interactors involved in determin-
ing nutrient-use efficiency, as alteration in 
morphology of  the root system, as well as 
physiological and metabolic modifications, will 
be required to achieve significant changes. Fur-
thermore, it is necessary to also incorporate 
fluxomic studies to connect genomic and meta-
bolic data with the phenotype observed. Flux-
omic studies will provide in vivo metabolic fluxes 
in mutants, transgenics and wild-type genotypes 
exhibiting contrasting PUE and NUE pheno-
types. In this regard, to be able to screen and 
exploit genetic diversity and favourable alleles 
present in landraces and native maize from dif-
ferent countries, a major commitment and fund-
ing is required from the scientific community to 
execute large-scale trials in different locations 
with contrasting conditions (i.e. soil characteris-
tics, climate) and in multiple years.

Although several different approaches for 
plant phenotyping have been developed to date, 
phenotyping, mainly root phenotyping, remains a 
major challenge for the improvement of  maize 
and other crop plants. Understanding the founda-
tion of  RSA and related traits is crucial to be able 
to develop varieties with improved NUE and PUE. 
However, most of  the reported systems are difficult 
to implement in maize or they can be implemented 
only at seedling stage, constraining phenotyping 
and evaluations at later stages. Therefore, 
non-destructive systems dedicated to maize phe-
notyping under field conditions are needed.

The ability to genetically transform maize is a 
crucial step for application of  gene technologies 

for maize improvement, and alternative novel 
and innovate protocols for genetic transform-
ation have been reported recently. For example, 
the development of  transgenic maize overex-
pressing morphogenic regulators such as Baby 
boom (ZmBbm) and Wuschel (ZmWus2) genes 
made possible the transformation of  numerous 
previously non-transformable inbred lines with 
high transformation efficiencies (Lowe et  al., 
2016). However, these protocols still rely on la-
borious tissue culture-dependent steps and on 
the induction and maintenance of  embryogenic 
callus, which is expensive and requires dedicated 
personnel with specialized skills. There is an ur-
gent need for efforts to develop more efficient, 
simple and genotype-independent protocols to 
exploit the increasing knowledge on the gen-
omic basis of  maize genetic diversity and adap-
tive plasticity.

It is important also to consider the study of  
other mechanisms, such as autophagic recyc-
ling and epigenetic changes, for example, which 
are starting to be understood. Autophagy plays 
a central role in maize N remobilization during 
N stress and severely impacts maize NUE. AUTO-
PHAGY-RELATED8 (ATG8) and ATG12 have 
been identified as key elements in this process 
(Li, F. et al., 2015) and their potential to improve 
NUE remains to be evaluated. Epigenetic changes 
induced by N and P status have been detected in 
rice and Arabidopsis (Kou et  al., 2011; Yong- 
Villalobos et  al., 2015). In rice, 50% of  the al-
tered methylation patterns were inherited by the 
progeny which was reflected in higher tolerance 
to N starvation (Kou et  al., 2011). Therefore, 
fine-tuned and innovative strategies are required 
to determine the contribution of  epigenetic re-
modelling to NUE and PUE and to be able to ex-
ploit CRISPR/Cas9 technology for epigenome 
editing towards maize improvement.
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21.1  Introduction

Malnutrition caused by consumption of  an 
unbalanced diet has emerged as one of  the major 
health concerns, particularly in the developing 
and under-developed world (Bouis et al., 2019). 
Globally, around two billion people suffer from 
malnutrition, while 820 million people are 
undernourished (IFPRI, 2018). Nearly 45% of  
deaths among children under the age of  5 years 
are linked to malnutrition. Some 150.8 million 
(22.2%) children (<5 years) are stunted, while 
50.5 million (7.5%) do not weigh enough accord-
ing to height (wasting). In India, 38.4% of  the 
children aged <5 years are stunted, 21.0% are 
wasted and 35.7% are underweight (IIPS, 2017). 
Anaemia is a serious health issue in India as 
well, with 58.4% of  children aged 6–59 months, 
53.0% of  adult women and 22.7% of  adult men 
being affected. A survey revealed that 80% of  
individuals in most of  the states in India are 

receiving <50% of  the suggested dietary intake 
of  essential minerals (ICMR, 2010).

Childhood stunting, anaemia in women of  
reproductive age and overweight among women 
are the three most prevalent types of  malnutrition 
observed worldwide. Globally, 88% of  countries 
experience a high level of  at least two types of  
malnutrition, while 29% experience three types 
of  malnutrition (IFPRI, 2018). Malnutrition 
accounts for a loss in gross domestic product of  
11% in Asia and Africa, and it could cost society 
up to US$3.5 trillion per year. Considering the 
paramount importance of  alleviating malnutri-
tion, world leaders at the United Nations framed 
the Sustainable Development Goals (SDGs) for 
meeting the current needs without affecting fu-
ture generations. Alleviating malnutrition is the 
most cost-effective step as every $1 invested in a 
proven nutrition programme offers benefits worth 
$16 (IFPRI, 2016). Thus, a balanced and nutri-
tious diet for people assumes great significance 
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to mitigate malnutrition (Neeraja et al., 2017; 
Yadava et al., 2018; Gupta et al., 2019). Various 
approaches, namely food fortification, medical 
supplementation and dietary diversification, are 
generally used for alleviating micronutrient 
malnutrition (Pfeiffer and McClafferty, 2007). 
However, the success of  these approaches is some-
times limited due of  lack of  purchasing power, 
poor infrastructure facilities, crop seasonality, 
expense and lower bioavailability (Lieshout and 
Pee, 2005; Hossain et al., 2019a). Biofortifica-
tion, a strategy of  increasing micronutrient dens-
ity in the edible parts of  plants through breeding 
approaches, is a viable, sustainable and cost-
effective means for enhancing required levels of  
micronutrients in food (Bouis, 2018).

21.2  Maize and Its Significance

Maize assumes worldwide significance as a source 
of  food, feed and diverse industrial products 
(Prasanna et al., 2020). Maize grains are generally 
consumed as flat bread, porridge, and in boiled 
and roasted forms (Hossain et al., 2019a). Besides, 
maize ears are also used for an array of  specialty 
purposes, of  which sweet corn and waxy corn 
assume great significance (Hossain et al., 2015; 
Devi et al., 2017; Chhabra et al., 2019). Together 
with rice and wheat, maize provides at least 30% 
of  the food calories to more than 4.5 billion 
people in 94 developing countries (Shiferaw et al., 
2011). It is an important staple cereal food crop 
for billions of  people in South America, Africa and 
Asia, with an estimated world production of  
1148 million tonnes from an area of  197 million 
hectares distributed in as many as 169 countries 
(FAO, 2019). In India, maize is an important cer-
eal too, and is grown on an area of  9.2 million 
hectares with a production of  27.8 million tonnes 
in 2018/19 (https://www.indiastat.com/data/
agriculture/maize-17199/data-year/2019, 
accessed 6 March 2021). In India 20% of  the 
maize produced is used for human food, while 
nearly 60% is used for poultry and animal feed 
(Rakshit and Chikkappa, 2018). The demand for 
maize will be doubled by 2050 in the developing 
world (Rosegrant et al., 2009). By 2025, India 
too would require doubling of  the production 
(50 million tonnes) of  maize grain to meet the 
domestic demand (Yadav et al., 2015). Considering 
the growing importance of  maize as both food and 
feed, biofortification of  maize for enhancement 

of  protein quality, provitamin A, vitamin E and 
reduction of  antinutritional factors like phytic 
acid assumes immense significance. Further, 
reducing the glycaemic index (GI) of  maize by 
increasing the proportion of  resistant starch in 
grain will add to its utility. This chapter presents 
the status of  molecular breeding, especially 
marker-assisted backcross breeding (MABB), fol-
lowed in each of  the nutritional traits. In MABB, 
the gene(s) of  interest is/are selected in the 
segregating populations through ‘foreground’ 
selection’, while >90% of  the recurrent parent 
genome (RPG) is recovered through ‘background 
selection’ assisted through genome-wide markers 
(Zunjare et al., 2018a).

21.3  Improvement of Protein Quality

Besides serving as a source of  carbohydrates and 
energy, maize is also an important source of  pro-
tein in the diet, especially in the developing and 
under-developed world where access to pulses 
and non-vegetarian protein sources is quite limited. 
Lack of  adequate protein leads to protein–energy 
undernutrition (PEU), formerly known as protein–
energy malnutrition (PEM) (Bouis and Welch, 
2010; Morley, 2020). Children under 5 years of  
age, pregnant women and elderly people are the 
groups most vulnerable to PEU (Mpofu et al., 
2014). Hoseini et al. (2015) reported that about 
146 million children aged <5 years lack adequate 
protein in their diet. Presence of  all the essential 
amino acids in the human diet helps combat 
PEU (Hossain et al., 2019b). The endosperm of  
traditional maize has all the essential amino acids, 
except lysine and tryptophan (Mertz et al., 1964). 
Lysine and tryptophan are necessary for tissue 
growth through protein synthesis. In addition, 
tryptophan is essential to avoid niacin deficiency 
which may lead to pellagra in humans (Gutierrez- 
Rojas et al., 2008). Further, the deficiency of  
lysine in humans causes fatigue, poor concentra-
tion, irritability, nausea, red eyes, hair loss, an-
orexia and inhibited growth. Therefore, an ad-
equate quantity of  these two amino acids in 
human diets is essential to avoid health dis-
orders. The recommended daily intake of  trypto-
phan is 4 mg/kg body weight for adults, while it is 
8.5 mg/kg body weight for infants. The nutritional 
requirement for lysine in humans varies from 
60 mg/kg body weight in infancy to 30 mg/
kg body weight in adulthood (Gupta et al., 2015).
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21.3.1  Breeding for high lysine  
and tryptophan

Several maize mutants such as o1, o2, o5, o6, o7, 
o9–11, o13, o15, o16, o17, fl1, fl2, fl3, fl4, 
Mucronate and Defective endosperm that enhance 
lysine and tryptophan are available (Gibbon and 
Larkins, 2005). All these mutants have been 
grouped in three major classes: recessive, semi-
dominant and dominant mutations (Wang et al., 
2011). The opaque mutants, which are recessive, 
include o1, o2, o5, o6, o7, o9–11, o13, o15, o16 
and o17; the floury mutations such as fl1, fl2, fl3 
and fl4 are semi-dominant, whereas Mucronate 
and Defective endosperm are dominant mutations. 
The majority of  these alleles affect the storage 
protein synthesis and endosperm texture. Unfor-
tunately, many of  the mutants show adverse 
pleiotropic effects and thus are not suitable for 
breeding programmes (Vasal, 2000).

Normal field maize protein possesses a low 
concentration of  lysine (1.5–2.0% w/w) and 
tryptophan (0.3–0.4% w/w), where lysine is 
most limiting followed by tryptophan for human 
metabolism (Yadava et al., 2018). However, the 
opaque2 (o2) mutant possesses nearly twice the 
normal amount of  lysine (3.5–4.0% w/w) and 
tryptophan (0.7–0.8% w/w), which makes the 
protein value equivalent to 90% of  milk protein 
(Bressani, 1990). The nutritional benefit of  o2 
was discovered in the 1960s (Mertz et al., 1964). 
The recessive o2 gene drastically reduces the 
level of  22-kDa α-zeins and in turn enhances the 
lysine-rich non-zein proteins (Habben et al., 1995). 
Recessive o2 also significantly reduces transcrip-
tion of  lysine keto-reductase (LKR), the enzyme 
that degrades lysine in maize endosperm, 
thereby enhancing the concentration of  lysine. 
Further, o2 is involved in regulation of  various 
metabolic pathways and causes enhanced 
synthesis of  various lysine-rich proteins and en-
zymes (Hossain et al., 2019b). The protein qual-
ity of  o2 maize is 43% better than that of  normal 
maize and 95% of  the value of  casein (Mertz, 
1992). However, pleiotropic effects of  the o2 
mutant, such as soft texture, lower seed density, 
brittleness, insect susceptibility, as well as break-
age of  kernels during mechanical threshing, 
decreased its acceptance among farmers and 
consumers. These negative features of  the 
mutant were ameliorated by the introduction 
of  o2-modifier genes, located throughout the 

genome, having complex phenotypic effects (Vasal 
et al., 1980). The modified-o2 genotypes rich in 
lysine and tryptophan, resembling normal 
maize both in kernel phenotype and agronomic 
performance, were developed by breeders at the 
International Maize and Wheat Improvement 
Center (CIMMYT). The hard endosperm-based 
o2 genotypes with modifier genes are popularly 
called ‘quality protein maize’ (QPM) (Vasal et al., 
1980; Bjarnason and Vasal, 1992). CIMMYT 
played a vital role in disseminating QPM germplasm 
throughout the world that resulted in the release 
of  QPM varieties/synthetics and hybrids in 
many countries.

India released its first series of  biofortified 
maize composites, namely Shakti, Rattan and 
Protina, in 1971 (Gupta et al., 2015). These 
were rich in protein quality but had soft endo-
sperm, thus could not become popular. In 1997, 
accumulation of  modifiers from CIMMYT ger-
mplasm led to the release of  the first hard en-
dosperm-based o2 composite, Shakti 1. The first 
QPM hybrid in India, Shaktimaan 1 (a white ker-
nel-based three-way cross), was released in 
2001, followed by Shaktimaan 2 (a white ker-
nel-based single-cross hybrid) in 2004. The first 
yellow kernel-based single-cross hybrids, Shakti-
maan 3 and Shaktimaan 4, were developed 
together during 2006, followed by Shaktimaan 
5 in 2013. These QPM hybrids are specifically 
adapted to Bihar. Later, a number of  single-cross 
QPM hybrids, namely HQPM 1, HQPM 4, HQPM 
5, HQPM 7 and Pratap QPM Hybrid 1, were re-
leased with wider adaptability to different agroe-
cologies of  the country. Several experimental 
QPM hybrids are in different stages of  national 
testing, and IMHQPM 1530 has recently been 
identified for release through the All India Co-
ordinated Research Project (AICRP) on maize.

21.3.2  Marker-assisted selection  
for high lysine and tryptophan

At the beginning of  QPM research around the 
world, several QPM hybrids and OPVs (open-
pollinated varieties) were developed through 
conventional breeding approaches. However, 
the conventional procedures are tedious and 
time-consuming. Rapid advances in genome 
research and molecular biology have led to the 
development and use of  DNA-based markers to 
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hasten the selection process through marker-
assisted selection (MAS) (Ribaut and Hoisington, 
1998; Babu et al., 2005). Three simple sequence 
repeat (SSR) markers, phi057, phi112 and 
umc1066, were found to present within o2 gene 
(Danson et al., 2006). The phi112 marker is 
dominant, while the other two markers are 
co-dominant. There are many successful examples 
in QPM where several normal maize lines have 
been converted into QPM through MAS. A 
two-generation marker-based backcross breed-
ing programme was carried out for incorporation 
of  the o2 gene in the background of  an early-
maturing normal maize inbred, V 25 (Babu et al., 
2005). The authors developed the QPM version 
of  V 25 with tryptophan content of  0.85%. Dan-
son et al. (2006) introgressed the o2 gene into 
herbicide-tolerant maize inbred lines through 
MAS. Gupta et al. (2013) developed a QPM ver-
sion of  a popular hybrid (Vivek Hybrid 9) 
through MAS, released as Vivek QPM 9 in 2008. 
Vivek QPM 9 is the ‘first MAS-based maize culti-
var’ released for commercial cultivation in India. 
Further, the parental lines of  the three maize hy-
brids HM 4, HM 8 and HM 9 were converted into 
QPM through MAS. Improved versions of  QPM 
hybrids, namely Pusa HM 4 Improved, Pusa HM 
8 Improved and Pusa HM 9 Improved, possessed 
tryptophan and lysine ranging from 0.68 to 
1.06% and from 2.97 to 4.18%, respectively 
(Hossain et al., 2018).

A recessive opaque16 (o16) (on chromo-
some 8) was isolated from Robertson’s Mutator 
(Mu) stock (Yang et al., 2005). Recessive o16 
mutants possessed nearly twofold more lysine 
(0.247%) and tryptophan (0.072%) than 
O16O16-based wild type (0.125% lysine and 
0.035% tryptophan) (Sarika et al., 2017). Sari-
ka et al. (2018a) reported that o16 does not 
influence the endosperm attributes such as 
grain hardness and vitreousness. The recessive 
o16 allele was introgressed into o2-based parental 
inbreds (HKI 161, HKI 193-1, HKI 193-2 and 
HKI 163) of  four QPM hybrids (HQPM 1, HQPM 
4, HQPM 5 and HQPM 7) using MAS (Sarika et al., 
2018b). Hybrids with o2o2/o16o16 showed an 
average increase of  49 and 60% in lysine and 
tryptophan, over the original hybrids, with the 
highest enhancement being about 64 and 86%, 
respectively. Further, o2 and o16 genes have 
been introgressed into the waxy genotype using 
MAS (Wang et al., 2019).

21.4  Improvement of Provitamin A

Vitamin A is required for functioning of  the visual 
system, growth and development, the immune 
system, maintenance of  epithelial cell integrity 
and reproduction in humans (Sommer and 
West, 1996). Vitamin A needs to be essentially 
supplied through diet, as it cannot be synthe-
sized inside the human body. The human body is 
said to be deficient in vitamin A when retinol 
reserve is <0.1 μmol/g (Tanumihardjo, 2011). 
Vitamin A deficiency (VAD) affects at least 190 
million preschool children and 19 million preg-
nant women (WHO, 2009). VAD is prevalent in 
Africa and South Asia including India, where 
people depend on cereals for their dietary re-
quirement. The daily requirement for vitamin A 
in non-pregnant and non-lactating women is 
500 μg/g, while it is 275 μg/g per day in the case 
of  children aged 4–6 years (Andersson et al., 
2017). Night blindness is the hallmark of  VAD; 
however, it also causes keratomalacia, an in-
flammation that causes irreversible blindness, 
besides diarrhoea and respiratory diseases (Som-
mer and Davidson, 2002; Mayer et al., 2008; 
Bouis and Saltzman, 2017). VAD may also cause 
disorders like growth retardation, impaired Fe 
mobilization, depressed immune response and 
increased susceptibility to infectious diseases 
(Sommer and Davidson, 2002; WHO, 2009).

21.4.1  Breeding for high provitamin A

Traditional yellow maize, other than white 
endosperm genotypes, possesses a considerable 
concentration of  carotenoids in the grains com-
pared to rice, wheat and other staple cereals; but 
it is predominated by non-provitamin A type of  
carotenoids while provitamin A content is only 
0.25–2.50 μg/g (Vignesh et al., 2012; Pixley et 
al., 2013; Muthusamy et al., 2015a,c). This is 
well below the target level of  15 μg/g suggested 
for humans by HarvestPlus (Pixley et al., 2013). 
Global research efforts have led to the identifica-
tion of  two key genes in the carotenoid biosyn-
thesis pathway in maize, namely β-carotene hydrox-
ylase (crtRB1) and lycopene-ε-cyclase (lcyE), 
mutant alleles of  which could significantly in-
crease β-carotene and β-cryptoxanthin (major 
provitamin A carotenoids) content (Harjes et al., 
2008; Yan et al., 2010). However, favourable 
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alleles of  these genes causing provitamin A 
enhancement are rare in the population (3.38% 
for lcyE, 3.90% for crtRB1 and 1.30% for both 
alleles) (Muthusamy et al., 2015b). For both the 
crtRB1 and lcyE genes, PCR-based co-dominant 
and gene-based markers were developed and 
validated (Harjes et al., 2008; Yan et al., 2010; 
Babu et al., 2013). These markers have greatly 
reduced the intensive large-scale phenotyping of  
breeding populations required for development 
of  provitamin A-rich biofortified maize (Babu et al., 
2013; Muthusamy et al., 2014; Zunjare et al., 
2018a,b; Goswami et al., 2019a).

Research efforts at CIMMYT and other insti-
tutions worldwide have also led to the development 
of  provitamin A-rich maize genotypes through 
exploitation of  either or both of  the two key 
genes, crtRB1 and lcyE (Prasanna et al., 2020). 
About 11 provitamin A-rich hybrids and/or OPVs 
developed by CIMMYT, Mexico, were released in 
African countries like Malawi, Zambia and 
Zimbabwe. Around 15 provitamin A-rich OPVs, 
developed by the International Institute of  Trop-
ical Agriculture (IITA) in Ibadan, were released 
in Nigeria, Ghana and DR Congo (Gupta et al., 
2019). Of  them, three hybrids (GV662A, GV664A 
and GV665A) were from Zambia, two hybrids (Ife 
maize hyb-3 and Ife maize hyb-4) and two synthe-
tics (Sammaz 38 and Sammaz 39) were from 
Nigeria. One provitamin A-rich synthetic has also 
been released from Ghana (CSIR-CRI Honampa). 
So far, more than 40 provitamin A-rich maize cul-
tivars including synthetics, single-cross hybrids 
and three-way hybrids have been released in Afri-
can countries such as DR Congo, Ghana, Malawi, 
Mali, Nigeria, Rwanda, Tanzania, Zambia and 
Zimbabwe (Andersson et al., 2017). All these 
hybrids/OPVs are reported to contain 6–8 μg pro-
vitamin A/g (Dhliwayo et al., 2014; Simpungwe 
et al., 2017). Around 460 tonnes of  certified seeds 
of  provitamin A-rich cultivars were produced for 
their cultivation by farmers (Gupta et al., 2019). 
Additionally, 64 synthetics and 74 provitamin 
A-enriched hybrids were under extensive test-
ing in 14 African countries (Manjeru et al., 2017).

21.4.2  Marker-assisted selection  
for provitamin A

The favourable allele of  the crtRB1 gene was 
introgressed into parental inbreds of  Vivek QPM 

9, Vivek Hybrid 27, HM 4 and HM 8 using MAS; 
and the improved hybrids showed 5.5- to 10.2-
fold increase in provitamin A compared with the 
original hybrids (Muthusamy et al., 2014). This 
led to the release of  Pusa Vivek QPM 9 Improved 
in 2017, which is the first provitamin A-rich 
commercial hybrid in India. Recently, Pusa Vivek 
Hybrid 27 Improved developed through MAS 
was also released for commercial cultivation in 
India during 2020. Goswami et al. (2019a) also 
introgressed the favourable allele of  crtRB1 into 
HKI 1128Q, a medium-maturing elite QPM inbred 
and female parent of  the hybrid HM 9. Zunjare 
et al. (2018a) introgressed both lcyE and crtRB1 
into elite o2-based parental inbreds of  the four 
popular QPM hybrids. Pusa HQPM 5 Improved 
and Pusa HQPM 7 Improved were released across 
the India and Peninsular Zone, respectively, dur-
ing 2020. Chandran et al. (2019) also combined 
o2 and crtRB1 genes using MAS into the maize 
inbreds, UMI 1200 and UMI 1230, the parental 
inbreds of  CoMH 6. Further, efforts were also 
made to diversify and develop new inbreds by 
crossing promising, locally adapted, recurrent 
inbreds and crtRB1-based donors, followed by 
selection of  homozygous crtRB1 segregants with 
good agronomic performance. These locally 
adapted crtRB1-based inbreds with high pro-
vitamin A and good agronomic performance 
have been evaluated across locations and their 
heterotic potential has been tested (Duo, 2019; 
Goswami et al., 2019b). In China, the favourable 
allele of  crtRB1 was introgressed into two prom-
ising inbreds (CML 161 and CML 171) using 
MAS. The provitamin A level was enhanced up 
to 5.25 μg/g from 1.60 μg/g in CML 161; and up to 
8.14 μg/g from 1.80 μg/g in CML 171 (Liu et al., 
2015). In 2019, China released a MAS-derived 
provitamin A-rich maize hybrid, Yunrui-596 
(Prasanna et al., 2020). Malawi, Zimbabwe and 
Zambia also released MAS-derived provitamin 
A-rich hybrids during 2015–2017.

21.5  Improvement of Vitamin E

Vitamin E or tocopherol plays essential biological 
roles in the human body by protecting against 
reactive oxygen species (ROS) and free radicals 
(Bramley et al., 2000). It plays vital roles in scav-
enging of  ROS and free radicals, quenching of  
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singlet oxygen (high-energy oxygen) and providing 
membrane stability by protecting polyunsatur-
ated fatty acids from lipid peroxidation. Vitamin 
E helps in preventing Alzheimer’s disease, neuro-
logical disorders, cancer, cataracts, age-related 
macular degeneration and inflammatory disease. 
The recommended dietary allowance (RDA) for 
vitamin E is 4 mg/day for children aged 0–6 
months, 15 mg/day for both males and females, 
and 19 mg/day for lactating mothers (Institute 
of  Medicine, 2000). Vitamin E deficiency leads to 
progressive damage to the nervous and cardio-
vascular systems (Traber et al., 2008).

21.5.1  Breeding for high vitamin E

Vitamin E is composed of  four isoforms (α, β, δ, γ) 
and among the various tocopherols, γ-tocopherol 
constitutes ~80% of  the total tocopherol, while 
α-tocopherol accounts for ~20% of  the total pool. 
However, γ-tocopherol is less absorbed by the body 
due to lack of  affinity with receptors in the body. 
On the contrary, α-tocopherol is the most favoured 
fraction and absorbed well by the body. Several re-
searchers (Wong et al., 2003; Chander et al., 
2008; Shutu et al., 2012; Feng et al., 2013) have 
reported various quantitative trait loci (QTLs) for 
kernel α-tocopherol, although they are limited in 
number. However, Li et al. (2012) identified two 
insertion/deletions (InDel7 and InDel118) within 
vte4 (γ-tocopherol methyl transferase) gene which sig-
nificantly affect the accumulation of  α-tocopherol. 
The favourable allele of  vte4 converts γ-tocopherol 
more efficiently into α-tocopherol.

Das et al. (2020) analysed haplotypic vari-
ation for vte4 among 54 diverse inbreds and 
observed that the mean α-tocopherol among all 
three favourable classes (0/0, 7/0 and 0/118) 
was much higher (15.44 μg/g) compared with 
7.63 μg/g in unfavourable genotypes (7/118). 
Das et al. (2018) characterized a set of  inbreds 
with favourable haplotypes of  vte4 using micro-
satellite markers. Das et al. (2019a) identified 
one single-nucleotide polymorphism (SNP) 
(G→A) and three insertion/deletions (14 and 27 
bp) in the vte4 that differentiated low and high 
α-tocopherol accumulating inbreds with favour-
able haplotype (0/0). These newly identified SNP 
and insertion/deletions, in addition to the already 
reported InDel118 and InDel7, can be useful in 
selection of  favourable genotypes with higher 

α-tocopherol in maize. Das et al. (2019b) devel-
oped hybrids using inbreds possessing the favour-
able haplotype of  vte4 and reported higher mean 
α-tocopherol (mean: 21.37 μg/g) than in the 
check hybrids (mean: 11.16 μg/g). In some of  
the hybrids, namely MHVTE 2, MHVTE 18, MH-
VTE 28, MHVTE 10 and MHVTE 3, α-tocopherol 
constituted ≥50% of  the total tocopherol.

21.5.2  Marker-assisted selection  
for vitamin E

InDel118, located 9 bp upstream of  the putative 
transcription start site of  vte4, controls α-tocoph-
erol by regulating transcript level, whereas 
InDel7 affects the translation efficiency of  vte4 
transcripts (Li et al., 2012). Robust gene-based 
markers for InDel7 and InDel118 have been 
reported which are used for marker-assisted 
introgression of  the favourable allele of  vte4 into 
elite genetic backgrounds (Das et al., 2020). Feng 
et al. (2015) used MAS for enrichment of  vitamin 
E through introgression of  vte4 in maize. Fa-
vourable alleles of  InDel7 (deletion) and InDel118 
(deletion) at vte4 locus have recently been trans-
ferred from a suitable donor parent (SY999) to 
four sh2-based sweet corn inbreds through MAS 
(Feng et al., 2015). Average α-tocopherol con-
tent of  the backcross progenies increased signifi-
cantly in K140 and K185 (14.58 and 9.06 μg/g) 
with an average increase of  7.73 and 5.33 μg/g, 
respectively. Converted recipient lines also showed 
improved γ-tocopherol and total tocopherol con-
tents. Average γ-tocopherol content of  four recipi-
ent lines before and after conversion was 29.11 
and 51.45 μg/g, respectively, whereas total 
tocopherol content was 36.63 and 63.34 μg/g, 
respectively. In India, vte4 allele (0/0) was intro-
gressed into the parental lines of  provitamin 
A-rich QPM hybrids (APQH 1, APQH 4, APQH 5 
and APQH 7) (Das, 2019). Reconstituted vte4-
based hybrids possessed mean α-tocopherol con-
tent of  16.8 μg/g over 8.1 μg/g in the original 
version (Gowda, 2019; Prasanna et al., 2020).

21.6  Reduction of Phytate

Fe and Zn are the most common micronutrients 
that have been found to be deficient in predominantly 
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cereal-based human diets (Bouis et al., 2011). Fe 
and Zn are essential for metabolism and their 
deficiency affects human growth and develop-
ment (Bouis and Welch, 2010). Although wide 
variability has been reported for Fe and Zn in 
maize, strong genotype × environment effects and 
accumulation of  a large number of  minor genes 
in a single genotype pose great challenges to 
breeders for development of  Fe- and Zn-rich 
maize (Chakraborti et al., 2011; Agrawal et al., 
2012; Guleria et al., 2013; Gupta et al., 2015). 
Phytic acid/phytate is an antinutritional factor 
that reduces the bioavailability of  Fe (5–7%) and 
Zn (20–30%) in the gut of  humans and animals 
(Andersson et al., 2017). Reduction of  phytate 
in maize assumes great significance for enhan-
cing the bioavailability of  Fe and Zn (Pramitha 
et al., 2019; Abhijith et al., 2020).

Phytic acid (myo-inositol hexaphosphate, 
InsP

6, or phytate) is present in most cereal grains, 
which provides myo-inositol and P which is es-
sential for normal seed germination and seed-
ling establishment. Among the cereals, maize 
seed alone produces approximately 4.8 million 
tonnes of  phytic acid annually around the globe 
(Corell, 1989; Reddy et al., 1989). Phytic acid is 
the most abundant P-containing compound in 
mature seeds, typically representing from 65 to 
80% of  the mature seed’s total P (Raboy, 1997; 
Chu et al., 2009). Presence of  phytic acid in 
human food reduces the bioavailability of  essen-
tial mineral cations, such as Fe3+ and Zn2+. The 
negatively charged phosphate groups on the 
phytic acid molecule can form strong chelates 
with divalent cations. As humans have no 
phytase activity in the gastrointestinal tract, the 
phytate–metal complexes pass through the intes-
tine unabsorbed and lead to lower net absorption 
in the blood (Cosgrove, 1980). Phytic acid also 
interacts with basic amino acids, seed proteins 
and enzymes in the digestive tract to form com-
plexes that may reduce amino acid availability, 
protein digestibility and the activity of  digestive 
enzymes (Raboy, 2000; Hambidge et al., 2004).

Phytic acid in maize grains is also poorly 
digested by monogastric animals and negatively 
affects animal nutrition and the environment. 
On the other hand, the adequately available 
P content of  maize grains gets bound in phytic 
acid and therefore made not available to mono-
gastric animals that lack sufficient phytase in their 
digestive tract for optimal P nutrition (Raboy, 

2006; Chu et al., 2009). As a result, feed has to 
be supplemented with inorganic P to meet the 
requirement for optimal animal growth. The 
undigested phytic acid excreted from monogas-
tric animals is considered a leading source of  
P pollution from agriculture (Raboy, 2006). 
Hence, intake of  cereals which are rich in phytic 
acid is also a reason for nutritional deficiency. 
To overcome this, in the animal feed industry, 
treatment of  animal feeds with food-grade 
phytase, an enzyme that can cleave the phos-
phate groups of  hexa- and penta-phosphate 
forms of  phytic acid, is done extensively. In human 
food, fermentation, malting, soaking and ger-
mination are some food preparation methods 
that can be used to reduce the phytate content of  
foods (Hotz and Gibson, 2007). However, the 
acceptability, practicality and sustainability of  
these methods are limited in various areas.

21.6.1  Breeding for low phytate

In maize, three low phytic acid mutants (lpa1, 
lpa2 and lpa3) have been isolated and character-
ized (Sparvoli and Cominelli, 2015). The lpa1 
is caused by a mutation in the gene ZmMRP4 
responsible for the transmembrane transporter 
protein. This gene is known to play a key role in 
the transfer of  phytic acid to storage vacuoles in 
seeds. The lpa2 mutation is caused due to muta-
tion in the ZmIPK4 gene. The lpa2-1 is a result of  
the sequence rearrangement of  ZmIPK and 
lpa-2-2 is by a transition of  cytosine to thymine 
at the position 158. This eventually causes a 
stop codon in the open-reading frame of  the 
N-terminal region of  ZmIPK (Pilu et al., 2008). 
The lpa3 is caused by a mutation in the gene 
coding for myoinositol kinase (MIK). These iden-
tified mutant lines serve as an essential genetic 
resource for developing low phytic acid lines in 
maize (Sparvoli and Cominelli, 2015). Compared 
with wild-type kernels, the lpa1, lpa2 and lpa3 
mutations achieved 66, 50 and 50% reduction 
in phytic acid content, respectively (Raboy et al., 
2000). The lpa2-2 mutation achieved a 30% 
reduction in phytic acid and a threefold increase 
in inorganic phosphate (Shi et al., 2005). The 
mutant lines are of  temperate origin and are not 
adapted to local tropical and subtropical condi-
tions. Therefore, there is a need to have the lpa 
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locus introgressed into locally adapted, agronom-
ically superior lines to improve their nutritional 
benefit.

21.6.2  Marker-assisted selection  
for low phytate

The genetic map of  maize shows that there are 
several SSRs linked with the lpa2 locus at 1.05 
bin location of  the short arm of  chromosome 1, 
and umc2230 is in proximity (0.4 cM) to the lpa2 
allele. Sureshkumar et al. (2014) introgressed 
the lpa2-2 allele from a low-phytate mutant line, 
EC 659418, into a well-adapted agronomically 
superior line, UMI 395. Mutant lpa2-2 has also 
been introgressed into an elite normal maize in-
bred, UMI 285 (Tamilkumar et al., 2014). Based 
on C (wild) to T (mutant) transition at amino 
acid position 1432 bp of  lpa1-1 gene, two dom-
inant markers each specific to wild type (LPA1) 
and mutant (lpa1-1) allele were developed 
(Abhijith et al., 2020). Full-length sequence 
alignment between wild-type (LPA2) and mutant 
(lpa2-1) alleles revealed one transition mutation 
(A→G) and a co-dominant cleaved amplified 
polymorphic sequences (CAPS) marker was 
developed. Fourteen F

2 populations were suc-
cessfully genotyped using lpa1-1 and lpa2-1 
markers. Segregants with lpa1-1/lpa1-1 (1.77 
mg/g) and lpa2-1/lpa2-1 (1.85 mg/g) possessed 
significantly lower phytic acid compared with 
LPA1/LPA1 (2.58 mg/g) and LPA2/LPA2 (2.53 
mg/g). Overall, homozygous segregants of  lpa1-1 
and lpa2-1 showed 31 and 27% reduction of  
phytic acid, respectively. Four elite inbreds (PMI 
PV5, PMI PV6, PMI PV7 and PMI PV7) that are 
parents of  four provitamin A-rich QPM hybrids 
(APQH 1, APQH 4, APQH 5 and APQH 7) have 
been targeted for marker-assisted introgression 
of  lpa1-1 and lpa2-1 genes from separate donors 
of  exotic origin (Bhatt et al., 2018).

21.7  Reduction of Glycaemic Index

Foods having high GI cause a sharp increase in 
blood sugar that triggers insulin secretion and 
tissue-specific intracellular uptake of  glucose, 
which in turn lowers blood sugar. Repetition of  
these hyper- and hypoglycaemic cycles is known 
to result in insulin resistance and type 2 diabetes 

(Birt et al., 2013). The solution lies in consump-
tion of  coarse cereal crops with low GI. Starch is 
the major food source for the majority of  the 
human population worldwide. Various studies 
suggest that the consumption of  high-amylose 
maize starch lowers GI and promotes colon health 
(Sajilata et al., 2006). Maize starch is one of  the 
best-quality starches having a purity level up to 
99.5%. Due to this property, 80% of  world starch 
is procured from maize (Zhang et al., 2013). 
Starch is composed of  a large number of  glucose 
monomers joined together by glycoside linkages 
and is made up of  two homopolymers, amylose 
and amylopectin. Amylose is a linear molecule 
of  glucose residues linked via α-1,4 bonds, 
whereas amylopectin consists of  both linear and 
branched glucose chains joined by α-1,6 bonds.

On the basis of  digestibility, starch is classi-
fied broadly into two types: soluble starch and 
resistant starch. Soluble starch is readily digested 
and assimilated by the body and quickly elevates 
blood sugar level, leading to high GI. On the 
other hand, the resistant starch escapes from 
being digested in the small intestine and is fer-
mented in the large intestine. Resistant starch 
has a lower rate of  gastric emptying. Due to this 
property, it has a lower GI, as it does not contrib-
ute to the sudden rise in blood sugar. Based on 
the rate and extent of  digestion and physio-
logical properties, starch is classified into three 
major classes (Englyst et al., 1992). Rapidly 
digestible starch (RDS) is digested and converted 
to glucose molecules within 20 min by enzym-
atic digestion. Slowly digestible starch (SDS) is 
converted to glucose after 120 min of  enzymatic 
digestion. Being an inaccessible amorphous 
starch, it takes a longer time to digest, but is 
digested completely in the small intestine. Resist-
ant starch (RS) resists digestion and absorption 
in the small intestine and passes undigested to 
the large intestine. In the large intestine, it acts 
as a substrate for microbial fermentation. As it is 
digested very slowly, it significantly reduces the 
GI. The increasing importance of  resistant 
starch is due its prominent health benefits and 
large industrial applications. As a result of  the 
linear structure of  amylose, it is tightly packed 
and is resistant to digestion. Besides, resistant 
starch does not change the taste or texture, but 
may improve the sensory properties of  products 
in which it is used as an additive (Sajilata et al., 
2006). It acts as a probiotic in increasing the 
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population of  beneficial microflora in the human 
digestive system and decreases the chance of  
colon cancer. It is also efficient in preventing and 
curing various bowel-related problems. Its 
consumption is known to reduce formation of  
gallstones. Replacement of  approximately 5.4% 
of  total carbohydrates in the diet with resistant 
starch significantly reduces fat accumulation, 
thus aiding weight control (Higgins et al., 2004). 
It enhances absorption of  various minerals espe-
cially Ca and Fe in the body (Morais et al., 1996). 
High-amylose maize starch has a large number 
of  industrial uses in food, medicines, textiles, paper 
and environmental protection. High-amylose 
starches particularly from maize are utilized as 
an ingredient in gum candies, as an adhesive for 
corrugated cardboards and in the development 
of  biodegradable thermoplastics (Wu et al., 2009).

21.7.1  Breeding for high amylose

Normal maize has approximately 25% amylose 
and 75% amylopectin (Nelson and Pan, 1995). 
Natural variation within maize germplasm is 
found for amylose content in different genetic 
backgrounds. However, this variation is signifi-
cantly low and cannot be used as a source of  
exploitation for the production of  high-amylose 
maize. Mutant amylose extender1 (ae1) is reported 
to increase amylose in maize starch significantly. 
Maize inbreds (ae1ae1) are available with 50–60% 
amylase. Campbell et al. (2007) released GEMS 
0067, as a high-amylose ae1-based line with 
70% amylose. The recessive ae1 mutant lacks 
the major form of  the starch-branching enzyme 
(SBEIIb), which is ideally responsible for the pro-
duction of  branches leading to amylopectin. 
This mutation creates longer glucan chains of  
amylose and reduces the branch frequency in 
the structure compared with normal maize, 
leading to a high concentration of  amylose and 
lesser amount of  the amylopectin component 
(Liu et al., 2009).

21.7.2  Marker-assisted selection  
for high amylose

Maize ae1 mutants possess distinguishable char-
acteristics phenotypically. These ae mutants can 

be easily identified by their distinct expression of  
tarnished glassy seeds, dull endosperm and slight 
shrinkage. Sequence comparison revealed that 
ae1 allele possessed a 4 bp insertion region 
between the ninth and tenth exon which differ-
entiated it from wild-type Ae1 allele (Chen et al., 
2010). A functional marker was developed which 
amplified a 474 bp fragment in high-amylose 
maize cultivars, whereas no band was produced 
in normal maize genotypes. It was named as 
ae-474 and behaved as a dominant marker 
(Chen et al., 2010). Progenies in BC

1F1, BC2F1 
and BC2F2 populations of  We-4-2 × Chang98 
were successfully genotyped using the ae-474 
marker. Marker-positive progenies possessed 
higher amylose than the marker-negative ones.

Chen et al. (2013) further reported that the 
ae1 mutant (at ninth exonic region) possessed 
an 84 bp deletion compared with normal maize. 
They developed SbeIIb ae InDel marker by target-
ing the sequence flanking this 84 bp deletion. 
This marker differentiated normal and high-am-
ylose maize by producing a 1576 bp PCR prod-
uct in normal maize, compared to a 700 bp band 
in high-amylose genotypes. Sequences of  these 
two fragments were compared which indicated 
an 11 bp deletion in the intron between the 
eighth and ninth exons and a 675 bp deletion 
in the intron between the ninth and tenth exons. 
The ninth exon, together with the 116 and 675 
bp flanking introns, were deleted in a high-amylose 
line, GEMS 0067 (Campbell et al., 2007). GEMS 
0067 is a high-amylose line with ae1 and has a 
modifier gene which increases the total amylose 
content. This modifier has caught attention be-
cause it was found to be the contributor of  high 
amylose content. This modifier was named SbeI 
after the enzyme variant to which it is known to 
cause mutation. The allele responsible for forma-
tion of  SbeI was extensively studied by Chen et al. 
(2013) using mapping data. SbeI in GEMS 0067 
has 15 SNPs resulting in six amino acid changes 
compared with normal maize. Out of  these dif-
ferences, they found that an SNP (C→A) present 
on the sixth exon of  SbeI allele represents an en-
zymatic site for a restriction enzyme, Alu1. 
Thus they designed a marker that generates a 
906 bp fragment in both normal and ae mutant 
maize genotypes. However, upon digestion with 
Alu1, it produces two fragments (617 bp and 
289 bp) in normal maize, whereas the fragment 
remained undigested in high-amylose maize 
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cultivar GEMS 0067 due to transversion of  
C→A on the target site of  Alu1. The markers spe-
cific to SbeIIb and SbeI for tracing ae gene and 
modifier, respectively, are effective in MAS. SbeIIb 
is a co-dominant marker which successfully dif-
ferentiated Ae1Ae1, Ae1ae1 and ae1ae1 geno-
types. This increases the selection efficiency to 
transfer high-amylose genes into high-yielding 
but low-amylose cultivars.

21.8  Breeding for Multi-Nutrient 
Maize

Muthusamy et al. (2014) targeted VQL 1 and 
VQL 2 as parental inbreds for marker-assisted 
introgression of  crtRB1 allele (Fig. 21.1). Pusa 
Vivek QPM 9 Improved is the first released var-
iety in India that possesses higher provitamin A 
(8.15 μg/g), tryptophan (0.74%) and lysine 
(2.67%). It is also the country’s first multi-nutrient- 
rich maize hybrid. Several researchers have 
demonstrated the cumulative and positive effects 
of  crtRB1 and lcyE genes for provitamin A accu-
mulation (Babu et al., 2013; Zunjare et al., 
2017). Liu et al. (2015) also combined crtRB1 
and o2 genes in CML 161 and CML 171 genetic 
background. Zunjare et al. (2018a) stacked the 
favourable alleles of  crtRB1, lcyE and o2 for bio-
fortifying four hybrids for provitamin A, lysine 
and tryptophan. Four elite QPM parental lines 
(HKI 161, HKI 163, HKI 193-1 and HKI 193-2), 
which are the parents for commercial four QPM 
hybrids (HQPM 1, HQPM 4, HQPM 5 and HQPM 
7) with wide popularity in India, were targeted. 
The mean provitamin A content in HQPM 1-, 
HQPM 4-, HQPM 5- and HQPM 7-based recon-
stituted hybrids was 9.95, 10.47, 9.63 and 
12.27 μg/g, respectively. These hybrids also pos-
sessed high lysine and tryptophan as well.

Similarly, the QPM version of  HKI 1128, 
the elite parental inbred of  popular maize hy-
brids HM 9 (HKI 1105 × HKI 1128), HM 10 
(HKI 193-2 × HKI 1128) and HM 11 (HKI 1128 
× HKI 163), was targeted for introgression of  
crtRB1 (Goswami et al., 2019a). HKI 1128 was 
earlier converted into QPM through MAS of  o2 
allele (Hossain et al., 2018), and other parental 
lines, namely HKI 1105, HKI 193-2 and HKI 
163, had been improved for protein quality and 
provitamin A in an earlier programme (Hossain 

et al., 2018; Zunjare et al., 2018a). The crtRB1-
based progenies of  HKI 1128Q possessed higher 
mean provitamin A (10.75 μg/g) compared with 
HKI 1128Q (3.38 μg/g). Essential amino acids 
lysine (mean: 0.303%) and tryptophan (0.080%) 
were high among the introgressed progenies 
(Goswami et al., 2019a). Das (2019) and Gowda 
(2019) stacked o2, crtRB1, lcyE and vte4 genes 
using MAS in the genetic background of  HQPM 
1, HQPM 4, HQPM 5 and HQPM 7 to combine 
high vitamin E, vitamin A, lysine and trypto-
phan. Bhatt et al. (2018) combined lpa2-1 with 
o2 and crtRB1, and lpa2-2 with o2 and crtRB1, 
in an elite genetic background to develop low-
phytate-based provitamin A-rich QPM hybrids.

21.9  Impact of Biofortified Maize  
in Humans

The beneficial effects of  QPM are well demon-
strated worldwide (Tessema et al., 2016; Gunarat-
na et al., 2019). Porridge made from QPM 
resulted in fewer sick days among children con-
suming it compared with those who had por-
ridge from normal maize. Higher rates of  growth 
in weight (12%) and height (9%) were observed 
in infants and young children fed with QPM 
compared with the group given only normal 
maize (Gunaratna et al., 2010). A study showed 
that consumption of  100 g QPM is required for 
children to maintain adequacy of  lysine, a reduc-
tion in consumption to the tune of  40% relative 
to normal maize (Nuss and Tanumihardjo, 2011).

Grains of  provitamin A-rich hybrids were 
analysed for bioaccessibility using the Caco2 cell 
assay (Dube et al., 2018). The daily consumption 
of  200 g of  provitamin A-rich maize hybrids, 
Pusa-PV-16-3 and Pusa-APQH8, would con-
tribute 52 and 64%, respectively, of  the RDA for 
adult Indian men after adjusting for cooking 
losses and conversion factors. Lutein and zeax-
anthin content in the maize digesta and micellar 
fraction was inversely related to the β-carotene 
micellization and intestinal cell uptake, respect-
ively. These results together suggest that the 
enrichment of  provitamin A carotenoids together 
with decreasing the oxygenated carotenoid 
metabolites such as lutein and zeaxanthin will 
further improve the bioavailability of  β-carotene 
from maize hybrids. Gannon et al. (2014) conducted 
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a study on 133 Zambian children, finding that 
β-carotene from maize was efficacious when 
consumed as a staple food in this population and 
could avoid the potential for hypervitaminosis A. 
Another feeding trial of  rural Zambian children 
aged 3–5 years was used to determine the impact 
of  provitamin A-rich orange maize intake on 
serum retinol (Sheftel et al., 2017). The study 
estimated that maize provided 11% of  the recent 
dietary vitamin A to these children. These results 
demonstrated that orange maize is efficacious 
at providing retinol to the vitamin A pool in chil-
dren through maize provitamin A carotenoids. 
Zuma et al. (2018) also conducted a study in the 
rural farming district of  Mkushi, Zambia, in 
which children aged 4–8 years were fed with 
(i) provitamin A-rich orange maize meal or (ii) 
white maize meal, which were prepared accord-
ing to standardized recipes. Blood samples before 
and after the intervention were collected which 
showed that consumption of  provitamin A-rich 
maize significantly improved the children’s serum 
β-carotene concentrations compared with trad-
itional white maize.

21.10  Impact of Biofortified Maize  
in Poultry and Pigs

Poultry and swine have been recognized as 
affordable sources of  protein worldwide in the 
forms of  egg and meat. The feed alone contrib-
utes about 75–80% of  the total cost of  poultry 
and swine management under intensive feeding 
systems. Maize is well recognized as the king 
of  feed ingredients, which contributes about 
55–65% of  the poultry diet. It is a primary 
source of  supplemental energy and can contrib-
ute up to 30% of  protein, 60% of  energy and 
90% of  starch in an animal’s diet (Dado, 1999). 
About 70–80% of  maize production is used as a 
feed ingredient for livestock worldwide.

21.10.1  Effect of quality protein maize on 
growth performance of broiler chickens

Chicks weigh 40–45 g on the day of  hatch and 
grow to about 2.2–2.4 kg by 40 days of  age, 
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(o2o2)

QPM
(o2o2)

QPM
(o2o2/Cr1Cr1)

ProA
(O2O2/cr1cr1)

F1
(O2o2/Cr1cr1)

BC1F1
(o2o2/Cr1cr1)

Select individuals with high RPG and
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• Foreground selection for crtRB1
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QPM and proA-rich
version

• Foreground selection for crtRB1
• Whole-genome background selection

Select individuals with desirable
agronomic and yield-related traits

• Foreground selection for o2 and crtRB1
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Fig. 21.1.  Breeding scheme depicting introgression of crtRB1 gene into o2-based QPM genotype. O2, 
unfavourable allele of opaque2; o2, favourable allele of opaque2; Cr1, unfavourable allele of crtRB1; 
cr1, favourable allele of crtRB1; proA, provitamin A.
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which is mainly due to genetic selection for body 
weight and better management practices adopted 
by stakeholders (Rajasekhar et al., 2020). This 
fast growth is a big challenge to the nutritionist 
to formulate high-nutrient-density diets that are 
well balanced in essential nutrients to meet the 
bird’s genetic potential. Maize is a popular energy 
cereal used in combination with protein meal, 
such as soybean meal, in the formulation of  
broiler chicken diets. When QPM replaced nor-
mal maize (NM) (weight for weight) in practical 
broiler diets, higher body weight gain (BWG) 
(1944 g) was noticed in broilers on the QPM diet 
(Osei et al., 1998; Panda et al., 2010) compared 
with the NM diet (1904 g) at 6 weeks of  age. 
Dietary replacement of  NM with QPM (weight 
for weight, without balancing amino acids) im-
proved BWG (2.23 kg in NM versus 2.26 kg in 
QPM) and feed conversion ratio (FCR) (2.07 ver-
sus 2.03) in broilers (Bai, 2002). Amonelo and 
Roxas (2008) reported higher BWG and better 
FCR in broilers on a QPM-based diet compared 
with an NM-based diet. In another study, Onimi-
si et al. (2008) replaced NM at 0, 25, 50, 75 and 
100% with QPM in diets for ‘Ross’ broiler chicks 
and compared performance against a group fed 
a control NM diet balanced with synthetic lysine. 
They reported that 100% dietary replacement of  
NM by QPM increased BWG and FCR during 
both starter and finisher phases. Rajasekhar et 
al. (2020) experimented with the ‘Cobb 400’ 
breed of  chickens and reported that the QPM 
diet produced higher BWG, breast yield, better 
FCR, lower abdominal fat and higher ready-to-
cook meat over NM. When NM was supple-
mented with cottonseed meal (CSM) and guar 
meal (GM) as an alternative source of  protein, 
QPM still improved the performance, slaughter 
parameters and nutrient utilization over NM 
with CSM and GM.

21.10.2  Effect of feeding quality protein 
maize-based diets on laying hens

Replacement of  NM with QPM in the diet of  lay-
ing hens increased egg production (EP) (88% in 
NM versus 91% in QPM) (Osei et al., 1999). 
Similarly, Zhai (2002) reported higher EP 
(89.63% in NM versus 90.97% in QPM) and feed 
consumption due to the complete dietary replace-
ment of  NM by QPM, whereas FCR (feed/egg) 

and egg weight were not affected by feeding a 
diet based on QPM or NM. Panda et al. (2012) 
studied the utilization of  QPM in the diet of  
‘White Leghorn’ layers (28–44 weeks of  age) 
and found that replacement of  NM with QPM 
increased EP and improved feed efficiency. How-
ever, feed intake, egg weight, BWG and mortality 
were not affected among the groups fed NM- or 
QPM-based diets. Supplementation of  lysine to 
the NM-based diet increased EP, which was com-
parable to that of  the QPM-based diet without 
supplemental lysine (Tyagi et al., 2011; Panda 
et al., 2012). It was concluded that synthetic 
lysine supplementation can be minimized in the 
QPM-based layer feed.

Replacing NM with QPM, or the NM + lysine 
diet, had no influence on egg quality parameters 
such as albumen, yolk or shell, shell weight or 
shell thickness. However, feeding QPM-based diets 
improved haugh units and yolk colour index 
(Zhai, 2002; Panda et al., 2012). Liu et al. (2012) 
reported that provitamin A equivalents in-
creased in the eggs of  hens fed maize with high 
β-cryptoxanthin content. Moreno et al. (2016) 
observed higher accumulation of  provitamin A 
(3.09 ppm) in egg yolks when hens were fed with 
provitamin A-rich maize, compared with 0.33 
ppm in hens fed a commercial yellow maize 
variety.

21.10.3  Effect of feeding quality protein 
maize-based diets on growth of pigs

The intake of  dry matter (DM) was higher in pigs 
fed QPM compared with those fed NM (1.66 ver-
sus 1.60 kg/day) and the DM total-tract digest-
ibility was lower in the QPM-fed pigs compared 
with the NM-fed pigs (89.0 versus 90.5%). The 
daily N intake was higher in the pigs fed QPM 
(24.0 g/day) than in the pigs fed with NM (22.0 
g/day). The digestible N intake was higher in the 
pigs fed QPM. Lysine digestibility was also higher 
in the pigs fed QPM than in those fed NM. Con-
cerning the growth performance of  pigs during 
the grower phase (20–50 kg), replacement of  
NM with QPM improved the average daily body 
weight gain (ADG) and FCR. In the finisher 
phase (50–80 kg), replacement of  NM with 
QPM in the pig diet remarkably increased ADG. 
This indicated that feeding QPM-based diets 
has an advantage over NM-based diets in pigs. 
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The higher BWG and better FCR might be due to 
the increase in the lysine content and higher di-
gestibility of  critical essential amino acids 
(Gao, 2002), which might have contributed to 
better performance in pigs. Similar results were 
also obtained by Sullivan et al. (1989) in grower 
pigs and Burgoon (1992) in finisher pigs.

21.11  Challenges and Future  
Prospects

The germplasm base for nutritional quality is 
extremely narrow compared with the traditional 
maize germplasm developed for high productiv-
ity. Thus, widening of  the genetic base through 
systematic crosses and development of  diverse 
inbreds followed by their heterotic grouping 
should be the priority of  breeding programmes 
for nutritional quality in maize. Further, rainfed 
ecologies are more prone to several abiotic 
stresses due to unpredictable weather patterns. 
There is an urgent need to combine tolerances to 
drought, heat and waterlogging with nutritional 
quality. Besides, new diseases like maize lethal 
necrosis and insect pests such as the fall army-
worm have caused significant losses to the crop 
in recent times. Thus resistance breeding should 
also be an integral part of  biofortification 
programmes.

There is a strong need to demonstrate nutri-
tionally enriched maize hybrids/OPVs in farmers’ 
fields. Strengthening the seed chain to produce 
and supply good-quality seeds is an important 
step for the popularization of  biofortified var-
ieties. Low cost and quality seed production re-
main major issues for enhancing the adoption 
rate of  biofortified hybrids. Farmer, private, co-
operative and public-sector participatory seed 
production programmes need to be evolved in 
the future for assuring quality seed availability. 
The ‘seed village/district’ concept must be adopted 

to produce quality seeds. Even in commercial 
production, it is better to move to the ‘biofortified 
maize village’ concept to address the issue of  
contamination by pollen from neighbouring fields 
having normal maize. Providing subsidized 
seeds and other inputs to farmers would further 
contribute to the rapid dissemination of  nutri-
tionally improved cultivars among the farmers.

Awareness generation on the health bene-
fits of  biofortified crops is also a key factor for the 
rapid adoption of  biofortified varieties by farm-
ers. Educational background of  the household 
head and extent of  farmers’ participation in 
demonstration trials and field days are the im-
portant factors for the generation of  awareness. 
Further, the decision by households to adopt bio-
fortified crops and the subsequent decision to 
allocate the nutritious food to young children 
are also significant factors for impacting chil-
dren’s nutrition and health. Farmers raising 
poultry and pigs also require sensitization on the 
beneficial effects of  biofortified maize on their 
animals’ growth and development. The appre-
hension of  low yielding potential of  biofortified 
varieties has also been identified as another im-
portant factor for slow popularization among 
farmers. It is now well established that the bio-
fortified varieties are comparable to traditional 
varieties for their yield potential.

Strong policy support is an important fac-
tor for the success of  biofortified crops. Segrega-
tion of  grains of  biofortified crops in the market 
and assurance of  remunerative prices through 
minimum support price and/or premium price 
in the market would also encourage farmers to 
grow more biofortified crops. Inclusion of  these 
biofortified cereals in different government-
sponsored programmes, especially those related 
to nutrition for child development and the 
well-being of  pregnant women and school-going 
children, would help in providing the much-
needed balanced food for healthy and disease-
free future life.
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22.1  Introduction

World food security is being challenged by the 
rapidly growing global population, emerging 
global climate change, stagnating crop product-
ivity, and increasing public concern about envir-
onmental pollution resulting from intensive food 
production practices. Population experts are 
predicting that the world’s population will grow 
to 9.6 billion by 2050. To feed this population, 
agricultural production must be increased by 
45–50% over the next 30 years (Godfray et al., 
2010). Climate experts are drawing attention to 
and showing evidence for rising temperatures, 
erratic rainfall, declining water tables and in-
creasing drought incidence. Hatfield et  al. 
(2011) investigated the potential effects of  glo-
bal climate change on agriculture and found 
that ‘climate disruptions to agricultural produc-
tion have increased in the past 40 years and are 
projected to increase over the next 25 years. By 
mid-century and beyond, these impacts will be 
increasingly negative on most crops and live-
stock.’ The Intergovernmental Panel on Climate 
Change (2007) predicted that the current aver-
age temperature will increase by 2–3°C over the 
next 30–50 years. Hatfield and Prueger (2015) 

showed that warmer temperatures during repro-
ductive stages would reduce maize grain yield by 
as much as 80–90%. Daryanto et al. (2016) ana-
lysed historical data of  drought effects on crop 
production and showed that when water was re-
duced by approximately 40%, wheat and maize 
yields were reduced by 21 and 39%, respectively. 
On the other hand, agricultural experts have not 
been able to raise the yield potential of  major 
cereals and pulses to levels that occurred during 
the ‘green revolution’ era. It has been reported 
that the genetic gain in some major crops has in-
creased only slightly (Ray et  al., 2012) or even 
stagnated (Godfray et  al., 2010; Tilman et  al., 
2011; Schauberger et al., 2018). The level of  the 
reported genetic gain cannot meet the demand 
for food, feed, clothing and biofuel for the pro-
jected global population. Environmentalists are 
expressing strong concerns about environmen-
tal pollution due to excess fertilizer and pesticide 
use as well as questioning the use of  genetically 
modified crops with foreign genes.

Maize (Zea mays L.), commonly known as 
corn, is the world’s leading field crop for human 
food, animal feed and bioenergy (ethanol). It is a 
truly worldwide crop that was grown in 169 
countries or regions on a harvested area of  236 
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million hectares and produced more than 1404 
million tonnes of  grains in 2018 (FAO, 2019). 
The number of  countries or regions that grew 
maize in 2018 was respectively 36 and 43% 
more than those that grew the two other world-
wide staple food crops, wheat and rice. The total 
harvested area of  maize was close to that of  
wheat, but larger than that of  rice by 20%. The 
total world maize production was much higher 
than the 865 million tonnes of  wheat and the 
996 million tonnes of  rice (FAO, 2019).

The challenge is how to produce 35–50% 
more food over the next 40–50 years with less 
land, less fertilizers, less pesticides and less irri-
gation water, on the one hand, and erratic 
rainfall, frequent drought and increasing tem-
peratures, on the other. Enhanced crop im-
provement through research, development 
and applications of  new technologies (Ronald, 
2014; Li et  al., 2018) or molecular breeding 
has been one of  the approaches of  choice to 
help feed the world. It is essential to develop 
and utilize substantially improved crop var-
ieties for enhanced crop production. Therefore, 
several molecular technologies have been devel-
oped and used for enhanced crop improve-
ment, including marker-assisted selection 
(MAS) (Collard et al., 2008), genetic engineer-
ing (GEE) (Datta, 2013), RNA interference 
(RNAi) (Yogindran and Rajam, 2015), genomic 

selection (GS) (Meuwissen et  al., 2001; Desta 
and Ortiz, 2014), gene editing (GE) (Abdallah 
et  al., 2015) and gene-based breeding (GBB) 
(Zhang, M.P. et al., 2020a).

This chapter first clarifies plant breeding 
and its underlying molecular basis, then reviews 
the molecular technologies that have been de-
veloped thus far for enhanced plant breeding. 
These are necessary to better understand the ap-
plications and perspectives of  these molecular 
technologies for enhanced maize breeding. Next, 
the chapter updates the recent advances of  the 
molecular technologies for maize grain yield 
breeding in the past decade. Finally, the chapter 
compares these molecular technologies and 
underlines their perspectives for continued 
maize yield improvement.

22.2  Plant Breeding and Its 
Underlying Molecular Basis

Plant breeding, including pure line variety 
breeding (Fig. 22.1) and hybrid variety breed-
ing (Fig. 22.2), often includes three steps: 
(i) parent selection; (ii) cross design; and 
(iii) progeny selection. In comparison, parent 
selection is probably the most important to a 
successful breeding, because it is impossible to 

Parent selection

Cross design

Progeny selection

New varieties or new
 inbred lines

Select breeding parents that are the most desirable to meet the
breeding objective(s)

Design cross that maximizes the combination of the favourable
alleles and heterotic genotypes of the genes controlling the
objective trait(s) from parents into progeny, including two-, three-
or four-way cross, backcrossing or self-pollination, and number of
generations of backcrossing or self-pollination

Select individuals from the progeny or breeding population that are
better than the present best variety in objective trait(s), such as
yield, quality and/or tolerance to abiotic and biotic stresses

New varieties are registered and released for commercial
production if they pass regional or national variety trial tests, while
new inbred lines are released for hybrid breeding or future breeding

Fig. 22.1.  A general flowchart of plant breeding for new pure line varieties or new inbred lines. Of these 
steps of the breeding process, parent selection is the most crucial to success in the development of elite 
varieties, followed by cross design. It is impossible to develop an elite variety that is competitive for 
commercial production from a progeny or breeding population without elite individuals. Progeny selection 
identifies the elite individuals existing in the progeny population that can be potentially developed into 
elite varieties competitive for commercial production.
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develop a superior variety from the progeny 
derived from parents that do not contain su-
perior individuals. Therefore, it is crucial to 
the success of  plant breeding to identify the 
parental lines that are the most desirable to 
approach the breeding objective(s). The next 
in importance is probably cross design be-
cause it is essential to maximize the combin-
ation of  the favourable alleles and/or heterotic 
genotypes of  genes controlling the objective 
trait(s) from the selected breeding parents into 
progeny. Cross design includes, but is not 
limited to, which of  the selected parents is 
used as the female parent(s) and which is used 
as the male parent(s); which of  the cross 
methods is used, two-way, three-way or four-
way cross; whether backcross is pursued; and 
for how many generations the backcross or 
selfing pollination is carried out. In the other 
words, should all favourable alleles of  the 
genes controlling the objective trait(s) be fixed 
(homozygous), or the additive or complete 
dominant alleles of  the genes be fixed, but the 
over-dominant alleles be maintained heterozy-
gous? The least important among the three 
steps of  plant breeding probably is progeny se-
lection, which is aimed at identifying the best 
individual from the resulting progeny and de-
velop it into a variety that is competitive for 
commercial production.

Plant breeding overall is a continuous process 
in which only a progeny line that is significantly 
better than the best variety that is presently grown 
for commercial production can be developed 
into a new variety and released for commercial 
production. Since most agronomic traits, such as 
yield, quality and environmental stress toler-
ances, are controlled by numerous genes, the 
molecular basis of  plant breeding is, in fact, to 
incorporate continuously and substantially the 
favourable alleles and/or heterotic genotypes of  
the genes controlling the objective trait(s), such 
as yield, from breeding parents into the present 
best varieties or breeding lines. This molecular 
basis of  plant breeding is applied not only to the 
conventional phenotype-based breeding (PBB), 
but also to the modern plant breeding assisted by 
molecular breeding technologies, such as MAS, 
GEE, RNAi, GS, GE and GBB.

22.3  The Molecular Technologies 
Developed for Enhanced Plant  

Breeding

The conventional PBB, in which parent selection, 
cross design and progeny selection are all based 
on the visible phenotype of  the objective trait(s), has 
greatly contributed to crop genetic improvement, 

Selection for
parental inbred lines

Cross design

Hybrid evaluation
and selection

New hybrid variety

Select inbred lines that are the most desirable to meet the breeding
objective(s)

Design cross that maximizes the combination of the favourable allele
and heterotic genotypes of the genes controlling the objective
trait(s) from inbred line parents into hybrids, including single cross,
three-way cross or double cross

Select hybrids that are better than the present best hybrid for the
objective trait(s), such as yield, quality and/or tolerance to abiotic
and biotic stresses

New hybrid varieties are registered and released for commercial
production if they pass regional or national variety trial tests

Fig. 22.2.  A general flowchart of plant breeding for hybrid varieties. Of these steps of the hybrid variety 
breeding process, parental inbred line selection is the most crucial to success in the development of super-
ior heterotic hybrid varieties, followed by cross design. It is impossible to develop a superior heterotic 
hybrid variety that is competitive for commercial production from hybrids without a superior hybrid. Hybrid 
selection identifies the superior hybrid from a number of hybrids developed and under field trial evaluation 
that can be potentially developed into a superior hybrid variety competitive for commercial production.
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through which many superior varieties have 
been developed, thus increasing agriculture pro-
duction. Nevertheless, it has been a rigorous 
challenge how to continuously improve crops on 
the basis of  the present crop varieties. It has been 
the consensus that continued crop improvement 
will be largely contingent on research, develop-
ment and application of  molecular technologies 
in plant breeding. Therefore, MAS (Collard et al., 
2008), GEE (Datta, 2013), RNAi (Yogindran and 
Rajam, 2015), GS (Meuwissen et al., 2001; Desta 
and Ortiz, 2014), GE (Abdallah et al., 2015) and 
GBB (Zhang, M.P. et al., 2020a) have been devel-
oped to improve the ability, efficiency and prod-
uctivity of  plant breeding and/or to accelerate 
the breeding process.

22.3.1  Marker-assisted selection

MAS was the first molecular method initiated for 
enhanced breeding in the early 1990s (Fig. 22.3). 
It is an indirect method for the objective trait for 
parent selection, cross design and progeny selec-
tion, and usually used to help improve an existing 
variety in one or two agronomic traits that are un-
desirable for commercial production.

Especially, MAS is often aimed at selecting 
the individual(s) from a breeding progeny that 
contain(s) the favourable allele of  a major gene 
or quantitative trait locus (QTL) controlling the 
objective trait using its closest linked flanking 
DNA markers. MAS can be also used for parent 
selection and cross design (Table 22.1), but its 
efficiency is limited for these uses. MAS is often 
used in the following instances: (i) the objective 
trait is genetically a simple trait controlled by 
one or a few major genes, or the objective trait is 
a quantitative trait with a lower heritability, but 
the targeted QTL has a major effect on the object-
ive trait; (ii) the objective trait cannot be properly 
phenotypically selected in early generations of  

intermating or selfing, and in off-season nurser-
ies or a greenhouse; (iii) backcrossing is used to 
incorporate the rare, favourable allele of  one or a 
few genes or QTLs from a wild or an exotic ger-
mplasm line into an existing variety; or (iv) the 
breeding objective involves multiple traits that 
cannot be conducted for progeny selection under 
a single condition, such as breeding for high 
yield with disease resistance.

Figure 22.4a summarizes a general flow-
chart of  MAS. Although some of  the DNA mark-
ers that have been previously mapped and 
closely linked to the gene or QTL controlling the 
objective trait can be directly used for MAS for a 
targeted breeding population, most of  them can-
not be directly used for plant breeding in a breed-
ing programme. This is because the closely 
linked DNA markers, such as single-nucleotide 
polymorphism (SNP), may be no longer poly-
morphic and/or may have a different linkage 
phase (repulsion or coupling) with the targeted 
locus in the targeted breeding population. The 
effect of  the targeted QTL may also vary, due to 
gene × genetic background interactions and/or 
genotype × environment (G × E) interactions. 
Therefore, it is necessary to test and verify the 
polymorphism and linkage phase of  the closest 
linked DNA markers, and the effect of  the tar-
geted QTL on the objective trait, before MAS is 
carried out. If  the closest linked DNA marker is 
no longer polymorphic in the targeted breeding 
population, a different marker in the bin of  DNA 
markers containing the closest linked marker or 
the next closest linked marker is tested and, if  
polymorphic, used for MAS. If  the targeted QTL 
no longer has a major effect on the objective trait 
in the targeted breeding population, a different 
QTL controlling the objective trait may be se-
lected for MAS.

The next concern of  MAS is the selection 
and use of  DNA markers for MAS. This influ-
ences not only the reliability of  MAS, but also 
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GEE

RNAi GE GBB
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Fig. 22.3.  History of molecular breeding for crop genetic improvement. MAS, marker-assisted selection; 
GEE, genetic engineering; RNAi, RNA interference; GS, genomic selection; GE, gene or genome editing; 
GBB, gene-based breeding.
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Table 22.1.  Comparison of the molecular technologies developed to date for enhanced crop improvement.

Method Breeding objective Potential use No. of genes GMO Trait

Marker-assisted 
selection (MAS)

Improve an existing 
variety or breeding 
line

•	 Limited parent 
selection

•	 Limited cross design
•	 Progeny selection

One or more 
major genes

No Simple 
trait

Genetic engineering 
(GEE)

Improve an existing 
variety or breeding 
line

•	 Gene transformation
•	 Progeny validation

One or a few 
major genes

Yes Simple 
trait

RNA interference 
(RNAi)

Improve or fine-tune 
an existing variety 
or breeding line

•	 RNAi transformation
•	 Progeny validation

One or a few 
major genes

Yes Simple 
trait

Gene or genome 
editing (GE)

Improve or fine-tune 
an existing variety 
or breeding line

•	 gRNA transformation
•	 Progeny validation

One or a few 
major genes

Possibly 
not

Simple 
trait

Genomic selection 
(GS)

Develop new varieties 
or new breeding 
lines

•	 Progeny selection Genome-wide 
genes

No Polygenic 
trait

Gene-based 
breeding (GBB)

Develop new varieties 
or new breeding 
lines

•	 Parent selection
•	 Cross design
•	 Progeny selection

Genome-wide 
genes

No Polygenic 
trait

GMO, genetically modified organism; gRNA, guide RNA.

2.0 cM 3.0 cM

r2r1

Marker 1 Marker 2Target locus

MAS with a single flanking marker:

• Reliability with Marker 1: 1 – r1 = 1 – 2%  =  98.0%

• Reliability with Marker 2: 1 – r2  = 1 – 3%  =  97.0%

MAS with both flanking markers:

• Reliability: 1 – 2 r1 r2 = 1 – 2 × 2% × 3%  =  99.9%

(b)

Target locus for objective trait
previously mapped using a biparental population or a

genome-wide association study (GWAS) panel

Target locus for objective trait
with flanking DNA markers that are polymorphic in

selected breeding parents

Flanking marker
polymorphism and linkage
phase validation

Target locus for objective trait 
having a major effect on the objective trait in the

breeding population developed from the selected parents
because the magnitude of a QTL effect varies across

populations and across environments

QTL effect validation

Marker-assisted selection (MAS)
using one or both of the two flanking markers

Genotyping the breeding
population with the DNA
markers flanking the QTL

(a)

Fig. 22.4.  Marker-assisted selection (MAS). (a) Flowchart of MAS. (b) The mapped target locus selected 
for MAS and its selection reliability. The target locus could be a major gene or quantitative trait locus 
(QTL) controlling the objective trait.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Molecular Breeding for Improving Yield in Maize: Recent Advances and Future Perspectives	 385

the utility of  the plant lines resulting from MAS 
for subsequent commercial variety develop-
ment. The reliability of  MAS depends on both 
the genetic distance between the DNA marker 
and the targeted locus, and the number of  
markers used for MAS. The closer to the tar-
geted locus or loci the DNA markers selected for 
MAS, the more reliable the MAS and the more 
applicable for variety development the plant 
lines resulting from MAS. It is worthwhile to 
clarify here that there is usually no correlation 
between genetic (calculated from genetic re-
combination frequency) and physical (true) dis-
tances. The genetic distance may substantially 
vary between the population used for targeted 
locus mapping and the breeding population, 
due to gene × genetic background interaction, 
and between earlier and later generations, be-
cause of  the variation in probability of  genetic 
recombination between the marker and the tar-
geted locus through generations. If  both closest 
linked flanking DNA markers can be used, the 
reliability of  MAS can be increased, relative to 
use of  only one of  the two closest linked flank-
ing markers, but the cost of  MAS could be 
largely doubled. The utility of  the plant lines re-
sulting from MAS for variety development is 
also an issue of  distance, especially physical dis-
tance, between the marker and the targeted 
locus. The larger the physical distance between 
the marker and the targeted locus, the larger 
the chromatic segment containing the targeted 
locus that would be selected for. Therefore, the 
likelihood that the chromatic segment also car-
ries undesirable genes would be increased, thus 
reducing the utility of  the plant lines resulting 
from MAS for variety development.

No genetically modified organism (GMO) 
is created or involved in MAS, but it is likely 
that undesirable gene(s) accompany the tar-
geted gene controlling the objective trait. 
Moreover, since it is often used for progeny se-
lection for one or a few genes controlling the 
objective trait at a time, MAS is better suited 
for crop genetic improvement for simple ob-
jective traits each controlled by one or a few 
major genes. MAS is less efficient for genetic 
improvement for complex or quantitative 
traits controlled by numerous genes, unless 
DNA markers associated with most, if  not all, 
of  the QTLs controlling the objective trait are 
applied for MAS.

22.3.2  Genetic engineering

GEE is also one of  the first developed and used 
molecular technologies for enhanced crop gen-
etic improvement in the early 1990s (Fig. 22.3). 
This technology is also often used to improve an 
existing variety in one or two agronomic traits 
that are undesirable or absent for commercial 
production. This is accomplished by genetic 
transformation of  the favourable allele of  the 
gene controlling the objective trait, or of  one or 
two exotic genes controlling a new trait of  inter-
est into the variety (Table 22.1).

Figure 22.5a shows a general flowchart of  
crop improvement through GEE. The genomic 
DNA of  the targeted gene including its regula-
tory elements, such as promoter and enhancer, 
or the full-length complementary DNA (cDNA) 
of  the targeted gene is cloned into a plant trans-
formation binary vector, thus creating a so-called 
gene transformation ‘construct’. Nevertheless, 
when the cDNA of  the targeted gene is used to 
develop the gene transformation construct, it is 
necessary to use the transcript of  the targeted 
gene that is responsible for the objective trait. 
Zhang, M.P. et al. (2019, 2020b) showed that a 
number of  genes in maize are alternatively 
spliced into multiple transcripts while they ex-
press. Zhang, M.P. et  al. (2020b) reported that 
only one to four, but not all, of  the transcripts 
spliced from a maize grain yield gene control 
grain yield in maize. The construct is then trans-
formed into an existing variety to be improved 
through either the Agrobacterium-mediated or 
gene gun transformation method. The trans-
formed plants are selected and validated for the 
presence of  the transformed targeted gene or 
transgene, the performance of  the targeted trait 
and the performance of  other agronomic traits 
that may be affected by the transgene. This is be-
cause most of  the genes controlling a quantita-
tive trait are pleiotropic and all genes controlling 
a quantitative trait are functionally correlated, 
forming an interaction network (Zhang, M.P. 
et al., 2020b). If  the objective trait of  the variety 
has been significantly improved in the transgenic 
plant, with no other agronomic traits that have 
been significantly adversely affected, the trans-
genic plant could be developed into an improved 
variety or breeding line.

GEE is potentially a straightforward and 
rapid method for plant genetic improvement 
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through replacing the undesirable alleles of  the 
targeted gene existing in the variety to be im-
proved, or adding a gene controlling a new trait 
that is absent in the variety, but the variety 
developed from the transgenic plant is often 
subjected to the issue of  GMO, to the genotypic 
specificity of  genetic transformation and to the 
limitation of  large-scale crop genetic improve-
ment or development of  brand-new varieties.

22.3.3  RNA interference

RNAi is a molecular tool for enhanced breeding, 
initiated in the early 2000s (Fire et al., 1998; Ku-
saba, 2004) (Fig. 22.3), that also involves trans-
genes and, thus, GMO. Instead of  adding the fa-
vourable allele of  the gene controlling the 
objective trait or an exotic gene controlling a 
new trait of  interest to an existing variety as 
does GEE, RNAi aims to improve or fine-tune an 
existing variety through spatially and/or tem-
porally regulating the expression of  the gene 
controlling the objective trait (Table 22.1). In 
other words, RNAi can fine-tune the expression 
of  the targeted gene controlling the objective 
trait in a specific organ, or at a specific plant 
growth and development stage. It uses a short 
sequence of  the targeted gene contained in the 
variety to be improved that controls the objective 
trait to generate small RNAs (microRNA (miR-
NA) or small interfering RNA (siRNA)) specific 
to the targeted gene(s). The expression of  the 
targeted gene, therefore, is silenced or downreg-
ulated by the small RNAs, thus fine-tuning the 
phenotype of  the objective trait.

Figure 22.5b shows a general flowchart of  
crop improvement with RNAi. A short sequence 
(20–800 bp) of  the targeted gene contained in 
an existing variety is cloned in an inverted re-
peat separated by a short sequence into a plant 
transformation binary vector. The inverted re-
peat of  the host targeted gene separated by a 
short sequence will be transcribed into RNA that 
can form a hairpin or ‘stem–leaf ’ structure, of  
which the ‘stem’ part of  the hairpin structure is 
processed into small RNA to regulate the expres-
sion of  the host targeted gene after transform-
ation into a host plant. The gene RNAi construct 
is transformed into an existing variety to be 
improved through either the Agrobacterium- 
mediated or gene gun transformation method as 

described above for GEE. The transformed plant 
cells are selected, regenerated into transgenic 
plants, validated and developed into a transgenic 
line for variety development.

It is apparent that the RNAi technology is 
also a type of  GEE because both add one or more 
transgenes to an existing variety. Although it 
does not transform a foreign gene that is absent 
in the existing variety to be improved or a fa-
vourable allele of  a gene that exists in the variety 
as does GEE, the RNAi technology delivers a 
short sequence of  the targeted gene, 20–800 bp, 
into the existing variety using the same genetic 
transformation procedure as GEE. Instead of  re-
placing the favourable allele of  the targeted gene 
or adding a new gene, RNAi regulates or usually 
silences the expression of  the targeted pre-existing 
gene. As it is a type of  GEE, the variety improved 
by the RNAi technology is also subjected to the 
issue of  GMO, to the genotypic specificity of  gen-
etic transformation and to the limitation of  
large-scale genetic improvement or development 
into a brand-new variety.

22.3.4  Gene or genome editing

Four GE systems have been developed over past 
decades, including meganucleases (Rouet et al., 
1994), zinc-finger nucleases (ZFNs) (Kim et al., 
1996), transcription activator-like effector nu-
cleases (TALENs) (Boch et  al., 2009) and clus-
tered regularly interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9) (Jinek et al., 2012), but the CRISPR/Cas9 
system has been most widely used for crop gen-
etic improvement due to its relative ease and 
high efficiency. GE has been applied as a molecu-
lar technology for crop genetic improvement 
only recently (Fig. 22.3), even though the basic 
research on its underlying mechanisms has 
been carried out over decades. It is usually used 
to modify or improve an existing variety through 
targeted induction of  point mutation(s), such as 
nucleotide deletion/insertion (InDel) or nucleo-
tide substitution, of  the targeted gene control-
ling the objective trait. As does the RNAi tech-
nology, GE modifies endogenous gene(s) controlling 
the objective trait, but it does not transfer or 
transform a foreign gene into an existing variety, 
as does GEE. In comparison with the RNAi 
technology that modifies the targeted variety 
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through regulating the expression of  the gene 
controlling the objective trait, GE fine-tunes the 
targeted variety through targeted inducing of  
point mutations in the gene controlling the ob-
jective trait (Table 22.1).

Figure 22.5c shows a general flowchart of  
crop improvement through GE. A short se-
quence or a single guide RNA (20 bp) of  the host 
targeted gene is cloned into a plant transform-
ation binary vector containing a Cas9 nickase 
gene or a Cas9 nickase/adenine or cytidine deami-
nase fusion. The former vector construct prefer-
entially induces InDels, while the latter vector 
construct preferentially induces nucleotide sub-
stitutions, especially A→G or C→T substitution. 
The gene GE construct is transformed into an ex-
isting variety to be improved through either the 
Agrobacterium-mediated or gene gun transform-
ation method, as is GEE or RNAi construct. The 
transformed plant cells are selected, regenerated 
into transgenic plants, validated and developed 
into a transgenic line for variety development.

Depending on selection of  the edited plants, 
the plants edited with GE may not be transgenic 

plants, leading to transgene-free plants. If  the GE 
construct is not integrated into the host plant gen-
ome, it may still induce point mutations at the tar-
geted sequence of  the gene controlling the object-
ive trait through transient expression. If  it is 
integrated into the host plant genome, the trans-
gene could be eliminated from the edited plants 
through genetic segregation and selection for 
transgene-free plants. Therefore, no transgene is 
involved in the edited plants, thus probably being 
not subjected to GMO. Nevertheless, GE cannot 
introduce a new gene and thus a new trait into the 
variety to be improved, as does GEE. Finally, like 
GEE, RNAi and MAS, GE is restricted to the geno-
types that can be transformed and has limited ap-
plications for large-scale crop genetic improvement 
or development of  brand-new varieties.

22.3.5  Genomic selection

Plant breeding, as indicated above, usually in-
cludes three steps: parent selection, cross design 

Gene transformation construct
One or more foreign genes cloned into a

plant transformation binary vector

Transformation:
• Agrobacterium
• Gene gun

Transformed plant cells
Plant cells containing the gene

transformed

Regenerated transgenic plants
Plants containing the transformed gene

Plant regeneration

Improved variety or breeding line
Having improved objective trait, but no

other agronomic traits adversely affected

Validation:
• Targeted gene
• Trait

Gene RNAi construct
A short sequence of the host targeted gene
cloned in an inverted repeat into a plant

transformation binary vector

Transformation:
• Agrobacterium
• Gene gun

Transformed plant cells
Plant cells containing inverted sequence
repeats specific to the host targeted gene

Regenerated transgenic plants
Plants containing inverted sequence

repeats specific to the host targeted gene

Plant regeneration

Improved variety or breeding line
Having improved objective trait, but no

other agronomic traits adversely affected

Gene editing construct
One to four short guide RNAs (gRNAs)
of the host targeted gene tandemly cloned
into a plant transformation binary vector

containing a Cas9 gene

Transformation:
• Agrobacterium
• Gene gun

Transformed plant cells
Plant cells containing nucleotide deletions
or substitutions in the host targeted gene

Regenerated transgenic plants
Plants containing nucleotide substitutions
and/or deletions in the host targeted gene

Plant regeneration

Improved variety or breeding line
Having improved objective trait, but no

other agronomic traits adversely affected

(a) (b) (c)

Validation:
• Targeted gene
• Trait

Validation:
• Targeted gene
• Trait

Variety to
be improved

Variety to
be improved

Variety to
be improved

Fig. 22.5.  General flowcharts of crop improvement through (a) genetic engineering (GEE), (b) RNA 
interference (RNAi) or (c) gene editing (GE). GEE improves an existing variety by adding one or more 
favourable foreign genes or alleles to its genome; RNAi improves an existing variety by spatially and/or 
temporarily silencing or downregulating its one or more existing unfavourable genes; and GE improves 
an existing variety by targeted knocking-off or mutating its one or more existing unfavourable genes.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



388	 M. Zhang et al.	

and progeny selection. GS was first proposed in 2001 
(Meuwissen et al., 2001), but it has not been ex-
tensively studied until recently, especially after 
the advent of  the next-generation high-throughput 
sequencing technology (Fig. 22.3). GS is used to 
assist progeny selection with genome-wide om-
ics, including genome-wide random DNA (SNP) 
markers, genome-wide random gene expres-
sions and genome-wide random metabolites. In 
particular, the phenotype of  the objective trait is 
predicted, instead of  phenotyping through field 
experiments, as does the phenotype-based pro-
geny selection, with genome-wide random om-
ics using a trained prediction model and then the 
progeny is selected based on the predicted 
phenotype of  the objective trait. Therefore, it is 
crucial for GS to train a prediction model that 
enables accurate prediction of  the phenotype of  
the objective trait using genome-wide random 
omics. Since genome-wide omics is used, GS is 
well suited for selection of  complex objective 
trait(s) that is/are quantitatively inherited and 
controlled by numerous genes, i.e. quantitative 
traits (Table 22.1). Importantly, most agronomic 
traits, such as crop yield, quality and abiotic and 
biotic stress tolerances, are quantitative traits, 
thus making GS attractive to molecular breeding.

Figure 22.6 shows a general flowchart of  
progeny selection for plant breeding by GS. GS 
includes two steps: (i) prediction model training 
and validation; and (ii) genomic prediction of  
objective trait and genomic selection. To train a 
prediction model and validate it, a small portion 
of  a targeted breeding population, say from 100 
to 1000 plants, is randomly selected, genotyped 
with genome-wide random omics, such as ge-
nome-wide SNPs, and phenotyped through field 
experiments. This small portion of  the breeding 
population is designated or known as a ‘training 
population or subpopulation’. Since genome-
wide omics, such as SNPs, is used for GS, a mul-
tiple regression that can be parametric or 
non-parametric is used as a candidate prediction 
model. Training a prediction model, in fact, is to 
calculate the intercept and regression coefficient 
of  the multiple regression model using the geno-
type of  every SNP for every plant of  the training 
subpopulation as the independent variable ‘x’ of  
the regression model, while validating a trained 
prediction model is to calculate the dependent 
variable ‘y’ (predicted phenotype of  the objective 
trait) using the trained regression model and the 
genotype of  every SNP in a plant of  the training 

subpopulation as the independent variable ‘x’ of  
the regression model, followed by calculating 
the Pearson’s correlation coefficient (r) between 
the predicted (‘y’) and observed phenotypes of  
the objective trait. The Pearson’s correlation co-
efficient, r, is defined as the prediction accuracy 
or ability, and R2 (squared Pearson’s correlation 
coefficient) as the predictability. The prediction 
model training and validation is usually accom-
plished using a cross-validation scheme, such as 
tenfold cross-validation. Briefly, the training 
subpopulation is randomly divided into ten 
groups, with each group having an equal or 
nearly equal number of  plants. These ten groups 
of  plants are then divided into two sets: nine of  
them as the training set to be used for prediction 
model training and one of  them as the valid-
ation set to be used for trained prediction model 
validation. The phenotype of  every plant in the 
validation set is predicted using the trained 
model and their genotypes of  the DNA markers. 
This process is repeated until every group has 
been used once as the validation set and the 
phenotype of  every plant in the training subpop-
ulation is predicted. The prediction accuracy or 
predictability of  the objective trait is calculated 
using the predicted phenotype of  every plant 
and their phenotypes measured through a field 
experiment. This is defined as ‘one replicate’ for 
some publications. In general, the analysis is re-
peated for ten or more times and the mean pre-
diction accuracy of  the replicates is used to 
evaluate the accuracy or utility of  the trained 
prediction model for GS. Alternatively, when one 
of  the ten groups is used as the validation set and 
the phenotype of  every plant in the validation 
set is predicted, the prediction accuracy (r) or 
predictability (R2) is calculated. This is defined as 
‘one replicate’ and when all ten groups are used 
as the validation sets, the analysis is defined as 
‘ten replicates’ for other publications. Finally, 
the mean prediction accuracy is calculated to 
evaluate the accuracy or utility of  the trained 
prediction model for GS. Although the analysis 
procedure is different between the two methods 
for calculating prediction accuracy, the final 
mean prediction accuracy (r) or predictability 
(R2) is essentially the same between the two.

Once validated, with a significant and ac-
ceptably high mean value of  r or R2, the trained 
prediction model is used to predict the ob-
jective trait phenotype of  every plant in the 
remaining portion of  the targeted breeding 
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population that are only genotyped with the 
genome-wide omic data set. The predicted 
phenotype of  the objective trait for every plant 
will be used to make selection, namely gen-
omic selection.

One concern about GS is whether the pre-
diction model of  an objective trait trained with 
one breeding population (Population 1, Fig. 22.6) 
could be used to predict the phenotype of  the 
trait for another population (Population 2, 
Fig. 22.6) using the genome-wide omic data set. 
One scenario is to directly use the prediction 
model trained with Population 1 for genomic 
prediction of  the objective trait in Population 2; 
and the other scenario is to first validate the pre-
diction model trained with Population 1 using 
Population 2 and then, if  acceptable, the predic-
tion model is used to predict the objective trait 

phenotype of  every plant in Population 2 for GS. 
The scheme of  validating a prediction model 
trained with one breeding population (Popula-
tion 1) using an independent population 
(Population 2) is usually known as ‘independent 
validation’. The former scenario is ideal, but the 
latter scenario is usually the case that has been 
widely used for GS. This is because the proper 
prediction model of  the same objective trait may 
differ for different breeding populations due to 
gene × genetic background interaction. On the 
other hand, if  the prediction model trained with 
Population 1 must be validated using Population 
2 to evaluate the utility of  the prediction model 
for GS in Population 2, why is a prediction model 
not directly trained and validated using Popu-
lation 2, as done for Population 1, because the 
validation set of  Population 2 for validating the 
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Fig. 22.6.  Progeny selection of plant breeding by genomic selection (GS) or using the genes controlling the 
objective trait(s) for gene-based breeding (GBB). The breeding population, including its training subpopula-
tion, is genotyped by genome-wide omic data set(s) for GS or using genome-wide genic data set(s) of the 
genes controlling the objective trait(s) for GBB. A tenfold cross-validation scheme is used for phenotype 
prediction of the objective trait for GS or GBB. Since the phenotype of an objective trait is significantly 
influenced by genetic background × gene interactions, when a prediction model trained and validated for 
one breeding population (Population 1) is used for progeny selection of another breeding population 
(Population 2), it must be revalidated using a subset of Population 2 to confirm the applicability of the model 
for Population 2. For the validation, the validation subset of Population 2 must be both genotyped and 
phenotyped; therefore, a new model that is desirable for progeny prediction of Population 2 could be trained 
and predicted as done for Population 1, thus making independent validation nonsense. GEBV, genomic 
estimated breeding value; TBV, true breeding value. (Modified from Zhang, M.P. et al., 2020a)
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prediction model trained with Population 1 has 
been both genotyped and phenotyped anyway?

Unlike MAS, GEE, RNAi and GE, GS is applic-
able to large-scale crop genetic improvement and 
development of  brand-new varieties because ge-
nome-wide omics that are from different loci con-
trolling the objective trait, especially those quan-
titative traits, are used for prediction of  the trait 
for GS. Unlike GEE, RNAi and GE that create or 
involve recombinant DNA and/or GMO, GS does 
not involve recombinant DNA nor GMO. Never-
theless, GS has significant weak points. First, 
plant breeding, as indicated above, includes par-
ent selection, cross design and progeny selec-
tion, while GS is efficient only for progeny selec-
tion, but inefficient for parent selection and cross 
design because genome-wide random omics is 
used. It is impossible to develop a superior variety 
from a breeding progeny population without an 
individual that is superior to the present com-
mercial variety. Second, it is costly to genotype a 
large breeding population using a large number 
of  genome-wide omic features. For instance, if  
the objective trait is controlled by 100 genes, of  
which eight are segregating in the breeding 
population, at least 65,536 plants are needed in 
order to select for a plant having all the eight 
genes that are fixed or homozygous. If  the crop 
has a genome size of  1000 Mb and the genome 
of  its breeding population consists of  1000 re-
combinant segments, at least 4800 SNPs are 
needed in order to have a probability of  more 
than 99% that at least one SNP is located at a re-
combinant segment. If  it costs $5.00 to genotype 
a plant with the 4800 genome-wide omic fea-
tures, it will cost $327,680 to genotype the 
65,536 plants of  the breeding population. Third, 
most quantitative agronomic traits studied thus 
far had a lower prediction accuracy, with approxi-
mately r = 0.50, for grain yield in maize, no mat-
ter how many omic features, what prediction 
models and/or which types of  omics, such as ge-
nome-wide SNPs, gene expressions and metabol-
ites, were used for the prediction (Table 22.2; 
Zhang, M.P. et al., 2020a).

22.3.6  Gene-based breeding

GBB is an innovative molecular breeding tech-
nology that was first proposed in 2014 (Liu et al., 

2014; Zhang et  al., 2014) (Fig. 22.3) and re-
cently demonstrated to be extremely powerful 
and efficient for enhanced breeding (Liu et  al., 
2020). GBB develops brand-new varieties or 
large-scale improved crops by design by making 
full use of  most, if  not all, of  the genes control-
ling the objective trait through the entire breed-
ing process, including parent selection, cross de-
sign and progeny selection (Table 22.1). In 
particular, the number of  favourable alleles 
(NFAs), genic SNPs and/or InDels, and expres-
sion profiles of  the genes controlling the object-
ive trait are used either individually or jointly for 
parent selection, cross design and progeny selec-
tion (Liu et  al., 2020). When the genic SNPs 
and/or InDels and expression profiles of  the 
genes are used for progeny selection, multiple re-
gression prediction models and the working 
scheme shown in Fig. 22.6 is used for GBB, as it 
is for GS; while when NFAs are used, a simple lin-
ear regression model and a working scheme 
similar to that shown in Fig. 22.6 are used for 
GBB, as described below and by Zhang, M.P. et al. 
(2020a). Therefore, GBB allows accurate selec-
tion of  the breeding parents that are the most 
desirable to approach the breeding objective(s), 
wisely designing crosses that maximize the com-
bination of  the favourable alleles and/or heter-
otic genotypes of  the genes controlling the ob-
jective trait(s) from the breeding parents into 
breeding progeny, and accurately and rapidly 
selecting for individuals from the breeding pro-
geny that have the best objective trait(s) and de-
veloping them into new superior varieties or 
breeding lines.

Figure 22.7 shows a flowchart of  GBB for 
superior pure line varieties in comparison with 
the current PBB assisted by GS or MAS, based on 
the NFAs of  the genes controlling the objective 
trait(s). As described by Zhang, M.P. et  al. 
(2020a), the NFAs is the total number of  favour-
able alleles of  the genes controlling the objective 
trait, calculated by adding up the NFAs of  every 
gene controlling the objective trait. The NFAs of  
the unfavourable allele homozygote (aa) of  a 
gene is scored as ‘0’; the NFAs of  the favourable 
allele homozygote (AA) of  the gene is scored as 
‘2’; and the NFAs of  the heterozygote (Aa) of  the 
gene are scored as ‘1’, if  it has an additive effect, 
‘2’ if  it has a complete dominant effect or ‘3’ if  it 
has an over-dominant effect. Figure 22.7 as-
sumes that the objective trait, such as maize 
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grain yield, is controlled by seven genes, defined 
as A to G, and the potential varieties or lines for 
breeding have similar phenotypes in the object-
ive trait, because they have the same NFAs for 
the genes controlling the objective trait. When 
breeding parents are selected, the parents 
having six of  the seven genes that are comple-
mentary could be accurately selected for GBB 

(Fig. 22.7a), but the parents having any genotypes 
could be selected for PBB (Fig. 22.7b), including 
those having the same genotype or all genes 
that are overlapping, such as AABBCCDDeeffgg, 
for both parents. Figure 22.7b assumes that 
the two parents selected for PBB have five of  the 
seven genes that are overlapping and two that 
are complementary. For GBB, after the selected 

QTL, quantitative trait locus; SNP, single-nucleotide polymorphism.

Table 22.2.  Examples of applications of molecular breeding for yield improvement in maize.

Method Trait Gene/QTL/marker Reference

Marker-assisted 
selection (MAS)

Grain yield QTL-linked SNPs Beyene et al. (2016a)
Grain yield QTL-linked SNPs Beyene et al. (2016b)
Grain yield QTL-linked SNPs Abdulmalik et al. (2017)
Grain yield QTL-linked SNPs Bankole et al. (2017)
Grain yield QTL-linked SNPs Cerrudo et al. (2018)
Leaf angle UPA2 Tian et al. (2019)

Genetic engineering 
(GEE)

Grain yield Mn1 Li et al. (2013)
Grain yield ZAR1 Guo et al. (2014)
Grain yield ZmDA1, ZmDAR1 Xie et al. (2018)
Leaf angle ZmRAVL1, brd1 Tian et al. (2019)
Grain yield zmm28 Wu et al. (2019)
Grain yield KNR6 Jia et al. (2020)

RNA interference 
(RNAi)

Grain yield CP4 EPSPS Yang et al. (2018)
Leaf angle ZmRAVL1 Tian et al. (2019)
Grain yield nac7 Zhang, J. et al. (2019)
Grain yield ZmNAC128, ZmNAC130 Zhang, Z. et al. (2019)
Grain yield KNR6 Jia et al. (2020)

Gene or genome 
editing (GE)

Grain yield under drought 
stress

AGROS8 Shi et al. (2017)

Kernel sweet, waxy SH2, WX Dong et al. (2019)
Leaf angle ZmRAVL1 Tian et al. (2019)
Kernel size qKW9 Huang et al. (2020)
Stalk strength stiff1 Zhang, Z. et al. (2020)

Genomic selection 
(GS)

Seven biomass- and 
bioenergy-related traits

56,110 SNPs, 130 
metabolites

Riedelsheimer et al. 
(2012)

Grain yield 65,995 SNPs Edriss et al. (2017)
Six grain yield-related traits 100,000 SNPs, 28,769 

gene expressions, 748 
metabolites

Xu et al. (2017)

Grain yield across European 
environmental conditions

41,722 SNPs + 1312 
SNPs associated with 
yield QTLs

Millet et al. (2019)

Grain yield, days to silking, 
plant height

SNPs linked to loci with 
dominance effects; 
SNPs from the regions 
enriched in genes, 
structural features and/
or evolutionary features

Ramstein et al. (2020)

Gene-based breeding 
(GBB)

Grain yield ZmINGY genes Zhang, M.P. et al. (2020a)
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based on visible phenotype

(2) Design and make crosses
based on breeder’s experience
and knowledge of the parents

(3) Perform progeny selection
based on visible phenotype
assisted by marker-assisted selection
or genomic selection

Frequency:

Selfing

AABBCCddeeffGG aabbccDDEEFFGGX
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AABbCCDDEEFFGG

aabbccddeeffGG
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729 genotypes:
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1/4096

1/4096

NFAs = 8 NFAs = 8

NFAs = 10

.

.
.

NFAs = 2

NFAs = 15

NFAs = 14

The best new variety that could be developed by GBB will have a genotype:
AABBCCDDEEFFGG or AABbCCDDEEFFGG, containing 14 or 15 favourable
alleles for the objective trait. Therefore, it will have a better phenotype than its
parents by 75% [(14–8)/8*100] if it is homozygous for all seven genes or 88%
[(15–8)/8*100] if it keeps the B gene heterozygous. The phenotype of the new
variety will be better than the best variety probably developed by PBB by 40%
[(14–10)/10*100] or 50% [(15–10)/10*100].

The best new variety that could be developed by PBB will have a genotype:
AABBCCDDEEffgg, containing 10 favourable alleles for the objective trait.
Therefore, it will have a better phenotype than its parents by 25% [(10–
8)/8*100]. Alternatively, if the parents have the same genotype for all seven
genes controlling the objective trait, thus having the same NFAs, the new best
variety developed from the cross would have the same or similar phenotype to
the parents, with no genetic gain.

(1) Select breeding
parents based on their
gene allele contents

(2) Design and make crosses based
on gene allele content and their
combination

(3) Perform progeny selection based
on their gene contents: NFAs,
genotypes, and/or expression
profiles

Frequency:

Selfing

(a) (b)

Fig. 22.7.  (a) Gene-based breeding (GBB) for pure line varieties using the number of favourable alleles (NFAs) of the genes controlling the objective trait(s) versus (b) the 
current phenotype-based breeding (PPB) assisted by marker-assisted selection or genomic selection (GS) for progeny selection for superior pure line varieties. The NFAs of 
the genes controlling the objective trait(s) are used for the entire process of breeding: parent selection, cross design and progeny selection. Assume that the objective trait is 
controlled by seven genes, defined as A to G, with capital letters for favourable alleles and small letters for unfavourable alleles. The effects of all the genes are assumed to be 
additive, except for that of the B gene that is over-dominant and, thus, heterotic. The NFAs of each gene, such as the A gene, is scored as ‘0’ for aa, ‘2’ for AA; and ‘1’ for Aa. 
For the B gene, Bb is scored as ‘3’ because it is over-dominant. The total NFAs of the genes contained in a plant or line is the sum of the NFAs of individual genes. Therefore, 
the cultivars or lines having AABBCCDDeeffgg and AABBCCddEEffgg, or both having AABBCCDDeeffgg or AABBCCddEEffgg, could be selected as the parents for PBB 
because they are selected based on the phenotype of the objective trait, while those having AABBCCddeeffGG and aabbccDDEEFFGG can be accurately selected as the 
parents for GBB because they are selected based on gene allele contents, even though they have the same phenotype of the objective trait as those selected for PBB. 
Nevertheless, if the objective trait is controlled by hundreds or thousands of genes, such as the genes controlling maize inbred grain yield (Zhang, M.P. et al., 2020a), it is 
impossible or very difficult for breeders to combine and fix most, if not all, of them into a progeny, select it and develop it into a new superior cultivar. GBB can do so because it 
can accurately select the breeding parents that could best meet the breeding objectives, wisely design crosses that could maximize the combination of the favourable alleles 
and heterotic genotypes of the genes controlling the objective trait from breeding parents into progeny, and accurately select the progeny that have the largest NFAs.
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parents are crossed and the progeny are gener-
ated, the progeny plant having all seven genes 
that are fixed or homozygous, with a total NFAs 
of  14, could be accurately selected; or the pro-
geny plant having six of  the seven genes that are 
fixed and one of  them that is heterozygous and 
heterotic, with a total NFAs of  15, could be ac-
curately selected. In comparison, for PBB the 
best progeny plant has a total NFAs of  only 10, if  
it is selected for. Therefore, GBB could develop a 
new variety that is 75% (all seven genes are 
fixed) or 88% (six of  the seven genes are fixed 
and the heterotic gene of  them is kept heterozy-
gous) higher than the parents, while PBB as-
sisted with GS or MAS could only develop a new 
variety that is 25% higher than the parents at 
best. It is apparent that the new variety devel-
oped by GBB would be 40 or 50% better than the 
best variety that is probably developed by PBB. 
Moreover, if  the parents that are selected for PBB 
have the same genotypes for all seven genes, the 
new variety developed by PBB would be the same 
as or similar to its parents, with no genetic gain. 
Finally, it should be pointed out that many agro-
nomic traits, such as maize grain yield, are in 
fact controlled by hundreds of  or more than a 
thousand genes (e.g. Zhang, M.P. et al., 2020a). 

Although GBB could accurately select the breed-
ing parents that are the most desirable to ap-
proach the breeding objective, it is difficult, if  not 
impossible, for PBB to accurately identify such 
parents for breeding.

Figure 22.8 outlines GBB for hybrid var-
ieties in comparison with the current PBB for hy-
brid varieties. The authors have been conduct-
ing GBB research and development for hybrid 
variety development in maize since 2010 (M. 
Zhang, Y.-H. Liu, S.C. Murray, W. Xu and H.-B. 
Zhang, 2021, unpublished results). The breed-
ing project shown in this figure is based on a 
budget of  $100,000. For GBB (Fig. 22.8a), the 
genes controlling the objective trait, such as 
maize grain yield, for 1000 parental inbred lines 
are sequenced using the modern high-through-
put sequencing technology. The NFAs, genic 
SNP/InDel genotypes and/or expression profiles 
of  the genes controlling the objective trait in all 
250,000 (test cross) or 499,500 (half-diallel 
cross) possible F

1 hybrids are inferred from 
those of  their inbred line parents, and used for 
prediction model training and validation, as well 
as genic selection for superior F1 hybrids. If  the 
top ten hybrids are selected, the selection inten-
sity or rate is 0.002%. These are all completed 

(b)

Testcross: 
• 100 inbred lines developed from a cross
• 10 unrelated inbred lines developed from

another cross or diverse inbred lines
• The number of F1 hybrids that can be

generated and evaluated by field trial:
100×10 = 1,000 F1 hybrids

Half diallel cross
• 45 diverse inbred lines
• Number of F1 hybrids that can be

generated and evaluated by field trial:
45×(45–1)/2 = 990 F1 hybrids

Selection rate for top 10 hybrids: 1%,
meaning 500-fold less powerful than GBB

(a)

Testcross:
• 500 inbred lines developed from a cross
• 500 unrelated inbred lines developed

from another cross or diverse inbred lines
• All possible F1 hybrids:

500×500 = 250,000 F1 hybrids
• Neither cross nor field trial is needed

Half diallel cross:
• 1000 diverse inbred lines
• All possible F1 hybrids:

1000×(1000–1)/2 = 499,500 F1 hybrids
• Neither cross nor field trial is needed

Selection rate for top 10 hybrids: 0.002%,
meaning 500-fold more powerful than PBB

Budget: $100,000; Period: 1 year Budget: $100,000; Period: 2 year

Fig. 22.8.  (a) Gene-based breeding (GBB) for hybrid varieties versus (b) the current phenotype-based 
breeding (PBB) for hybrid varieties. These breeding projects are designed based on the same budget 
($100,000), which allows for PBB to produce 1000 F1 hybrids, phenotype the F1 hybrids and make PBB 
selection among the hybrids through the replicated field trials and for GBB to genotype 1000 parents, 
predict the phenotypes of all 499,500 possible F1 hybrids and make GBB selection among the hybrids.
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in silico. The selected top F1 hybrids are finally 
made and subjected to field trials for hybrid var-
iety test. In comparison, the $100,000 budget 
allows PBB only to generate approximately 
1000 F1 hybrids and conduct field trials to test 
them for the objective trait(s) (Fig. 22.8b). The 
superior F1 hybrids are selected based on their 
performance in the field trials and further sub-
jected to field trials for hybrid variety test. If  the 
top ten F1 hybrids are selected, the selection in-
tensity is 1%. Therefore, GBB is 500-fold more 
powerful than PBB for hybrid variety breeding.

GBB and GS both enable development of  
new varieties or large-scale improved breeding 
lines. However, GBB has significant advantages 
over other molecular breeding methods, such as 
MAS, GEE, RNAi, GE and GS:

●	 GBB, as GS, is efficient for breeding poly-
genic or quantitative traits, but it is also effi-
cient for breeding simply inherited traits 
controlled by one or a few major genes, as 
MAS, GEE, RNAi and GE, but without the 
creation or involvement of  GMOs;

●	 because GBB is based on the genes control-
ling the objective trait(s), it is desirable not 
only for progeny selection, as is GS, but also 
for parent selection and cross design, while 
GS is inefficient for parent selection and 
cross design that are crucial to the success 
of  breeding;

●	 for progeny selection, GBB is over 60% more 
accurate and more consistent than GS, due to 
the absence of  or lower probability of  genetic 
recombination between markers and targeted 
genes, and absence of  or lower background 
noise (Liu et al., 2020);

●	 GBB is well suited to continuously and 
accurately integrate, pyramid and fix the 
favourable alleles and heterotic genotypes of  
agronomic traits from breeding parents into 
elite varieties, thus being well suited for sub-
stantial and continued crop improvement;

●	 GBB also efficiently facilitates and enhances 
breeding assisted by other molecular methods, 
such as GE, MAS, GEE and RNAi; and

●	 GBB is much more cost-efficient than GS, 
because the genes controlling the objective 
trait can be genotyped by targeted high- 
throughput sequencing, thus being afford-
able for plant breeding (Zhang, M.P. et  al., 
2020a).

Nevertheless, it is prerequisite for GBB to have 
most, if  not all, of  the genes controlling the 
breeding objective trait(s), which would seem to 
make GBB difficult to deploy in a crop species. 
Only a very limited number of  genes controlling 
a quantitative agronomic trait have been cloned 
to date, such as the genes controlling maize 
grain yield, the genes controlling cotton fibre 
length and the genes controlling rice grain yield 
(Zhang, M.P. et  al., 2020b). To overcome this 
barrier (Liu et al., 2020), we have invented an in-
novative technology, designed the gExpress tech-
nology, for genome-wide high-throughput clon-
ing of  the genes controlling quantitative traits, 
and cloned over 9000 genes controlling maize 
grain yield and quality traits, as well as over 
10,000 genes controlling cotton fibre lint yield 
and quality traits (Liu et al., 2020). We have also 
tested the ability, utility and efficiency of  the 
cloned genes for GBB in maize and cotton using 
the 1501 cloned maize inbred grain yield genes 
(Zhang, M.P. et  al., 2020a) and the 474 cotton 
fibre length genes (Liu, 2014; Liu et al., 2020). 
The gExpress technology has been tested and 
validated using different methods for more than 
seven years. In comparison to the gene cloning 
methods that have been developed and used so 
far, such as map-based cloning, the gExpress 
technology is not only reliable, efficient, simple 
and rapid, but also more than 1000-fold higher in 
throughput and widely applicable to genome-wide 
cloning of  genes controlling quantitative traits in 
any species, regardless of  its genome size, genome 
complexity, ploidy level, and availability of  genomic 
and molecular knowledge and resources. Currently, 
the tests for the ability, utility and efficiency of  the 
genes cloned using the gExpress technology for 
GBB have been completed. As soon as the results 
of  these tests have been published, the gExpress 
technology will be published and made available 
to the public. All the maize grain yield and quality 
genes and all the cotton fibre yield and quality 
genes cloned so far will be published and made 
available to the public for GBB.

22.4  Recent Advances in Molecular 
Breeding for Maize Yield

Grain yield is probably one of  the most complex 
traits controlled by numerous genes, some of  

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Molecular Breeding for Improving Yield in Maize: Recent Advances and Future Perspectives	 395

which may a substantially contribute to grain 
yield, while others may only have minor effects 
on grain yield. Zhang, M.P. et al. (2020a) showed 
that at least 1500 genes control maize grain 
yield. Moreover, it should be pointed out that the 
effect of  a gene on a quantitative trait may vary 
substantially between populations, due to gene 
× genetic background interactions, and across 
environments, due to G × E interactions. There-
fore, it is a great challenge to substantially im-
prove maize grain yield using MAS, GEE, RNAi 
or GE, while GS and GBB have been demon-
strated to be well suited for enhanced breeding 
for grain yield. Summarized below are the ad-
vances in molecular breeding for grain yield in 
maize made in the past decade. Although all 
these molecular breeding methods have been at-
tempted to improve grain yield in maize, almost 
all of  the studies have been focused on the test of  
concepts, research and development, function 
validation of  candidate genes and breeding line 
improvement, with no new high-yielding var-
iety developed and released for commercial pro-
duction using any of  these molecular breeding 
methods in the past decade.

22.4.1  Marker-assisted selection

Studies have been pursued to improve grain 
yield in maize with MAS (Table 22.2). A vast 
majority of  these studies tested the utility and ef-
ficiency of  MAS for grain yield improvement in 
maize using multiple SNP markers that are asso-
ciated with QTLs controlling grain yield, while 
MAS was also used to introgress the favourable 
alleles of  genes from teosinte into maize (Table 
22.2). Beyene et  al. (2016a) conducted mark-
er-assisted recurrent selection (MARS) with ten 
bi-parental tropical maize populations for grain 
yield using 55–87 SNPs tagging QTLs under 
drought stress and non-water stress environ-
ments in sub-Saharan Africa. MARS was con-
ducted for generations C

1, C1S1 and C1S2. The re-
sults showed that an overall genetic gain of  105 
kg/ha per year under non-water stress environ-
ments and 51 kg/ha per year under drought 
stress environments was obtained by MARS. 
Beyene et al. (2016b) also tested the grain yields 
of  the C1S2 test-cross hybrids derived by MARS 
from two bi-parental populations relative to 

those of  S5 lines developed by traditional pedi-
gree selection and the founder parents. Conse-
quently, the top ten C1S2-derived hybrids had 
0.5–46.3% and 11.1–55.1% higher mean grain 
yields than the hybrids developed using the trad-
itional pedigree selection and the commercial 
checks, respectively, under the drought stress en-
vironments. The top ten C1S2-derived hybrids 
had 3.4–13.3% and 7.9–36.5% higher mean 
grain yields than the hybrids developed using 
the traditional pedigree selection and the com-
mercial checks, respectively, under the non-
drought stress environments. Abdulmalik et  al. 
(2017) tested the efficiency of  MARS for grain 
yield improvement for generations from C0 to C3 
under drought stress and well-watered environ-
ments in West Africa with one bi-parental popu-
lation using 233 SNP markers that were uni-
formly distributed in the maize genome. The best 
linear unbiased prediction (BLUP) model was 
used to predict the genomic estimated breeding 
value (GEBV) using DNA markers. Significant 
markers on each chromosome were identified 
and used for MARS. As a result, genetic gains of  
44.9 and 6.0 kg/ha per cycle were obtained for 
grain yield under drought stress and well-wa-
tered environments, respectively. The mean fre-
quency of  favourable alleles for grain yield was 
increased by 10%, from 0.50 at C

0 to 0.55 at C3. 
Similarly, Bankole et  al. (2017) tested the effi-
ciency of  MARS for grain yield improvement for 
generations C1 and C2 under drought stress, 
well-watered and rainfed conditions using an-
other bi-parental population. As done by Abdul-
malik et  al. (2017), Bankole et  al. (2017) pre-
dicted the GEBV of  each plant using the SNPs 
significant to grain yield on each chromosome. 
They found that the test-cross hybrids of  S1 lines 
derived from C2 plants had significantly higher 
grain yield than those of  S1 lines derived from C0 
plants under drought stress, well-watered and 
rainfed conditions, with an average genetic gain 
of  7, 1 and 3% per cycle, respectively. The fre-
quency of  the favourable alleles was increased 
from 0.510 at C0 to 0.515 at C2. Nevertheless, 
Cerrudo et al. (2018) reported that GS using ge-
nome-wide SNPs outperformed MAS using SNPs 
linked to QTLs for grain yield in a maize doubled 
haploid population across water treatments. 
The difference between this result and those 
obtained by Beyene et al. (2016a,b), Abdulmalik 
et al. (2017) and Bankole et al. (2017) could be 
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attributed to the fact that only the markers 
linked to one to three grain yield QTLs were used 
for MAS under each line or hybrid and environ-
ment combination and/or the variation of  the 
QTL effects across environments due to G × E 
interactions. Tian et al. (2019) introgressed the 
teosinte UPA2 allele that controls maize upright 
leaf  angle by MAS backcrossing into the two 
parents of  an elite maize hybrid, Nongda108 
(HuangC × Xu178). The hybrid containing the 
teosinte UPA2 allele had a reduced leaf  angle 
relative to the original hybrid; therefore, it had 
higher grain yield than the original hybrid be-
cause it could be planted at a higher planting 
density (105,000 plants/ha).

22.4.2  Genetic engineering

GEE has continuously been a major molecular 
technology for function validation and analysis 
of  genes controlling grain yield in maize as well 
as a molecular breeding method for maize grain 
yield improvement (Table 22.2). Li et al. (2013) 
investigated the functions of  a gene encoding 
cell wall invertase, particularly maize Mn1, 
Arabidopsis AtGIF1 (AtCWINV1) and rice Os-
GIF1 (OsCIN2), respectively, transformed by GEE 
through the Agrobacterium-mediated transform-
ation into and constitutively expressed them in 
an elite maize inbred line, Ye478. They found 
that the transgenic plants of  these genes had 
grain yield up to 145.3% higher than the wild-
type plants. The transgenic plants had enlarged 
ears with enlarged grain size and grain number, 
and increased total starch contents, relative to 
the wild-type plants. Guo et  al. (2014) overex-
pressed the maize ARGOS1 (auxin-regulated gene 
involved in organ size) or ZAR1 (Zea mays ARGOS1) 
gene in a Hi-II maize or an inbred line (PHWWZ) 
and found that the ZAR1 alleles could increase 
hybrid maize yield. Xie et al. (2018) engineered 
the mutants of  the ZmDA1 and ZmDAR1 genes, 
Zma1 and Zmdar1, into a maize elite inbred line 
(DH4866). Both DA1 and DAR1 are ubiquitin 
receptors that function as negative regulators of  
cell proliferation in Arabidopsis, thus having a 
negative effect on seed size. They found that 
when the mutants of  these two genes overex-
pressed in transgenic plants, the grain yields of  
the transgenic plants increased by 15% relative 

to those of  the wild-type plants, due to increased 
grain number, weight and starch contents. Wu 
et al. (2019) engineered zmm28, a maize MADS-
box transcription factor gene, into maize inbred 
line, PH17AW, and found that overexpression of  
the gene in transgenic plants increased maize 
grain yield by 300–400 kg/ha due to increased 
plant growth, photosynthesis capacity and ni-
trogen utilization. Jia et al. (2020) studied a ser-
ine/threonine protein kinase-encoding gene, 
Kernel Number Per Row6 (KNR6), that controls 
pistillate floret number and ear length in a maize 
inbred line, A188, by GEE. They found that over-
expressing the KNR6 gene in transgenic plants 
significantly increased grain yield, relative to the 
wild-type plants, because of  their increased ear 
length and kernel number. Tian et  al. (2019) 
transformed ZmRAVL1, a gene encoding a posi-
tive regulator of  maize leaf  angle, and brd1 
(brassinosteroid C-6 oxidase1), a gene involved in 
the final step of  brassinosteroid synthesis, into a 
maize inbred line, B73-329, respectively. They 
found that the overexpression of  either the Zm-
RAVL1 gene or the brd1 gene resulted in larger 
leaf  angle than the wild type. The increased leaf  
angle led to lower grain yield when a higher 
density of  plants per hectare were planted.

22.4.3  RNA interference

RNAi is a molecular method for enhanced crop 
genetic improvement and also has been widely 
used for function validation and characteriza-
tion of  genes controlling agronomic traits (Table 
22.2). Yang et al. (2018) created the second-gen-
eration Roundup Hybridization System using 
the RNAi technology for maize hybrid seed pro-
duction. The expression of  the gene encoding 
CP4 EPSPS, a glyphosate-insensitive 5-enolpyru-
vylshikimate-3-phosphate synthase in maize 
pollen, was silenced by maize endogenous male 
tissue-specific siRNAs, resulting in glypho-
sate-sensitive male cells, due to lack of  the CP4 
EPSPS protein. Therefore, male sterility could be 
induced by glyphosate application at the stages 
critical to pollen development and the induced 
male-sterile plants could be then used as the fe-
male parent to produce hybrid seeds. Tian et al. 
(2019) downregulated the maize ZmRAVL1 
gene by RNAi and found that the transgenic 
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plants had a smaller leaf  angle, thus allowing 
higher density of  plants per hectare for higher 
yield. Zhang, Z. et al. (2019), at Rutgers Univer-
sity, New Jersey, knocked-down the expressions 
of  two endosperm-specific NAC transcription 
factors, ZmNAC128 and ZmNAC130, with RNAi 
and showed that the transgenic plants had 
shrunken kernel phenotypes with significant re-
duction of  starch and protein, thus reducing 
grain yield. Zhang, J. et  al. (2019), at Corteva 
Agriscience, Iowa, downregulated a maize NAC 
transcription factor-encoding gene, nac7, by 
RNAi and found that the transgenic plants ex-
hibited delayed senescence and increased both 
biomass and nitrogen accumulation. The test 
crosses of  the RNAi plants with two elite inbred 
lines resulted in hybrids with prolonged stay-
green and increased grain yield by 290 kg/ha. 
Jia et  al. (2020) investigated KNR6, a serine/
threonine protein kinase-encoding gene con-
trolling pistillate floret number and ear length. 
The RNAi knocked-down lines had significantly 
shorter ears and fewer kernels per kernel row, 
thus reducing grain yield.

22.4.4  Gene or genome editing

Like GEE and RNAi, GE has largely been used for 
function validation and analysis of  candidate 
genes that likely control an agronomic trait, 
while improved breeding lines may be developed 
from these studies. Shi et  al. (2017) edited 
ARGOS8, a maize gene encoding a negative 
regulator of  ethylene response, using the CRIS-
PR/Cas system. They inserted the native maize 
GOS2 promoter, which confers a moderate level 
of  constitutive expression, into the 5′-untrans-
lated region of  the native ARGOS8 gene or re-
placed the native promoter of  ARGOS8. The 
edited ARGOS8 plants increased maize grain 
yield by 109 kg/acre under field drought stress 
condition at the flowering stage and had no yield 
loss under the well-watered condition, relative to 
the wild-type plants. Dong et  al. (2019) dou-
ble-edited SH2 (SHRUNKEN2) encoding the 
large subunit of  endosperm ADP-glucose py-
rophosphorylase and WX (WAXY) encoding 
GRANULE BOUND STARCH SYNTHASE I (GBSS 
I) that is required for amylose synthesis and de-
termines the amylose content in both endo-

sperm and pollens, using the CRISPR/Cas sys-
tem. All the edited plants were shown to be 
InDel-type. The double-gene-edited plants had 
several-fold higher soluble sugar contents than 
the wild-type plants, but their grain yields were 
dramatically reduced. Tian et  al. (2019) 
knocked-out the ZmRAVL1 gene that is involved 
in determination of  maize leaf  angle using the 
CRISPR/Cas9 system. The leaf  angle was re-
duced in the edited plants; therefore, the edited 
plants produced higher grain yield than the 
wild-type plants under higher planting dens-
ities. Huang et al. (2020) validated the function 
of  qKW9, a maize kernel weight QTL encoding a 
DYW motif  of  a DYW-motif  pentatricopeptide 
repeat protein involved in C→U editing of  ndhB, 
a subunit of  the chloroplast NADH dehydroge-
nase-like complex, using the CRISPR/Cas9 sys-
tem. They analysed two edited plants with a 1 bp 
deletion and a 4 bp deletion, respectively, and 
found that the C→U editing of  ndhB was abol-
ished and photosynthesis was reduced. Conse-
quently, the ear and kernel sizes of  the edited 
plants became significantly smaller. Zhang, Z. 
et  al. (2020) validated the function of  stiff1, a 
major QTL for maize stalk strength encoding an 
F-box domain protein, using the CRISPR/Cas9 
system. The edited plants had stronger stalks 
than the wild-type plants, thus validating the 
function of  the stiff1 gene in stalk strength.

22.4.5  Genomic selection

Dozens of  studies on the utility and efficiency of  
GS have been reported, even though no new var-
ieties developed using GS have been reported in 
the past decade. Several representative studies 
are reviewed here to update the recent advances 
of  molecular breeding with GS for grain yield 
improvement in maize. Riedelsheimer et  al. 
(2012) reported the genomic and metabolic pre-
diction of  complex heterotic traits, including 
biomass yield, in maize test-cross hybrids. The 
test-cross hybrids of  285 worldwide diverse dent 
inbred lines crossed with two testers were used 
to predict their combining abilities for seven bio-
mass- and bioenergy-related traits, including 
dry matter yield, plant height, dry matter con-
centration, female flowering, starch content, 
sugar content and lignin content, using 56,110 
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SNPs and 130 metabolites, respectively. The 
ridge regression-best linear unbiased prediction 
(rr-BLUP) prediction model and a fivefold 
cross-validation scheme were used for the pre-
diction. Prediction accuracies were obtained for 
the general combining abilities (GCAs) of  the 
seven traits, ranging from 0.72 to 0.81 for SNPs 
and from 0.60 to 0.80 for metabolites. The pre-
diction accuracy was the Pearson’s correlation 
coefficients (r) between predicted and observed 
trait GCA values divided by the square roots of  
the trait heritability and the repeatability of  the 
predictor variables (for SNPs, it is 1 and for me-
tabolites, it is the weighted mean of  repeatability 
of  individual metabolites). Edriss et  al. (2017) 
performed genomic prediction of  2022 maize di-
verse breeding lines for grain yield with the 
BLUP model using 66,000 SNPs. SNP marker 
analysis clustered the diverse breeding lines into 
five clusters. Prediction accuracy ranged from 
0.20 to 0.36 within clusters and from 0.04 to 
0.26 across clusters. The mean genomic predic-
tion accuracy within clusters (0.27) outper-
formed pedigree-based prediction (0.03). Xu 
et  al. (2017) tested the utility and efficiency of  
different omics, including genomics, transcrip-
tomics and metabolomics, for prediction of  six 
grain yield-related traits, including ear diameter, 
ear length, ear weight, cob weight, kernel num-
ber per row and number of  kernel rows. Three 
hundred and thirty-nine maize inbred lines; 
100,000 SNPs, 28,769 gene expressions and 
748 metabolites; eight multiple regression pre-
diction models (five parametric and three 
non-parametric); and a tenfold cross-validation 
scheme were used for the prediction. Prediction 
abilities, the correlation coefficients (r) between 
predicted and observed phenotypes, achieved 
ranged from 0.2041 to 0.5962. The BLUP model 
overall performed better than the other seven 
prediction models for different omics data and 
the genomic prediction was better than the tran-
scriptomic and metabolomic predictions. Millet 
et  al. (2019) conducted genomic prediction of  
maize yield across European environmental 
conditions with accounting for G × E inter-
actions. Two hundred and forty-six test-cross 
hybrids plus 56 external hybrids, 41,722 ran-
dom SNPs plus 1312 yield QTL-associated SNPs, 
and the BayesR prediction model were used for 
that study under environment-controlled plat-
forms. For cross-validation, prediction accur-

acies (i.e. the correlations between observed and 
predicted grain yields) ranged from 0.20 to 0.85, 
while for external validation, prediction accur-
acies ranged from 0.38 to 0.80. They concluded 
that the strategy with G × E interaction under 
consideration outperformed prediction of  grain 
yield over a benchmark approach. Ramstein 
et al. (2020) reported improvement in prediction 
of  agronomic traits in hybrid maize with consid-
eration of  dominance effects and functional en-
richments. A panel of  1106 test-cross hybrids 
derived from a diverse panel of  inbred lines 
crossed with two testers and 1640 test-cross hy-
brids of  24 bi-parental populations crossed with 
a single tester were used for the prediction, with 
a selection of  SNP markers based on their loci 
dominance effects and their functional features, 
including genic regions or proximity to genes 
(gene annotation), structural features (recom-
bination rate and chromatin openness) and evo-
lutionary features (minor allele frequency and 
evolutionary constraint). Their results showed 
that although dominance was present for all 
traits studied, including days to silking, plant 
height and grain yield, dominance improved 
genomic prediction only for plant height. How-
ever, the genic regions improved genomic predic-
tion for all three traits.

22.4.6  Gene-based breeding

Zhang, M.P. et  al. (2020a) reported the first 
study worldwide in any species of  the utility and 
efficiency of  GBB for enhanced breeding, using 
maize as the plant material to test its utility and 
efficiency for progeny selection. One thousand 
five hundred and one ZmINGY (Zea mays inbred 
line grain yield) genes previously genome-wide 
cloned by these researchers and a bi-parental re-
combinant inbred line (RIL) population were 
used for the study. The 1501 ZmINGY genes 
each had an effect on grain yield varying from 
14.8 to 61.0%, with 401 increasing grain yield 
and 1100 decreasing grain yield, when acti-
vated or upregulated. Of  the 1501 ZmINGY 
genes, 27 contained 63 SNP and/or InDel muta-
tions that increased or decreased grain yield by 
14.2 to 54.2%. Moreover, these 1501 ZmINGY 
genes formed a strong co-expression network, of  
which 15 increased or decreased grain yield by 
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62–67% when present or absent in the network 
and 143 had significant impacts on grain yield, 
when the number of  ZmINGY genes co-express-
ing with each of  the 143 ZmINGY genes varied 
in the network. Zhang, M.P. et  al. (2020b) dis-
covered that the expression of  at least one of  the 
transcripts alternatively spliced from a gene con-
trolling a quantitative trait, such as maize grain 
yield, was significantly correlated with the trait 
performance and the genes controlling a quanti-
tative trait were several times more likely to form 
a co-expression network than randomly selected 
unknown genes expressed in a plant organ. The 
expressions of  the 1501 ZmINGY genes, the 
genic SNPs or InDels of  the 27 SNP/InDel-con-
taining ZmINGY genes as DNA markers, with 
one SNP or InDel per gene, and the NFAs of  the 
27 SNP/InDel-containing ZmINGY genes, with 
one pair of  alleles corresponding to one SNP or 
InDel per gene, were used for the genic predic-
tion of  grain yield.

For the genic prediction of  grain yield with 
the expressions of  ZmINGY genes, nine multiple 
regression prediction models, including five 
parametric and four non-parametric models, 
and a tenfold cross-validation scheme were ap-
plied, with the maize and rice grain yield genes 
previously cloned by different researchers as the 
positive controls and randomly selected un-
known maize genes as the negative controls. A 
series of  numbers of  ZmINGY genes, varying 
from six to all 1501, were randomly selected 
from the 1501 ZmINGY genes by bootstrap sam-
pling, with ten rounds of  the selection for each 
number of  the ZmINGY genes, and tested for 
genic prediction of  grain yield. The result 
showed that both the ZmINGY genes and maize 
and rice grain yield genes previously cloned by 
others could predict the phenotype of  grain 
yield, while the randomly selected unknown 
maize genes could not. The ZmINGY genes out-
performed the maize and rice grain yield genes 
previously cloned by others in prediction of  
maize grain yield. All numbers of  the genes ran-
domly selected from the 1501 ZmINGY genes 
could predict the maize grain yield and as the 
number of  ZmINGY genes increased for the pre-
diction, the prediction accuracy, the correlation 
coefficient (r) between observed and predicted 
grain yields, increased. When 350 or more of  
the ZmINGY genes were used for the prediction, 
the prediction accuracy plateaued, approaching 

0.77. Furthermore, they compared the predic-
tion accuracy of  grain yield using the ZmINGY 
genes with those obtained with GS by different 
studies using the same prediction model, the 
same cross-validation scheme and similar types 
of  populations. The ZmINGY genes outper-
formed GS by 3.3–175.9%, with an average of  
62.9%. Finally, they identified 150 ZmINGY 
genes from the 1501 ZmINGY genes that are key 
to maize grain yield prediction, approaching a 
prediction accuracy for grain yield of  0.82.

For the genic prediction of  maize grain yield 
using the 27 genic SNPs or InDels of  the 27 
ZmINGY genes as DNA markers, the same pre-
diction models and cross-validation scheme as 
above were used. The maize grain yield was pre-
dicted at an accuracy of  0.49, which was similar 
to those of  GS using tens of  thousands of  SNPs. 
For the genic prediction of  maize grain yield us-
ing the NFAs of  the 27 SNP/InDel-containing 
ZmINGY genes, a simple linear regression model 
was used for the prediction. The maize grain 
yield was predicted at an accuracy of  0.52.

Finally, Zhang, M.P. et  al. (2020a) con-
ducted the genic prediction of  grain yield using 
these three genic data sets and progeny selection 
based on the predicted grain yields across very 
diverse environments. They found that the genic 
prediction accuracy of  grain yield remained 
largely consistent, varying from 0.49–0.82 to 
0.43–0.61, across diverse environments. The 
top ten lines selected by GBB were consistent 
with those selected based on the observed grain 
yield determined by replicated field trials at up to 
66.7%, when the grain yields predicted with one 
of  the three genic data sets were used for the se-
lection, and at 100%, when the grain yields pre-
dicted with two or all three genic data sets were 
jointly used for the selection. The selection con-
sistencies between GBB and phenotype-based se-
lections across diverse environments was largely 
the same as those within an environment.

22.5  Conclusions and Perspectives

Most of  the agronomic traits important to crop 
production, including those important to crop 
yield and yield sustainability such as abiotic and 
biotic stress tolerances, are quantitatively in-
herited and each controlled by numerous genes. 
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For instance, Zhang, M.P. et al. (2020a) showed 
that grain yield in maize is controlled by at least 
1501 genes. Zhang, M.P. et al. (2020b) first re-
vealed that the genes controlling such complex 
traits are several times more likely to form a net-
work, thus working correlatively to shape the ul-
timate performance of  the traits. Moreover, 
Zhang et  al. (2010) and Zhang, H.-B. et  al. 
(2020) first discovered that the number of  
genes, especially those controlling biotic and 
abiotic stress tolerances that are crucial to yield 
sustainability, varied by several-fold among var-
ieties and germplasm lines within a species and 
also among individuals within a bi-parental 
population, and such variation is significantly 
associated with plant biology, variation and evo-
lution. All of  these make plant breeding, espe-
cially continued crop genetic improvement, 
more complex and more challenging.

Breeding for either pure line varieties or hy-
brid varieties is usually implemented through 
three steps: parent selection, crop design and 
progeny selection. Nevertheless, either the trad-
itional PBB or the modern molecular breeding is 
a process that continuously incorporates the fa-
vourable alleles and/or heterotic genotypes of  
the genes controlling the breeding objective 
trait(s) from existing varieties and/or breeding 
germplasm lines into elite varieties or breeding 
lines, thus developing new or improved var-
ieties. Liu et al. (2019) investigated the genetic 
potential of  the present best crop varieties using 
226 GFL genes controlling cotton (Gossypium) 
fibre length. They found that the cotton line 
that has the longest fibres of  the best modern 
cotton varieties contains the favourable alleles 
of  only approximately 50% of  the 226 GFL 
genes, suggesting that the present best crop var-
ieties could be significantly improved, if  the fa-
vourable alleles and heterotic genotypes of  all 
226 GFL genes are incorporated into a new var-
iety. If  this result is applicable to maize grain 
yield and the maize grain yield is controlled by 
1501 genes, how could breeders incorporate 
the favourable alleles and heterotic genotypes of  
the remaining 750 genes controlling the maize 
grain yield into the present elite hybrid varieties 
for maize production?

MAS, GEE and RNAi have been widely used, 
while GS, GE and GBB are currently under re-
search and development for enhanced crop im-
provement. MAS, GEE, RNAi and GE are used to 

improve crops by manipulating individual genes 
having major effects on the objective trait(s) and 
are thus more effective for improving or 
fine-tuning existing varieties. GS and GBB are 
designed to improve crops by genome-wide ma-
nipulation of  the genes controlling the objective 
trait(s) and are thus more efficient for new elite 
variety development. Nevertheless, GS aims to 
assist at progeny selection using genome-wide 
omics, while GBB aims to develop new superior 
varieties by making full use of  the genes control-
ling the objective trait(s) through the entire pro-
cess of  breeding, including parent selection, 
cross design and progeny selection. The question 
is how will these molecular breeding methods 
help breeders continuously, substantially and 
quickly incorporate the favourable alleles and 
heterotic genotypes of  the remaining 750 genes 
controlling maize grain yield into the present 
best maize varieties?

To this end, the perspectives of  molecular 
breeding for maize grain yield, based on the util-
ity, efficiency and uniqueness of  the different 
molecular methods for enhanced and/or accel-
erated plant breeding are outlined in Fig. 22.9. It 
is apparent that GBB will play the most import-
ant roles in both maize genetic improvement 
and breeding, and its roles will be continuously 
increased as the genes controlling different agro-
nomic traits are genome-wide cloned and used 
for GBB. GBB is the only molecular breeding 
technology that enables, by design, accurate and 
efficient incorporation of  the favourable alleles 
and/or heterotic genotypes of  a large number of  
genes controlling grain yield from different exist-
ing varieties or germplasm lines into new var-
ieties or breeding lines through the entire breed-
ing process. Although GS has been demonstrated 
to be efficient for enhanced progeny selection for 
polygenic traits, it is inefficient for parent selec-
tion and cross design. MAS, GEE, GE and RNAi 
are not interchangeable, and each has its own 
unique utility and efficiency for enhanced breed-
ing, but they all have been efficient for the ma-
nipulation of  a limited number of  genes (such as 
fewer than 100 genes) for enhanced breeding. 
MAS and GEE are unique for adding new and fa-
vourable genes of  the breeding objective trait 
that are absent in an existing variety, while GE 
and RNAi are unique for fine-tuning the un-
favourable alleles or genes of  the breeding ob-
jective trait already present in an existing variety, 
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with GE permanently fine-tuning the gene(s) in 
whole individuals and with RNAi fine-tuning 
the genes temporarily (plant growth and devel-
opment-specific) and spatially (organ-specific). 
Nevertheless, GE and RNAi will only be able to 

assist in maize grain yield breeding. Together 
and combined with the traditional PBB, these 
molecular breeding methods are promising to 
realize the next green revolution, thus promis-
ing to help feed the world.
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23.1  Introduction

Food security and climate change are the most 
pivotal concerns of  the 21st century. The global 
population is growing on an extremely fast track 
and is predicted to increase to 10 billion people 
at the end of  2050. This tremendous growth in 
population will require a 60–100% increase in 
global crop yield to feed them (Dhankher and 
Foyer, 2018). It is estimated that around 815 
million people are suffering from food shortage 
and malnutrition, which impedes global food 
security programmes to accomplish zero hunger 
by the end of  2030 (Richardson et al., 2018). 
Despite all the integrated programmes on food 
security, the large number of  hungry and under-
nourished people is increasing around the globe. 
According to World Bank estimations, 83 million 
people are starving in 45 countries. The ratio of  
undernourished people in developed countries 
does not go beyond 5%, as compared with 13% of  
the population in developing states. In addition, 
an obvious diminishing drift in food security has 
been observed in many countries of  Asia and Af-
rica, where food insecurity stands at 13 and 20%, 
respectively (Prosekov and Ivanova, 2018). Cli-
mate change is linked directly to agricultural 
production and food security and has a great 

influence on food security, being the major limiting 
factor in the reduction of  agricultural crop 
production worldwide. The agriculture sector is 
adversely affected by climate change, which 
results in the reduction of  crop yield and com-
promises global food safety and security. In 
the current scenario, ecosystem resilience and 
food security are extremely concerning topics 
internationally.

Climate change is responsible for extreme 
weather conditions, which ultimately affect crop 
production globally (Richardson et al., 2018). 
Climate change poses a great threat to global 
food security as it adversely affects agricultural 
production. Biotic and abiotic stresses occur mainly 
due to climatic changes that are associated with 
extreme events of  rainfall, increasing temperature, 
variations in CO

2 concentration, depletion of  the 
ozone layer and alteration of  host–pathogen 
relationships (Raza et al., 2019). Soil fertility, air 
pollution, water availability and temperature 
variations have significant impacts on agricultural 
production. Continuous variations in climatic 
conditions increase the chances of  crop yield 
loss due to direct and indirect impacts of  abiotic 
stresses (Noya et al., 2018). Furthermore, extensive 
usage of  fossil fuels and massive deforestation 
have resulted in the increase of  CO

2 concentration 
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to 400 μmol/mol air. It is projected that the level 
will rise twofold to 800 μmol/mol air over the 
coming years. The discharge of  harmful gases, 
particularly CO2, is the major cause of  global 
temperature rise and the greenhouse effect 
(Vaughan et al., 2018). In semi-arid areas, less 
precipitation and elevated temperature cause 
negative impacts on crop production and threaten 
global food security (Nelson et al., 2009).

In coming years, climate change is likely to 
intensify the spells of  abiotic stresses and will 
hamper agricultural productivity by 20% by the 
end of  2050 (Vaughan et al., 2018). Agricultural 
productivity of  developing countries is mainly 
affected because of  harsh climatic conditions 
(Rosenzweig et al., 2014) and plants being 
sessile suffer predominantly from various abiotic 
stresses in their natural habitat. The abiotic 
stresses ultimately impede plant growth and 
development and lead to losses of  up to 50% in 
yield for major crops, causing food insecurity 
globally (Benevenuto et al., 2017). Many factors 
are responsible for the adverse impacts on crop 
growth and yield due to abiotic stresses, and 
depend on the crop type, ploidy levels and 
genotypes (Cramer et al., 2011). Abiotic stresses 
generally stimulate hyper-accumulation of  react-
ive oxygen species (ROS) that can be fatal for crop 
plants. In addition, abiotic stresses can disrupt 
vital enzymatic and cellular metabolic activities, 
causing damage to DNA, protein, lipid and carbo-
hydrate structures that results in the imbalance 
of  crucial metabolic processes and eventually 
causes cell death (Gall et al., 2015; Razzaq et al., 
2019a). To deal with hostile climatic stresses, 
plants trigger their cellular, molecular and physio-
logical machinery to produce phytohormones, 
antioxidant enzymes, secondary metabolites, 
expression of  several stress resistance genes and 
transcription factors (Razzaq et al., 2019a). In 
recent years, climate change has forced scientists 
to develop novel breeding approaches for tackling 
abiotic stresses to boost agricultural production 
and guarantee global food security (Rosenzweig 
et al., 2014).

23.2  Significance of Maize  
and Global Status

Maize (Zea mays L.) is ranked third in the major 
cereal crops after wheat and rice and is one of  

the most important C4 plants due its greater 
grain production among the cereals. It has the 
status of  being the most prominent crop in glo-
bal agriculture and is also known as a miracle 
crop and the queen of  cereals. Maize has a major 
role in global food security by providing food, 
feedstock and energy for the expanding human 
population. Maize left rice and wheat behind in 
1996/97 in terms of  global production and still 
its yield is increasing at three times the rate of  
wheat and twice that of  rice production annu-
ally (Fischer et al., 2014). About 900 million 
consumers preferred maize as a staple crop in 
the developing countries, with 120–140 million 
of  people having shortage of  food supply. Devel-
oping countries produced 70% of  the total maize 
on an area of  almost 100 million hectares. 
Maize is a highly versatile crop due to the greater 
adaptability under changing environmental 
conditions. It is predicted that the global need for 
maize will double and it will become the most 
grown crop worldwide by 2050. Maize demand 
is increasing abruptly due to its multipurpose 
utilization as food, fodder, feed and in industrial 
products (Rosegrant et al., 2007).

Maize was cultivated on an area of  about 
197.1 million hectares with a production of  
1134.7 million tonnes in 2017 (FAO, 2019; 
Fig. 23.1a). Table 23.1 displays the top producers 
of  maize worldwide in 2017. The USA was the 
largest maize producer, having 50.4% of  the total 
share with a production of  370.9 million tonnes. 
Asia was the second major maize producer, with 
31.4% of  global production (Fig. 23.1b). The 
last decade (2010–2019) has seen remarkable 
progress in maize productivity as all regions of  
Asia presented increases in maize yield, includ-
ing East Asia (31%), South Asia (27.6%) and 
South-East Asia (11%), with an overall increase 
of  about 28% in Asia (FAO, 2019). China, Indo-
nesia and India have presented striking growth 
rates of  approximately 6% per year in maize pro-
duction. In 2017, China was the largest produ-
cer of  maize in Asia and ranked second in global 
maize production next to the USA (Table 23.1) 
(FAO, 2019). In China, the total area under 
maize production was 42.39 million hectares 
with an annual yield of  259 million tonnes. 
Maize is also a very important crop for food, feed 
and bioenergy consumption in Pakistan, where 
it ranks third after wheat and rice. Maize held 
5.93% of  total cultivated land and its contribution 
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to the country’s agricultural production was 
4.82% in 2013; Punjab was the major producer 
with 98% of  maize production and contributing 
0.4% of  gross domestic product (Naqvi and Ashfaq, 
2013). In Pakistan, maize covered 1.22 million 
hectares having 5.70 million tonnes production 
in 2017 (FAO, 2019). On the other hand, Europe’s 
share of  global maize production in 2017 was 
10.7% with 110 million tonnes on an area of  17.53 
million hectares. Likewise, Africa contributed 

7.4% of  global production, with a total pro-
duction of  84 million tonnes covering nearly 
40.60 million hectares (FAO, 2019). In most 
regions of  Africa maize is the major staple crop, 
providing 32% of  dietary energy in southern 
and eastern Africa (Rosegrant et al., 2007).

Maize is beneficial for both humans and 
animals and can be utilized in a number of  ways 
such as cooking oil, ethanol, starch, sweeteners, 
syrups, glue, beverages, animal feed, bioenergy 
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and other valuable products. Maize is a nutri-
tious crop and consists of  72% starch, 24% 
carbohydrates, 4% fats and 10% proteins, offer-
ing 365 kcal of  energy per 100 g (Ranum et al., 
2014). Moreover, it provides numerous minerals 
such as Fe, Cu, Zn, Mn, Mg and P, some import-
ant vitamins such as C, E, thiamin, riboflavin, 
niacin, pantothenic acid, B6 and folate, as well as 
fibre (Nuss et al., 2010). Greater daily utilization 
of  maize cornmeal and flour along with less cost 
of  production makes it an excellent staple crop for 
fortification with micronutrients of  which the 
deficiency poses a serious threat to human health 
(Ranum et al., 2014). In addition to its agro-
nomic, industrial and nutritional value, maize is 
an ideal model crop for genetic studies compared 
with other cereals. Several crucial features of  maize 
like its vast range of  nucleotide diversity, large 
heterochromatic chromosomes and massive 
mutant pool have given it a significant place in 
genomic, cytogenetic and genetic studies (Strable 
and Scanlon, 2009). Apart from being a major 
staple crop, maize is a very important contributor 
to exports like animal feed and fuel (USDA, 2018).

23.3  Impact of Abiotic Stresses  
on Maize

To meet the food requirements of  the rapidly 
growing global population, maize production 
needs to double in order to feed 10 billion people 
by the end of  2050 (Ray et al., 2013). Maize can be 
grown in a wide range of  agroclimatic conditions, 
but its production is significantly threatened by 
harsh climatic stresses (Zuo et al., 2015). Diverse 

environmental changes have caused intensifica-
tion of  numerous abiotic stresses that hamper 
maize productivity around the world. The fluc-
tuation in climatic conditions directly affects length 
of  the growing season, precipitation, temperature, 
the growing cycle and crucial events during crop 
growth. These varying environmental stresses 
cause yield reduction and produce poor-quality 
maize crops for the consumer. Maize is the ideal 
crop to study potential against the various abi-
otic stresses due to its extensive cultivation under 
diverse agro-morphological conditions (Cairns 
and Prasanna, 2018).

Abiotic stresses such as drought, heat, sal-
inity, waterlogging and cold stress pose serious 
threats to global agriculture and limit the crop 
growth and yield (Raza et al., 2019). Maize is 
generally susceptible to drought and heat stresses 
during pollination and especially at the grain-
filling period that may lead to a substantial re-
duction in grain production. Many approaches, 
including early sowing, have been adopted to 
tackle the climatic stresses (Wijewardana et al., 
2015). During 2019, the maize crop in Pakistan, 
especially that cultivated in the province  
of  Punjab, was severely damaged by a spell of  
extreme heatwaves before pollination. The imma-
ture pollen grains were destroyed by the strong 
heat and the plants were unable to be pollinated, 
causing less grain production in the maize cob, 
which ultimately reduced the crop yield (F.H. 
Joyia, Faisalabad, 2019, personal communica-
tion). There are many regions of  the USA in 
which maize tasselling stage is affected by incon-
sistent and inadequate rainfall events. Earlier 
planting under normal growing conditions in 

Table 23.1.  List of important maize-producing countries in the world, 2017. (From FAO, 2019.)

Ranking Country
Production 

(million tonnes)
Cultivated area 

(million hectares)

1 USA 370.9 33.46
2 China 259.0 42.39
3 Brazil 97.7 17.39
4 Argentina 49.4 6.53
5 India 28.7 9.21
6 Indonesia 27.9 5.37
7 Mexico 27.7 7.32
8 Ukraine 24.6 4.48
9 France 14.1 1.61
10 Canada 14.0 1.33
22 Pakistan 5.70 1.22
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March may induce tasselling at the end of  May, 
where consistent precipitation, plentiful solar 
radiation and optimum temperature are benefi-
cial for healthy maize growth (Wijewardana et al., 
2015). Hence, early sowing would result in 
greater productivity by escaping harsh climate 
stresses during summer and could be vital to 
higher yield generation in the future.

In the Asian tropics, maize is predomin-
antly a rainfed crop that is totally reliant on the 
prevailing environmental conditions and this is 
a core reason for its great vulnerability to abiotic 
stresses. Recently, Cairns and Prasanna (2018) 
predicted that Asia will observe extreme climate 
stresses with enhanced diversity beyond the pre-
sent aptitude. Many environmental modelling 
reports propose a rapid future increase in tem-
perature, which could negatively influence maize 
productivity in the tropics (Cairns et al., 2012). 
In South-East and South Asia, reduction in the 
days of  rainfall has been recognized as one of  the 
key factors of  climate change (Manton et al., 
2001). This has offered numerous rainfall spells 
within fewer days, therefore prolonging the dry 
phases. The unpredictable patterns of  monsoon 
rains cause drought stress at some crop stages 
and waterlogging at other growing periods. Sev-
eral tropical regions of  Asia are well known as a 
hotspot for abiotic stresses, with adverse effects 
on maize production (ADB, 2009). The impact 
of  some important abiotic stresses on maize 
yield is discussed next.

23.3.1  Drought and heat stress

Heat and drought are the two main climatic 
stresses and frequently happen concurrently 
due to the unified nature of  both stresses. Heat 
stress can be described as elevation in tempera-
ture greater than the threshold position, while 
drought is water deficit conditions for a longer 
time that can cause extreme impairment to crop 
growth. In the future, environmental stress is 
expected to enhance the threat of  excessive tem-
perature, especially heat spells (Horton et al., 2015). 
Maize is highly prone to heat and drought stress 
mainly during pollination. About 60% of  culti-
vated land in China is prone to heat and drought 
stress, which may cause 30% reduction in yield 
every year (Frey et al., 2015). In Africa, Lobell 
and colleagues integrated data from 20,000 

historical trials of  maize in 8 years with climate 
record data and revealed that for every 1°C rise 
in temperature above 30°C, maize productivity 
was decreased by 1.7 and 1% under drought and 
optimum rainfed conditions, respectively (Lobell 
et al., 2011). In addition, heat stress damages 
different plant tissues and depending on the vul-
nerability of  specific metabolic pathways, many 
processes are triggered during stress responses. 
Extreme temperatures can cause physiological, 
anatomical, biochemical and morphological 
changes during maize growth and development. 
The reproductive stage of  maize is highly vulner-
able to heat stress, which can cause sterility, 
poor light interception and reduced life cycle 
(Cairns et al., 2012).

In developing countries, maize is particu-
larly susceptible to drought stress because the 
majority of  maize production is dependent upon 
rainfall. So, drought stress is considered the major 
limiting factor for maize production across the 
upland and lowland rainfed areas of  developing 
regions. According to calculated data, approxi-
mately 15–20% of  maize yield is vanishing 
every year because of  drought stress and this 
may increase further with the irreversible 
changes in environmental conditions caused by 
global climate change (FAO, 2010). In addition, 
more than 80% of  the maize cultivated in rain-
fed regions of  South-East and South Asia pro-
duces less than half  the yield of  irrigated maize. 
Land coming into rainfed production is about 
1.8% annually, which is sixfold greater than that 
of  irrigated land (Edmeades, 2007). The reduc-
tion in irrigated land is generally because of  
shrinking groundwater reserves that bring irri-
gated maize land under great risk. This scenario 
is expected to worsen in the future, leading to 
scarce events of  rainfall during the cropping 
season (ADB, 2009). However, reducing the 
impacts of  drought stress could enhance maize 
yield in Asia by 35% (Gerpacio and Pingali, 
2007).

23.3.2  Waterlogging stress

Waterlogging can be defined as the limiting factor 
hindering crop growth when soil water content 
is higher than the field capacity. Waterlogging 
is another main hurdle for maize cropping in 
numerous agroclimatic zones where rains spells 
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are excessive and unpredictable. It has been esti-
mated that about 16% of  fertile land worldwide 
is prone to waterlogging (Boyer, 1982). In Asia, 
about 18% of  maize-cultivated land is severely 
damaged by waterlogging, reducing crop yield 
by 25 to 30% every year (Cairns et al., 2012). 
The issue of  waterlogging in different develop-
mental stages is intensified because of  environ-
mental fluctuations in several maize-producing 
areas in the developing countries (Solomon, 
2007). It was reported that maize is relatively 
more prone to waterlogging stress from seed-
ling phase to tasselling phase and results in 
weak root development, delayed maturity and 
stunted growth (Campbell et al., 2015). Excess 
of  water supply in waterlogging conditions is 
responsible for plant wilting and root decay. 
High humidity and less stomatal conductance 
cause limited availability of  O

2 that results in 
plant death. Leaching triggers a disorder in the 
osmotic level of  root cortex that stops the radial 
motion of  water from root hairs to xylem. 
Therefore, the supply of  water to various tis-
sues of  the plant is restricted and ultimately 
leads to plant death (Cairns and Prasanna, 
2018).

23.3.3  Cold stress

Cold stress, which comprises freezing (<0°C) 
and chilling (<20°C) temperature, severely af-
fects crop growth and considerably reduces 
crop yield (Chinnusamy et al., 2007). Cold 
stress is a major limiting factor for maize yield 
as it is a cold-sensitive crop (Sanghera et al., 
2011). Cold stress can disturb maize physi-
ology and development during the whole life 
cycle, although chilling is particularly dam-
aging at germination stage and initial seedling 
development (Rodriguez et al., 2014). Hence, 
early sowing of  maize is dangerous, and matur-
ation stage is often affected by chilling stress. 
Chilling spells in early spring are detrimental 
for root, shoot and leaf  development and also 
hinder the functional machinery of  chloro-
plasts, thereby affecting photosynthetic activ-
ity (Rymen et al., 2007). Chilling stress is 
broadly understood as having negative effects 
on maize yield, making cold stress tolerance a 
crucial feature that requires more investigation 
for better maize production.

23.4  Genome Editing

Due to unpredictable weather conditions and 
the continuous increase in extreme waves of  
climatic stresses, current plant biology studies, 
including the generation of  new varieties, require 
more consideration to develop climate-resilient 
and stress-tolerant crops. Plant breeders must 
strive to map novel resistance genes and elucidate 
several physiological and metabolic pathways 
that regulate the stress mechanism under vari-
ous climatic stresses (Raza et al., 2019). Conven-
tional breeding programmes have been carried 
out to evolve improved crop varieties. However, 
the exploitation of  these approaches for im-
proving resistance against abiotic stresses has 
decreased with time due to the multidimensional 
mechanism of  inheritance and the complex 
interactions between a genotype and its environ-
ment. Moreover, conventional breeding strat-
egies were practically incapable of  tackling the  
environmental stresses (Razzaq et al., 2019b).

Genetic engineering is a technique that 
helps to develop improved crop cultivars with in-
creased abiotic stress resistance, more yield and 
enhanced nutritional value. However, the appli-
cation of  this approach for crop breeding has 
many drawbacks. Insertion of  transgenes or 
modified genes in plants has been useful to meet 
the food demands of  a growing human popula-
tion, but these modified plants suffer massively 
from safety concerns (Marco et al., 2015). The 
major limitation of  genetic engineering is the 
incorporation of  foreign DNA into the genome 
of  a plant without using its own genetic machinery 
to get the desired quantitative and qualitative 
results. With time, this approach lost consumer 
acceptance, and its utilization has been limited 
because of  numerous risks to human health, food 
safety and the environment. Due to their unstable 
nature and non-specificity, the consumption of  
genetically modified crops has been restricted in 
many countries (Zhang, Y. et al., 2018). Under 
normal growth conditions, genes’ overexpression 
via promoters can result in growth arrest and 
produce a small number of  seed/grains. This 
stress-responsive mechanism triggered by overex-
pressed genes has stunted crop growth, causing 
reduced yield and few gains in agricultural 
production (Marco et al., 2015).

To overcome all these hurdles new breeding 
strategies are required for the development of  
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abiotic stress-tolerant crop varieties to meet the 
future demands of  food security (Razzaq et al., 
2019b). Recent progress in plant biotechnology 
and breeding is enabling scientists to engineer 
climate-resilient crops; although future breed-
ing approaches must emphasize incorporating 
multiple genes to offer broad-spectrum tolerance 
against harsh climatic stresses (Zhang, Y. et al., 
2018). Recently, genome editing approaches 
have emerged as one of  the most fascinating 
tools to tackle abiotic stresses. The accessibility 
to genome editing approaches has overcome all 
the bottlenecks of  genetic engineering and con-
ventional breeding techniques. In contrast to 
transgenic strategies, which integrate the pheno-
type, genome editing techniques have proved to 
be the most versatile and dynamic tools in plant 
breeding by the generation of  defined mutants 
(Waltz, 2018). As compared with the transgenic 
approach, genome editing does not involve incorp-
oration of  any foreign gene into a host species and 
the resulting progeny cannot be distinguished 
from their parents (Razzaq et al., 2019b). The 
sequence-specific mediated genome editing can 
be described as a system of  modern molecular 
approaches that are precise, simple, efficient and 
specific for targeted mutations at desired genomic 
loci (Gao, 2015).

In maize, genome editing tools can be effi-
ciently applied to increase the stress tolerance 
and develop improved maize varieties with stress 
resilience (Zong et al., 2017; Feng et al., 2018). 
This strategy needs very little time compared with 
transgenic or conventional breeding platforms. 
The accessibility to maize genomic resources like 
high-throughput genomics data, genomic sequen-
cing, transcriptomics, proteomics and metabolo-
mics techniques has sped up the deciphering of  
stress-related genes, metabolites and proteins in 
the maize crop. Traditionally, maize was mutated 
through irradiation and chemical mutagens and 
maize genes could be edited via the DNA repair 
mechanism. Mutation breeding is usually less 
accurate and results in positive and negative 
consequences with few switch on genomic re-
gions to be manipulated. Transposon tagging is 
used to produce mutations in maize genome and 
helps to identify specific genes (Walbot, 2000). This 
approach is relatively expensive, time-consuming 
and can cause random integrations into the 
genome, and the mutant screening is very cum-
bersome (Walbot, 2000). The drawback of  

random genome manipulations triggered the 
research on sequence-specific genome editing 
approaches. Modern genome editing ap-
proaches have evolved during the last 10 years 
and have enhanced the fidelity of  genome 
engineering around 1000-fold (Puchta et al., 
1993).

23.5  Types of Genome Editing Tools

Meganucleases, zinc-finger nucleases (ZFNs), 
transcription activator-like nucleases (TALENs) 
and clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9) are the four types of  genome 
editing system that have been identified so far 
(Razzaq et al., 2019b). The basic mechanism of  
genome editing needs site-specific nucleases to 
make the double-strand breaks (DSBs) at the de-
sired site on DNA. The DSBs can be repaired via 
homology-directed repair (HDR) or the non-
homologous end joining (NHEJ) process (Jinek 
et al., 2012; Cong et al., 2013). The utilization 
of  TALENs, CRISPR single guide RNA (sgRNA), 
sgRNA/Cas9 and CRISPR/Cas9 has been ap-
plied in various crops for improving abiotic 
stress tolerance, including maize (Shi et al., 
2017). In addition, genome editing approaches 
can now widen their application in the era of  
abiotic stresses to enhance crop yield by produ-
cing resistant cultivars. A general mechanism 
describing the genome editing process is illus-
trated in Fig. 23.2.

23.5.1  Zinc-finger nucleases (ZFNs)

ZFNs (Fig. 23.3) are first-generation genome 
editing tools and are generally applied to cut a 
specific DNA segment that is repaired by the NHEJ 
mechanism, giving site-specific mutagenesis 
(Urnov et al., 2010). Many types of  genomic 
manipulations including insertion, deletion, 
duplication, inversion and translocation can be 
achieved via ZFNs, which gives scientists an 
excellent technique to introduce genetic muta-
tions. ZFNs are sequence-specific nucleases de-
signed by fusing an array of  artificial zinc-finger (ZF) 
domains, each having a specific DNA-binding 
domain, to the FokI restriction enzyme having a 
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non-specific binding domain. The nuclease do-
main recognizes the DNA region to be cleaved 
and each ZF identifies a target sequence of  3 bp 
(Petolino, 2015). For modular assembly of  ZFNs, 
each ZF should be integrated with the bigger tar-
geting sequence for precise editing of  a desired 
DNA segment. Each ZFN is composed of  mono-
mers of  two zinc-finger proteins (ZFPs) attached 
to an 18–24 bp sequence having a spacer region 
of  five to seven nucleotides (Urnov et al., 2010). 
ZFNs have been successfully applied in maize for 
genome editing for specific traits in recent years 
(Shukla et al., 2009). However, the ZFN technol-
ogy has a large number of  disadvantages such as 
very high cost of  protein domain designing, con-
struction complexity, less accessibility to target 

sites for particular genomic loci, high off-target 
rate, defective mutations, non-compatible domain 
interaction and specialized skill required for 
results interpretation, which have made it less ap-
plicable for crop genome editing. Hence, the hunt 
for novel tools for genome engineering continued 
and has been directed to the designing of  new 
ways for gene manipulation like TALENs and the 
CRISPR/Cas9 system (Nemudryi et al., 2014).

23.5.2  Transcription activator-like 
effector nucleases (TALENs)

In contrast to ZFNs, scientists have placed 
greater attention on TALENs because they can 

Design Vector construction Delivery methods

Transformation

Mut M

Mutant screeningPhenotypic
characterization

Agrobacterium
Gene gun

Protoplast transformation

CRISPR/Cas9
TALENs

ZFNs

Fig. 23.2.  Workflow of genome editing mechanism in plants.
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Fig. 23.3.  Diagrammatic representation of ZFNs. The right and left portions comprise a ZFP and each 
monomer of ZFN is made up of ZFP that is attached to an 18–24 bp target sequence. The ZFNs are 
connected with FokI (red) and dimerized to generate DSBs at spacer region of 5–7 bp.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 CRISPR-Mediated Genome Editing in Maize for Improved Abiotic Stress Tolerance	 413

be designed via naturally occurring DNA pro-
teins. TALENs are also a first-generation genome 
editing tool, developed from Xanthomonas bac-
teria. This genus is a pathogen of  some important 
crops including tomato, pepper and rice, posing 
a great threat to agriculture. These pathogenic 
bacteria usually produce transcription activa-
tor-like effector (TALE) proteins in the plant 
cytoplasm and disturb different mechanisms in 
plant cells that enhances the risk of  pathogen 
damage (Nemudryi et al., 2014). TALENs are ap-
plied to generate mutations via NHEJ and HDR 
processes that use donor DNA to repair the DSBs, 
introducing gene replacement or gene insertion 
at the target site. In addition, small insertions or 
deletions are produced at the joint of  new 
chromosomes (Joung and Sander, 2013). Like 
ZFNs, TALENs comprise an artificial TALE fused 
to the cleavage domain of  FokI (Fig. 23.4). The 
sequences of  amino acids representing the array 
of  TALEs are quite similar, excluding repeat vari-
able diresidues (RVDs) present at the 12 and 13 
positions. Generally, a monomer of  TALE in pair 
form attaches to a sequence of  about 50–60 
nucleotides having 14–18 nucleotide spacer 
regions, which is crucial for proper functioning. 
Taking account of  the higher number of  RVDs, 
the designing of  TALENs is still a cumbersome 
task (Joung and Sander, 2013). Although TALEN 
and ZFN genome editing tools are successful to 
some level, they have several limitations as 
well that make their application restricted in 
many cases. Moreover, high precision is needed 
to design pairs of  TALENs and ZFNs, because 
both up- and downstream sites of  specified 
regions must be targeted for accurate genome 

editing events (Kim and Kim, 2014). In addition, 
both these tools are time-consuming, expensive 
and difficult to handle, thus cannot be used on a 
large scale. These approaches rely on proteins 
and designing of  proteins to tailor any DSB, which 
is a difficult procedure (Choudhary et al., 2017).

23.5.3  CRISPR/Cas9 system

Among all the genome editing tools, CRISPR/
Cas9 is the most powerful, versatile, simple, 
popular and modern genome engineering tool 
for crop improvement. The CRISPR/Cas9 tool-
box has greater application than first-generation 
genome editing tools because it is simpler in 
design, easy to handle, flexible, robust, precise, 
accurate and comparatively economical, thus 
has revolutionized plant genome editing (Razzaq 
et al., 2019b). This editing tool, isolated from 
bacterial adaptive immune systems, contains 
Cas endonuclease and clustered palindromic re-
peats that guard bacteria from foreign invaders 
including viruses or plasmids (Barrangou et al., 
2007). Three types of  CRISPR/Cas (I, II, III) hav-
ing diverse function are present in archaea and 
bacteria (Makarova et al., 2011). Type II is the 
highly efficient system and needs an sgRNA and 
Cas9 for foreign DNA recognition and cleavage 
(Cong et al., 2013). Among presently accessible 
CRISPR/Cas tools, Streptococcus pyogenes (SpCas9)- 
derived Cas9 endonuclease and its variants have 
been generally applied for extensive applications 
in crop improvement via site-specific and highly 
efficient targeted genome engineering (Jinek  
et al., 2012; Mali et al., 2013), epigenome editing 

AGCTATCTACCTCGCGTCGAC

TCGATAGATGGAGCGCAGCTG

Fokl

Fokl

-

Left TALEN

Right TALEN

Fig. 23.4.  Editing mechanism of TALENs. Left and right flanks of TALEN are comprised of 33–35 amino 
acid repeats. TALEN pairs are flanked by a 12–21 bp spacer region at which TALE molecules attached 
with FokI cut the target sequence.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



414	 A. Razzaq et al.	

(Thakore et al., 2015), precise gene replacement 
(Zhang et al., 2017), base editing (Zong et al., 
2017) and transcriptional reprogramming 
(Chavez et al., 2015).

The current version of  the CRISPR/Cas9 
system is derived from type II system and con-
tains Cas9 protein and sgRNA to produce 
site-specific DSBs at the targeted DNA sequence. 
In addition, it also consists of  a trans-encoded 
CRISPR RNA (tracrRNA), a duplex of  CRISPR 
RNA (crRNA) and a protospacer-adjacent motif  
(PAM) that flanks the crRNA specific target 
(Cong et al., 2013). The crRNA recognizes the 
target site and the tracrRNA assists in crRNA 
processing as well as DNA cleavage (Jinek et al., 
2012). The integration of  tracrRNA and crRNA 
with sgRNA not only made the CRISPR/Cas9 
toolbox simple, but also enhanced the cleavage 
frequency (Mali et al., 2013). An sgRNA is com-
prised of  a 20 bp seed sequence and a hairpin 
loop-like structure. The sgRNA identifies a spe-
cific target sequence and Cas9 produces DSBs 
adjacent to PAM sequence (Jinek et al., 2012). A 
specific gene manipulation can be achieved by 

the repair mechanism via NHEJ, which can gen-
erate small insertions/deletions at the cleavage 
site. On the other hand, DSBs can also be re-
paired using the HDR mechanism by providing a 
template having a complementary sequence 
(Cong et al., 2013). A schematic diagram repre-
senting the CRISPR/Cas9 mechanism is shown 
in Fig. 23.5.

So, remarkably, only 20 bp is enough to give 
allele character in a single copy site of  a genome 
such as maize because the small size makes de-
signing of  the sgRNA simple (Cong et al., 2013). 
In addition, delivery of  the sgRNA/Cas9 expres-
sion cassette into the cell can be stable or involve 
transient maize transformation (Jinek et al., 
2012). As compared with other nucleases, the 
capability of  CRISPR/Cas9 to cleave a specific 
DNA sequence makes for a multidimensional, 
versatile and excellent tool for genome editing 
(Bortesi and Fischer, 2015). The targeting effi-
cacy of  the CRISPR/Cas9 toolbox is astonishing 
in contrast to ZFNs and TALENs (Reis et al., 2014). 
Recently, CRISPR/Cas9-mediated genome editing 
has been conducted to introduce desired mutations 
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Fig. 23.5.  The CRISPR/Cas9-mediated genome editing process which consists of Cas9 and sgRNA. 
The sgRNA/Cas9 complex targets the 20 bp desired sequence and 3 bp upstream of PAM sequence on 
RuvC site. The DSBs can be filled via the NHEJ or HDR repair pathway, resulting gene insertion and 
gene deletion. HNH, endonuclease domain named for characteristic histidine and asparagine residues; 
RuvC, endonuclease domain named for an Escherichia coli protein involved in DNA repair.
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for maize improvement (Char et al., 2017; Li 
et al., 2017; Feng et al., 2018). For the trans-
formation via the CRISPR/Cas9 system in maize, 
different techniques can be adopted such as 
Agrobacterium-mediated transformation (Zhu 
et al., 2016; Char et al., 2017), particle bom-
bardment or biolistics (Svitashev et al., 2015; 
Zhu et al., 2016) and protoplast transformation 
(Xing et al., 2014). The latter is generally used to 
calculate the efficacy of  various sgRNA pools, as 
there is no standard procedure devised for maize 
plant regeneration. Biolistics is used when there 
are regulations limiting the utilization of  Agro-
bacterium, which is considered a pathogen in cer-
tain countries. However, Agrobacterium-mediated 
transformation of  the CRISPR/Cas9 system with 
removal of  the expression cassette backbone via 
backcrossing makes it the most extensively used 
technique. DNA-free genome editing can be achieved 
by using ribonucleoprotein (RNP)-mediated 
sgRNA/Cas9 delivery to host plants. Furthermore, 
multiplex genome editing is another exceptional 
editing technique in which more than one gRNA 
can be constructed in a single expression cas-
sette to get the desired mutagenesis in maize. 
Two methods have been established for this pur-
pose: one comprised of  tandem repeats having 
diverse promoters like U3 and U6 regulating the 
sgRNA, while the other is based on a single pro-
moter controlling multiple sgRNAs (Qi et al., 2016; 
Char et al., 2017). The DSBs produced by the 
CRISPR/Cas9 system are generally insertions or 
deletions of  some base pairs and nicks can be 
filled via the NHEJ or HDR repair pathway. Big 
deletions like 10 bp have also been achieved, 
probably repaired by the microhomology-
mediated end joining (MMEJ) pathway, but are 
not common (Feng et al., 2016). Additionally, 
targeted modification of  an allele relay on the re-
pair matrix responsible for desired mutagenesis 
via HDR and HDR-based promoter exchange has 
also been reported in maize (Shi et al., 2017).

For example, in 2019 Doll and colleagues 
carried out CRISPR/Cas9-mediated genome 
editing in maize and mutated 18 genes to study 
the 93 mutant alleles by producing single and 
multiple knockouts. In a single step, double and 
triple knockouts were produced that are particu-
larly beneficial for functional studies of  genes 
having greater genetic linkage (Doll et al., 2019). 
In another experiment, the sgRNA/Cas9 expres-
sion cassette was co-transferred via biolistics 

into maize embryos to target five different genes 
including acetolactate synthase (ALS1, ALS2), 
male fertility (Ms26, Ms45) and ligule-less (LIG1). 
Mendelian segregation was observed in the pro-
geny as a result of  targeted gene insertion, edits 
and mutation, that would be very valuable to in-
crease the maize production globally (Svitashev 
et al., 2015). Male sterility is a highly beneficial 
tool to produce hybrid seed and requires male-
sterile mutants for the establishment of  hybrid 
seed generation lines. CRISPR/Cas9 tool is the 
best technique to produce knockout mutants for 
male sterility in maize. Agrobacterium-based 
transformation was done to mutate the MS8 
gene in maize and results showed the mutations 
in the F

1 and F2 generations. Transgene-free maize 
plants were produced via F2 screening and male 
sterility could be incorporated into the best-
performing maize cultivars for hybrid seed produc-
tion (Chen et al., 2018).

23.6  Applications of CRISPR/Cas9 
for Abiotic Stress Tolerance in Maize

CRISPR/Cas9 has vast potential application in 
maize genome editing and there are many re-
ported studies in which the maize genome has 
been successfully mutated to get the desired re-
sult. Abiotic stresses are the major concern for 
agricultural productivity around the world and 
have severe implications for maize crop yield. In 
this context the CRISPR/Cas9 system is the most 
versatile and powerful tool to tackle these abiotic 
stresses in maize. Although very few studies 
have been carried out to date, a lot of  work has 
to be done to protect maize from harsh climatic 
stresses that promises the higher production of  
maize (Table 23.2). For example, Njuguna and 
co-workers used the CRISPR/Cas9 system for 
targeted mutation of  PARP (poly(ADP-ribose) 
polymerase) and NUDX (ADP-ribose-specific  
Nudix hydrolase) genes in maize that play a crucial 
part in regulating homeostasis under drought 
stress. The results indicated enhanced tolerance 
against drought stress in maize cultivars (Njug-
una et al., 2017). Previously it was revealed that 
overexpression of  the ARGOS8 gene, which is 
a negative regulator of  the ethylene response, 
minimizes the ethylene susceptibility and hence 
increases yield under drought. To check the 
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response of  maize to overexpressing ARGOS8 
under drought stress, about 400 inbred maize 
lines were used and CRISPR/Cas9-mediated tar-
geted mutagenesis was performed to produce 
novel variants. A native promoter of  maize, 
GOS2, was incorporated into ARGOS8 to swap 
the native promoter of  the gene. Targeted gen-
ome manipulation of  the maize gene locus was 
confirmed via real-time quantitative PCR and 
RNA sequencing. The results showed increased 
expression of  ARGOS8 gene having GOS2 pro-
moter in transformed plants compared with wild 
cultivars and indicated the increase in produc-
tion of  grains under drought stress conditions. 
This result validated the importance of  the 
CRISPR/Cas9 toolbox in producing new allelic 
variants for breeding tolerant maize cultivars 
under drought stress (Shi et al., 2017).

Recently, CRISPR/Cas9-mediated genome 
editing was executed to knock out Dcl5 (Dicer-like 
5) gene to check the temperature sensitivity in 
maize. Dcl5 is supposed to control the perfect sli-
cing process generating different 24 nt, phased 
secondary small interfering RNAs (phasiRNAs) 
which are produced in meiotic anthers of  maize 
and whose function is still not clear. The results 
demonstrated that dcl5 knock-outs have very lit-
tle or no development of  24 nt phasiRNAs and 
produce stunted anthers, thus showing that 24 
nt phasiRNAs are crucial for heat-susceptible 
male fertility (Teng et al., 2018). Cao and col-
leagues selected a recombinant inbred line (RIL) 
to study the salt tolerance mechanism in maize. 
In saline soils, K+ homeostasis is regulated by a 
major quantitative trait locus (QTL) named ZmH-
KT2 which encodes a protein of  the high-affinity 

potassium transporter (HKT) family and possibly 
decreases shoot K+ concentration via removal of  
K+ ions from xylem sap. In addition, deficiency of  
ZmHKT2 enhances K+ concentration in shoot 
and xylem sap which confers salinity tolerance 
in maize. CRISPR/Cas9 was used for ZmHKT2 
gene editing that reduced K+ transport delivery in 
ZmHKT2 and ultimately assisted maize plants 
under salt stress. Therefore, the CRISPR/Cas9 
system can be vital for improving salinity toler-
ance in maize (Cao et al., 2019).

Similarly, functional characterization, iden-
tification and elucidation of  stress tolerance QTLs 
in maize have been reported. ZmHKT1 is a gene 
linked with Na+ concentration in maize and loss 
of  function of  that gene via retrotransposons in-
corporation provides enhanced Na+ concentra-
tion in leaves which causes salt hypersensitivity. 
CRISPR/Cas9-mediated editing of  ZmHKT1 was 
achieved, with the results showing increased con-
centration of  Na+ in xylem that resulted in en-
hanced Na+ transfer from root to shoot. Hence, it 
was concluded that ZmHKT1 is a vital gene regu-
lating salinity stress and can be targeted to pro-
duce elite maize varieties with improved salinity 
tolerance (Zhang, M. et al., 2018). Recently, the 
same experiment was carried out to study the salt 
tolerance in maize by disrupting the ZmHAK4 
gene (Zhang et al., 2019).

23.7  Conclusion and Future Prospects

Assuring the food security of  the global popula-
tion of  10 billion people by the end of  2050 is a 

Table 23.2.  Recent studies on CRISPR/Cas9-based gene editing for abiotic stress tolerance in maize.

Trait study Target gene Delivery method Editing result
Repair  
pathway Reference

Drought 
tolerance

PARP Agrobacterium-mediated 
transformation

Knockout NHEJ Njuguna et al. 
(2017)

Drought 
tolerance

ARGOS8 Particle bombardment Overexpression HDR Shi et al. (2017)

Heat tolerance Dcl5 Agrobacterium-mediated 
transformation

Knockout NHEJ Teng et al. (2018)

Salinity 
tolerance

ZmHKT2 Agrobacterium-mediated 
transformation

Knockout NHEJ Cao et al. (2019)

Salinity 
tolerance

ZmHKT1 Agrobacterium-mediated 
transformation

Knockout NHEJ Zhang, M. et al. 
(2018)

Salinity 
tolerance

ZmHAK4 Agrobacterium-mediated 
transformation

Knockout NHEJ Zhang et al. 
(2019)
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huge challenge. Food security and safety are the 
major concerns for policy makers and agricultural 
scientists. Continuous deterioration of  the world’s 
climate increases the chances of  abiotic stresses. 
Maize is the third most important staple crop in 
the world and largely affected by severe abiotic 
stresses. To deal with these stresses, modern breed-
ing technology paves the way for the improvement 
of  maize production globally. CRISPR/Cas9 is the 

most powerful and excellent tool to tackle the abi-
otic stresses of  maize. It has great potential for 
maize genome manipulation at desired sites. By 
using CRISPR/Cas9-mediated genome editing, 
numerous genes can be targeted to produce elite 
maize cultivars that minimize the challenges of  
abiotic stresses. In the future, more precise and ac-
curate variants of  the CRISPR/Cas9 toolbox are 
expected to be used for maize yield improvement.
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24.1  Introduction

Soil salinity is one of  the major constraints that 
severely limit the growth and development of  a 
crop. Salinity limits plant development not only 
by reducing the water and nutrient uptake but 
also by causing metabolic changes (Munns, 2002). 
It causes serious damage in biological systems 
and reduces the productivity in crops, especially 
in arid and semi-arid areas. Due to climate change 
and global warming, sea level is rising, and 
saline-affected areas are increasing constantly. 
Hence, salinity stress is becoming more of  a 
concern and there is now greater demand to 
develop salinity stress-tolerant varieties. A better 
understanding of  the saline tolerance mechanism 
in crops will be useful for breeding saline-tolerant 
crop varieties, which is crucial for sustainable 
crop production (Mbinda and Kimtai, 2019).

Sorghum (Sorghum bicolor L. Moench) is 
one of  the five major cereal crops and is grown all 
over the world. It was categorized as a moderately 
salinity-tolerant crop (Igartua et al., 1995) and is 
known to be comparatively more saline-tolerant 
than maize, the cereal crop that ranks first in 
global productivity (Maas et al., 1986). Thus, 

sorghum has potential as a crop for areas affected 
by salt (Igartua et al., 1994). Over the years, sev-
eral breeding methods have been applied for the 
genetic improvement of  this crop. To develop 
saline-tolerant varieties, researchers are currently 
exploiting germplasms and employing molecu-
lar technologies to understand the saline tolerance 
mechanism in crops. In recent years, molecular 
breeding has become very popular to develop bi-
otic and abiotic stress-tolerant crop varieties. 
Advanced molecular marker technologies, such 
as the identification of  markers closely linked to 
a quantitative trait locus (QTL) or gene for salt 
tolerance, would be useful to develop salt-tolerant 
crop varieties by marker-assisted selection (MAS), 
thus increasing breeding efficiency (Kumar et al., 
2015). In this chapter, current progress and pro-
spects of  molecular breeding and strategies for 
developing better saline-tolerant sorghum var-
ieties are discussed.

24.2  Germplasm for Salt Tolerance

Saline-tolerant germplasms are the prelimin-
ary sources of  further genetic improvement for 

*Corresponding author: n.chakma@uq.edu.au
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sustainable crop production (Mbinda and 
Kimtai, 2019). Although sorghum is a moder-
ately salt-tolerant crop, there is a large genetic 
variation for saline tolerance (Francois et al., 
1984; Igartua et al., 1994). Krishnamurthy 
et al. (2003) have reported 19 highly salt-
tolerant sorghum cultivars and elite lines 
which showed desirable agronomic traits 
under 250 mM salt concentration. Azooz et al. 
(2004) tested three sorghum cultivars for sa-
line tolerance and cultivar Dorado was found 
to be the most tolerant cultivar showing a posi-
tive correlation with growth characteristics. 
Krishnamurthy et al. (2007) conducted a ser-
ies of  pot experiments for salt tolerance in 100 
sorghum lines comprising hybrids from grain 
and forage, popular and improved varieties, 
and reported seven highly saline-tolerant 
genotypes. In another study, 100 sorghum 
germplasms were tested by Kulhari et al. 
(2008) under saline stress and three geno-
types, Raj 27, Raj 30 and Raj 4, were identified 
as stable salt-tolerant lines. Reddy et al. (2010) 
screened 27 hybrid varieties and 26 restorer 
lines and concluded that hybrids are superior 
in the case of  establishment and productivity. 
Sun et al. (2014) evaluated ten sorghum var-
ieties in two greenhouse experiments and 
found that three sorghum varieties, Shallu, 
Desert Maize and 1790E, were the most 
salt-tolerant varieties. Three sorghum geno-
types, JJ1041, ICSV 745 and S35, were found 
to be tolerant to saline conditions at the early 
growth stage by Attia (2016). Kausar et al. 
(2012) recommended that Sandalbar and JS-
2002 varieties could be a potential genetic 
source for sorghum biomass production in 
saline areas with 20 dS/m. Ding et al. (2018) 
evaluated 300 sweet sorghum germplasms for 
saline tolerance at the germination stage. 
Among those, 23 were highly salt-tolerant, 38 
were salt-tolerant and 195 were moderately 
salt-tolerant cultivars. Bafeel (2014) screened 
seven Saudi local cultivars of  sorghum for 
natural seawater (Red Sea) tolerance and re-
vealed that C3 (mixed white and red seeds) 
was the most salt-tolerant based on germin-
ation ability and shoot development. A list of  
available salt tolerant cultivars is provided in 
Table 24.1. These listed germplasms can be 
used as potential sources for future breeding 
programmes.

24.3  Salinity Response in Growth 
Stages

In sorghum, the saline response of  a variety 
also depends on the stage of  growth. Maas et al. 
(1986) performed research on sorghum saline 
sensitivity at three growth stages and concluded 
that sorghum is mostly saline-sensitive at the 
early growth stage and least sensitive at the mat-
uration stage. However, some researchers reported 
that the germination stage of  sorghum is the 
most saline-sensitive than other growth stages 
(Krishnamurthy et al., 2003; Sun et al., 2014). 
Furthermore, results indicated that the genotypes 
with higher germination rates had higher bio-
mass and yield potentiality under saline stress 
conditions (Krishnamurthy et al., 2007), which 
could be the reason why most of  the saline toler-
ance germplasm screening research has been 
performed at seedling emergence and seedling 
growth stage. Tigabu et al. (2012) tested 11 sor-
ghum genotypes at seed germination and early 
seedling stages and found that cultivar ICSV-111 
was more salt-tolerant at the germination stage 
while Teshale and 76T1#23 cultivars showed better 
salt tolerance at the seedling growth stage. Ali 
et al. (2013) reported that cultivar Mr. Buster was 
more salt-tolerant at the germination stage but less 
tolerant at the seedling growth stage compared 
with the cultivars ‘Honey Graze’ and ‘Extra Sweet’.

24.4  Salinity Response in  
Morpho-Physiological Traits

Evaluation of  salinity response in morpho- 
physiological traits is crucial for accurate screening. 
Identification of  traits associated with saline 
resistance assists in further molecular investiga-
tion and selection of  saline-tolerant cultivars. 
Although numerous studies have been conducted 
to identify traits for saline tolerance in sorghum, a 
set of  simple and accurate trait indexing methods 
is still unavailable, which is one of  the key reasons 
for limited success in the genetic improvement 
programmes (Zeng et al., 2002).

Morphological traits are the primary indica-
tor of  salinity tolerance. Investigation in plants 
usually starts with observations of  their surface 
appearances, and shoots and roots are the 
most important morphological features for the 
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identification of  stress-tolerant plants (Gifford and 
Foster, 1989; Bai, 2017). In many studies, shoot 
length and root length have been used as an in-
dicator trait alongside other traits to screen 
salt-tolerant plants. Saline stress reportedly sig-
nificantly reduces shoot and root length because 
soil salinity lowers osmotic potential and increases 
ion toxicity in plants, thus reducing biomass 
(Azhar and McNeilly, 1987; Krishnamurthy 
et al., 2007; Rani et al., 2012; Sun et al., 2012; 

Tigabu et al., 2012). Germination rate was 
frequently used to identify saline-tolerant sorghums 
because seed germination is the first step of  per-
formance evaluation. Germination rate severely 
decreases with increased salinity level due to 
high accumulation of  Na+ and Cl– and low water 
potential hindering water absorption (Almo-
dares et al., 2007; Geressu and Gezahagne, 2008; 
Sun et al., 2012; Tigabu et al., 2012; Zhan et al., 
2013). Sun et al. (2012) suggested that root 

Table 24.1.  List of salt-tolerant sorghum cultivars.

Cultivars Criteria (salinity conditions) Reference

Northrup King 265 and Asgrow Double TX Six salinity treatments  
(osmotic potential of –0.25, 
–0.35, –0.45, –0.65, –0.85 
and –1.05 MPa)

Maas et al. (1986)

CSV 15, ICSV 766, ICSV 95030, NTJ 2, ICSV 145, S35, 
ICSV 112, ICSV 300, ICSR 196, SP 40669, SPA2 
94029, SP 40672, SPV 1022, SPDM 94006, ICSR 
91005, ICSR 89010, SP 40646 and ICSR 93034

250 mM, irrigated condition Krishnamurthy et al.  
(2003)

Dorado, Hagen Shandawil and Giza Five levels (1, 2, 3, 4 and  
5 bar) of NaCl

Azooz et al. (2004)

CSV 15, ICSV 766, NTJ 2, ICSV 95030,  
S35, ICSV 589 and ICSV 676

250 mM NaCl Krishnamurthy et al.  
(2007)

Raj 27, Raj 30 and Raj 4 0, 6 and 9 dS/m Kulhari et al. (2008)
Soave 0, 100, 200 and 300 mM NaCl Almodares et al.  

(2007)
Hybrids of ICSA 405 × JJ1041, ICSA 766 × ICSV 

96020, ICSA 707 × ICSV 745, ICSA 276 × ICSV 
93048 and ICSA 276 × S35; and varieties JJ1041, 
ICSB 707, SP 47529, CSV 15 and SPV 1022

250 mM NaCl Reddy et al. (2010)

ICSV-111, Teshale, 76T1#23 2, 4, 8 and 16 dS/m Tigabu et al. (2012)
CSV-15, HD-19 and HC-171 3, 6, 7.2, 10 and 12 dS/m Rani et al. (2012)
JS-2002 and Sandalbar 50, 100, 150 and 200 mM NaCl Kausar et al. (2012)
Wad Ahmed 2, 4, 8 and 16 dS/m El Naim et al. (2012)
Mr. Buster, Extra Sweet and Honey Graze Irrigation with 50, 100 and  

150 mM NaCl
Ali et al. (2013)

Ketian No. 2 and Jintianza 3.0, 6.0 and 9.0 g NaCl/kg Zhan et al. (2013)
C3 7 dilutions of Red Seawater 

(1.6, 3.1, 6.3, 12.5, 25, 50 
and 100%)

Bafeel (2014)

Shallu, Desert Maize and 1790E 5, 10 and 17 dS/m Sun et al. (2014)
JJ1041, ICSV 745 and S35 Field irrigation Attia (2016)
Mecca hybrid 0, 3, 6, 9, 12 and 15 dS/m Kandil et al. (2017)
23 highly salt-tolerant varieties - Jitianzashi  

(11-5) 7, KORJAJ-2, MN-3086, Jitianza 3, 
Z1H08902, KORJAJ-1, XTL-4, Tianxuan 171, 
Nengsi 1, Tianxuan 159, MN-2467, Z1H08912, 
Bapin 4, Z1H08919, Tianxuan 8, Tianxuan 86, 
Jintian 09-1, PI196600, BJK156, Tianxuan 192, 
MN-3808, Tianxuan 94, L-Tian

0, 100 and 200 mM NaCl Ding et al. (2018)

Gadam 100, 200 and 300 mM NaCl Mbinda and Kimtai 
(2019)

Hybrid Sorgo, BD703 and BD707 0, 6, 12 and 18 dS/m Sagar et al. (2019)
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length, coleoptiles and leaf  weight, and ger-
mination rate can be used as key indices to iden-
tify salinity-tolerant varieties at an early stage. 
Plant height, plant shoot and root dry weight, 
and leaf  area per plant were investigated to de-
termine the level of  tolerance in these studies.

Physiological responses and stress reactions of  
plants under salinity are reported to be varied de-
pending on the sorghum variety and growth stage. 
For instance, Ding et al. (2018) evaluated numer-
ous physiological parameters to identify reliable 
screening traits at the germination stage by using 
300 sweet sorghum germplasms. The membership 
function value (MFV) revealed that germination 
index (GI) was a better indicator for salt tolerance 
screening at the germination stage under 200 mM 
NaCl treatment in sweet sorghum germplasm. Kau-
sar et al. (2012) used several physiological param-
eters such as germination stress tolerance index 
(GSI), root length stress tolerance index (RLSI), 
shoot length stress tolerance index (SLSI) and 
biomass stress tolerance index (BSI) to screen salt-
tolerant varieties and suggested that these param-
eters are efficient in screening a large number of  
sorghum varieties for saline tolerance. One of  the 
physiological traits to identify salt-tolerant plants 
could be determination of  the content of  photo-
synthetic pigments in plants. It was revealed that a 
low concentration of  NaCl (0.3%) increased the 
content of  chlorophyll a and chlorophyll b in the 
leaves of  sweet sorghum salt-tolerant varieties, 
thus suggesting that the content of  photosynthetic 
pigment can be used as a marker for salinity stress 
tolerance (Baiseitova et al., 2018). Tolerance of  
sorghum cultivars can also be associated with K+ 
content and K+:Na+ ratio in plants (Azooz et al., 
2004). Sun et al. (2014) reported that K+ level in 
leaves increased with increased NaCl concentra-
tion. Hence, K+:Na+ ratio can be used as an effective 
salt tolerance indicator in plants.

24.5  Traditional Breeding for  
Developing Salinity-Tolerant Varieties

Breeding programmes have been performed for 
thousands of  years, as humans continue to use 
different methods to modify plant traits to achieve 
desirable characteristics (Sleper and Poehlman, 
2006). The presence of  large genotypic variability in 
sorghum provided an excellent opportunity for trait 

manipulation through a genetic improvement pro-
gramme (Taylor et al., 1975; Maiti et al., 1994). Suc-
cess in traditional breeding largely depends on the 
number of  genes controlling the trait (Agrawal, 
1998). Usually, qualitative traits are easier to 
breed than quantitative traits. Qualitative charac-
teristics (controlled by one or few genes) are simple 
to modify and evaluate in a breeding programme 
since their expressions generate distinct pheno-
types, which can be differentiated by counting and 
putting them into clear-cut categories (discrete dis-
tribution) (Brown and Caligari, 2011). However, 
quantitative traits are regulated by polygenes 
(multiple genes), each contributing a small effect 
to a trait’s overall phenotypical expression. The 
predominant plant characteristics of  agronomic 
and economic significance are quantitative, in-
cluding crop yield, environmental adaptation and 
resistance/tolerance to stresses like pests and dis-
eases, drought, salinity, etc. The expression of  these 
traits is often complicated, with phenotypic ex-
pression patterns regulated by a complex series of  
interactions between multiple genes and environ-
mental factors (Kover et al., 2009). It is an ongoing 
challenge for the plant breeder to dissect the gen-
etic architecture of  these complex traits. Many 
salt-tolerant lines of  sorghum have been produced 
via conventional and molecular breeding ap-
proaches. The rest of  this chapter provides an up-
date and discussion on the current approaches of  
developing salt-tolerant sorghum cultivars.

In the conventional method, the development 
and enhancement of  a cultivar can be achieved 
by manipulating the plant genome within a spe-
cies’ primary gene pool (Acquaah, 2009, 2015). It 
is the preliminary method of  creating new genetic 
variation by utilizing cross-pollination followed by 
self-pollination and/or clonal propagation (Briggs 
and Knowles, 1967). In the last century, conven-
tional breeding predominated, and considerable 
progress was made in enhancing high yield and 
stress-tolerant crops. Although many salt-tolerant 
crop cultivars, such as rice cultivars CSR10, 
CSR13 and CSR27, have been produced through 
conventional breeding, very few studies have been 
conducted for the production of  salt-tolerant sor-
ghum varieties (Ashraf  and Akram, 2009).

The choice of  methodology for breeding 
depends on the crop’s pollination behaviour and 
the type of  cultivar  intended for development. 
Sorghum is an often cross-pollinated crop as 
cross-pollination varies from 5 to 15% with an 
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average of  about 6%, hence is suitable for both 
self- and cross-pollinated crop breeding practices 
(Poehlman, 2013). This suggests that sorghum 
breeders may develop homozygous lines as a 
cultivar or induce heterosis by hybridization. 
Although sorghum breeding objectives were 
mostly centred around yield and yield stability, 
quality features and tolerance to one or more 
stresses (such as tolerance to salinity) were also 
considered (Rakshit and Bellundagi, 2019). For 
improving sorghum, breeders employed various 
conventional selection and breeding strategies. 
These include mass selection, pure-line selection, 
pedigree method, bulk method, backcross method, 
single seed descent method (SSD), mutation 
breeding, etc. Choice of  the selection strategy de-
pends on the planned objectives and the handled 
breeding material. For genetically variable and 
homozygous populations, mass selection and 
pure-line selection schemes can be implemented, 
while in segregating populations other approaches 
such as pedigree, bulk, backcross, SSD strategy 
and mutation breeding are implemented.

M-35-1, Yashoda, Sel-3 and Maulee (RSLG-
262) are some of  the commercial cultivars of  sor-
ghum successfully developed through the pure-
line selection method; and CSV 17 (SPV 946 × 
SPV772), CSV 15 (SPV475 × SPV 462) and CSV 
20 (SPV946 × Hh89-246) are commercial culti-
vars of  sorghum produced by the pedigree 
method for yield and quality-related traits. The 
mutant lines of  sorghum – PAHAT for drought 
tolerance; YT30-39-07, GH-ZB-41-07, B-92 and 
B-76 for higher yield; ZH30-30-07, ZH30-29-07 
and ZH30-35-07 for production of  bioethanol; 
and ZH30-30-07, ZH30-35-07 and ZH30-29-07 
for increasing sweetness – were successfully de-
veloped via mutation breeding (Ashraf  and 
Akram, 2009; Rakshit and Bellundagi, 2019). 
These examples illustrate that very little work has 
been done to develop saline-tolerant sorghum 
cultivars using the conventional breeding method. 
Therefore, substantial improvements in the 
sorghum salt tolerance may not be expected.

24.6  Progress and Prospects  
of Molecular Breeding

Molecular breeding is one of  the most important 
tools for plant breeding. In the last few decades, 
the advancement of  molecular breeding techniques 

has enabled researchers to speed up the develop-
ment of  different crop varieties. Using DNA-based 
markers, thousands of  QTLs and genes have 
been mapped in major crops and developed the 
foundation for advanced MAS strategies (Xu et 
al., 2017). However, compared with other major 
crops, the research for salt tolerance in sorghum 
is still at a preliminary level. More extensive 
research is required for understanding salt toler-
ance in sorghum.

An approach to improve selection efficiency 
and salt tolerance breeding is to detect molecular 
markers linked with salt tolerance. Depending 
on the method to identify polymorphism, mo-
lecular markers are mainly classified into two 
categories: hybridization-based and PCR-based 
markers. Hybridization-based markers, including 
RFLP (restriction fragment length polymorph-
ism) and VNTR (variable number of  tandem 
repeats), generally use probes and Southern blot 
analysis. PCR-based markers include RAPD 
(randomly amplified polymorphic DNA), SSR 
(simple sequence repeat), AFLP (amplified frag-
ment length polymorphism), ISSR (inter-simple 
sequence repeat) and SNP (single-nucleotide 
polymorphism). Several types of  molecular 
markers for salt tolerance have been detected in 
sorghum. Younis et al. (2007) identified 14 
RAPD markers and 15 ISSR markers linked to 
saline stress in sorghum at seedling stage follow-
ing bulk segregate analysis. Rao et al. (2007) 
found that BADH 1 and Primer RC 15, RFLP and 
RAPD markers, respectively, can be used in 
screening salt-tolerant sorghum varieties. Khalil 
(2013) successfully used 11 ISSR markers to de-
tect salinity stress tolerance in seven sorghum 
cultivars and detected salt tolerance gene BADH. 
Zhan et al. (2013) screened four sweet sorghum 
varieties using 19 SSR markers and the marker 
AH24 showed complementary bands between 
highest salt tolerance and most sensitive varieties. 
Even though SNP markers are being used for 
other biotic and abiotic tolerances in sorghum, 
SNP markers for salt tolerance are yet to be 
reported.

Over the past two decades, linkage map-
ping, which is relying on genetic recombination 
during the construction of  mapping populations, 
has been widely used in different plant species 
and several QTLs have been cloned or tagged. 
QTLs are the regions within a genome consisting 
of  genes associated with specific traits (Collard 
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et al., 2005). The identification of  QTLs associ-
ated with salt tolerance can enhance the speed of  
marker-assisted breeding. Wang, H. et al. (2014) 
generated a QTL map and reported 12 QTLs for 
three traits (germination vigour, germination 
percentage and relative salt-injury rate) at ger-
mination stage and 29 QTLs for nine traits (salt 
injury index, shoot height, root length, shoot 
fresh weight, root fresh weight, total fresh weight, 
shoot dry weight, root dry weight and total dry 
weight) at seedling stage of  sorghum using 181 
lines derived from a cross of  Shihong137 and 
L-Tian cultivars. One major QTL (qGP7-1) was 
found at the germination stage and six major 
QTLs (qSH1, qSH4, qRL10-2, qSFW4, qTFW1 
and qTFW4) were reported at the seedling stage 
which were assumed to play an important role 
in salinity tolerance. This result implies that salt 
tolerance in sorghum is different at the germin-
ation and seedling stages and more extensive re-
search is required to determine QTLs at different 
development stages of  sorghum.

As a complement to linkage mapping, asso-
ciation mapping takes advantage of  historical 
recombination events collected over hundreds of  
generations, resulting in higher precision and 
higher numbers of  alleles (Zhu et al., 2008). 
With the benefits of  high resolution, high allelic 
richness and lack of  need for the tedious con-
struction of  a mapping population, natural pop-
ulation-based mapping has become a useful tool 
for detecting natural variation that underlies 
complex sorghum traits, especially salinity toler-
ance. Natural populations composed of  many 
individuals, including inbred lines, landraces, 
wild relatives and exotic accessions, can be 
exploited in sorghum breeding for several pur-
poses: (i) to maintain existing genetic diversity 
by selfing or outcrossing; (ii) to explore pheno-
typic variability, estimation of  broad-sense herit-
ability of  desired traits and determination of  
genotypes of  population entries for candidate 
genes or genome-wide investigation of  gene 
families; (iii) quantification of  the magnitude of  
linkage disequilibrium (LD) of  the population 
selected; (iv) detection of  the influence of  popu-
lation structure and kinship; and (v) for utilizing 
appropriate statistical strategies to test the asso-
ciations between genotypes and phenotypes. 
The statistical efficiency of  natural population-
based mapping depends strongly on the magni-
tude of  LD and the population structure, and 

also on the sample size and the minor allele fre-
quency (MAF) (Xu et al., 2017). However, until 
now, there is no report on saline tolerance QTL 
identification using natural population-based 
mapping.

Multiple parents having genetic diversity 
contributes to a population with considerable 
phenotypic variability, making it ideal for QTL 
mapping with high resolution. Two experimen-
tal designs of  multi-parent populations, which 
include nested association mapping (NAM) and 
multi-parent advanced generation inter-cross 
(MAGIC), are becoming increasingly popular 
(Xu et al., 2017). NAM is a population of  the 
multi-parent design proposed by Yu et al. (2008). 
NAM populations have proved to be extremely 
powerful resources to dissect the genomic archi-
tecture of  phenotypes (Yu et al., 2008). The 
extended statistical capacity and combinatory 
mapping approaches of  NAM populations 
permit the identification of  small-effect loci; 
however, restricting the false positives common 
in genome-wide association studies (GWAS) 
with repeated demonstrations (Kump et al., 
2011). Recognizing the distinct benefits of  this 
strategy, researchers of  sorghum have also pro-
duced NAM populations to dissect essential and 
distinctive sorghum traits. Currently, there are 
three conventional NAMs (i.e. SSD from a cross 
to a recurrent parent) and two backcrossed 
NAM populations (Boyles et al., 2019). Four out 
of  the five NAM populations concentrate on 
grain sorghum while a fifth focuses on sorghum 
for bioenergy. Two of  the NAM populations have 
easily accessible seed and genomic data: the 
RTx430 population (Bouchet et al., 2017) and 
the Australian BC-NAM population (Jordan et al., 
2011). The populations of  BTx623 and RTx430 
were part of  a collaborative effort between Kan-
sas State University and Texas A&M University. 
Each utilizes crosses between the two recurrent 
females (RTx430 and BTx623) with ten different 
male parents. While these multi-parental popu-
lations may be good genetic tools for high-
resolution QTL mapping and marker development 
for salinity tolerance characteristics, there is no 
study on saline tolerance QTL detection using a 
NAM population to date.

Recombination is the essential part of  all 
genetic mapping. Conventional linkage analyses 
with recombinant inbred lines (RILs) and NAMs 
are impeded by the small number of  recombination 
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events and significantly larger size of  recombin-
ation blocks in their effectiveness. In an effort to 
overcome the limitations of  both approaches, 
researchers developed inter-cross-generation 
(MAGIC) populations in order to increase recom-
bination while maintaining an evenly structured 
population. MAGIC populations depict inter-
mediate to bi-parental crosses and panels of  
diversity linked to the substructure, diversity of  
alleles and number of  traits to be investigated 
with high resolution and power (Rakshit et al., 
2012). A MAGIC population is typically produced 
from crossing multiple parental lines across sev-
eral generations (Ongom and Ejeta, 2018). 
Compared with other multi-parent populations, 
MAGIC populations require intermating of  mul-
tiple inbred founders for multiple generations 
until inbred lines significantly improve the ac-
curacy of  QTL detection. Statistical methods for 
QTL mapping have become accessible in MAGIC 
populations, some of  them focused on the general 
linear model (GLM) used in bi-parental popula-
tions. The use of  MAGIC populations was ini-
tially proposed by Threadgill et al. (2002) for 
QTL mapping in mice. In crops, Kover et al. 
(2009) first produced a MAGIC population in 
Arabidopsis thaliana consisting of  527 lines re-
sulting from the intermating of  the 19 founders’ 
heterogeneous panel. MAGIC populations have 
been used in wheat to identify QTL for hectolitre 
weight and plant height (Huang et al., 2012). 
Other crop species in which MAGIC populations 
have been used are tomato (Pascual et al., 2015), 
barley (Sannemann et al., 2015), maize (Dell’Ac-
qua et al., 2015) and rice (Bandillo et al., 2013). 
The first MAGIC population of  sorghum was re-
ported by Ongom and Ejeta (2018) and was con-
structed using random mating of  19 different 
founding lines. MAGIC populations certainly offer 
great opportunities to dissect complex charac-
teristics, such as salinity tolerance, and to 
improve sorghum breeding populations. This, 
however, requires more time and involves higher 
costs in population creation. To date, no study 
investigating a MAGIC population design involved 
in QTL identification for salinity tolerance has 
been published.

An important step in molecular breeding is 
to identify candidate genes of  desired traits as 
the genes can provide necessary knowledge for 
developing an elite variety with desirable attributes. 
One of  the approaches to identify candidate 

genes is based on expressed sequence tags (ESTs) 
obtained from different cDNA libraries and clus-
tering the EST sequences, which provides infor-
mation about genes (Chaduvula et al., 2015). To 
identify salt stress-related genes, Chaduvula et al. 
(2015) studied 6749 ESTs mined from web re-
sources and clustered and assembled the ESTs 
into contigs whose biological functions were 
acquired through gene ontology (GO). A total of  
12 candidate genes were detected as salt stress-
responsive genes and the candidate genes 
were validated in nine sorghum cultivars. P5CS 
(∆

1-pyrroline-5-carboxylate synthetase) is known 
as a key regulatory enzyme that plays an import-
ant role in proline biosynthesis. Su et al. (2011) 
isolated two closely related P5CS genes, SbP5CS1 
and SbP5CS2, from sweet sorghum which are 
located on chromosome 3 and 9. According to 
expression analysis, SbP5CS and SbP5CS2 tran-
scripts were upregulated after 250 mM NaCl 
treatment of  10-day-old sweet sorghum seedlings. 
The peak expression of  SbP5SC1 and SbP5SC2 
under high salt stress was detected at 4 and 8 h, 
respectively, and the upregulated expression of  
SbP5SC1 was higher than that of  SbP5SC2. The 
result indicates that SbP5CS1 might be a good 
candidate gene in developing stress-tolerant cul-
tivars using genetic engineering.

In general, saline stress includes ion tox-
icity and osmotic stress. Ion toxicity is mainly 
caused by increasing Na+ concentration in 
plants. Genes encoding high-affinity potassium 
transporters (HKTs) were reported to be in-
volved in salt tolerance in grain crops by ex-
cluding Na+ ions from shoot tissues of  plants 
(Waters et al., 2013). Wang, T.T. et al. (2014) 
characterized SbHKT1;4, a member of  the HKT 
gene family from sorghum, and reported that 
under Na+ stress SbHKT1;4 has more upregu-
lated expression in salt-tolerant accessions. 
Auxin-related genes such as Gretchen Hagen3 
(GH3) and lateral organ boundary domains (LBD) 
have also shown a relationship with salt resist-
ance properties in sorghum. Wang et al. (2010) 
reported that the SbGH3 and SbLBD genes were 
highly expressed under salt and drought stress-
es and low under normal conditions. Also, 
three genes, SbIAA1, SbGH3-13 and SbLBD32, 
showed higher expression under salt stress. 
These results provided the information that 
auxin plays an important role in saline response 
in sorghum.
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Genes related to transcription factors can 
be useful in improving saline tolerance in sor-
ghum (Kasuga et al., 1999). A common method 
to determine genes for saline stress is exploiting 
a comparative study between saline-sensitive 
and saline-tolerant cultivars (Walia et al., 2005; 
Wang, H. et al., 2014; Sui et al., 2015). Sui et al. 
(2015) compared transcriptomes between two 
saline-sensitive and saline-tolerant inbred sweet 
sorghum lines under 0 and 150 mM NaCl and 
identified 930 expressed genes in both inbred 
lines. Most genes were involved in photosystem, 
carbon fixation and metabolism of  sucrose. The 
genes that regulate photosystem and electron 
transport were less affected by salt stress in 
saline-tolerant lines compared with saline-
sensitive lines. Furthermore, gene expression 
encoding NADP+-malate enzyme and sucrose 
synthetase was upregulated and invertase-encoding 
genes were downregulated under saline stress in 
a saline-tolerant sweet sorghum variety. This find-
ing suggests that saline-tolerant sweet sorghum 
cultivars accumulate more sucrose by escalating 
sucrose synthesis. DREB2 (dehydration-responsive 
element-binding protein 2) type transcription 
factor was characterized in sorghum under sa-
line stress and six putative SbDREB2 genes were 
detected in the sorghum genome. All SbDREB2 
genes in root were upregulated under salt stress, 
while SbDREB2A and SbDREB2C2 were up-
regulated only in leaves (Akbudak et al. 2018). 
These findings suggest that the SbDREB2 genes 
might be useful in developing saline-tolerant 
sorghum varieties.

Proteomics studies in response to saline 
stress have been performed in several cereal spe-
cies including sorghum. Ndimba et al. (2010) 
studied five different proteomes from several 
parts of  plants, including secretome from cell 
suspension culture. Western blot analysis re-
vealed salt stress-induced expression of  HSP70 
protein (stress-responsive protein) in the roots of  
experimental plants. Swami et al. (2011) con-
ducted a proteome study to analyse the sorghum 
response to salt stress in hydroponic culture. Ac-
cording to two-dimensional gel electrophoresis 
and subsequent mass spectrometric identifica-
tion, 21 differentially expressed proteins were 
found and most of  them were in the functional 
categories of  signal transduction pathway and 
inorganic ion transport and metabolism. Similarly, 
Sekhwal et al. (2012) identified five salt tolerance-

related proteins in the same functional category 
of  signal transduction mechanisms alongside 
ribosome maturation and energy production. 
These categories of  proteins suggest a unique 
mechanism for saline-stress adaptation in sor-
ghum. The expression of  proteins was observed 
at 200 mM NaCl in hydroponic culture after 96 
h of  saline stress.

Plant breeding for saline tolerance is not 
very successful due to reproduction barriers and 
the risk of  transferring other undesirable traits. 
To avoid this problem, genetic engineering is pref-
erable as this technique transfers only specific 
genes. Plants try to adapt to salinity by inducing 
various metabolic changes (e.g. production of  
osmolytes and antioxidative enzymes) and upreg-
ulating various genes associated with stress toler-
ance such as ion transporters, transcriptional 
factors and various signalling pathway compo-
nents. These plant responses to salinity have been 
used by researchers to generate transgenic plants, 
either by transferring stress-responsive genes into 
a salt-sensitive elite variety or by altering the ex-
pression of  genes (Turan et al., 2012). Although 
numerous research works have been performed 
in other crops, there is very little information 
available about improving saline stress tolerance 
in sorghum using genetic engineering, partly due 
to slow progress in developing protocols for trans-
formation (Shahbaz and Ashraf, 2013). One suc-
cessful attempt was reported by Maheswari et al. 
(2010) in developing a transgenic sorghum var-
iety tolerant to water deficit and NaCl stress. The 
cultivar SPV462 was transformed with the mtlD 
gene encoding for mannitol-1-phosphate de-
hydrogenase from Escherichia coli. Integration 
and expression of  the transgene (pCAM–mtlD) 
were confirmed by PCR, RT-PCR, Southern blot 
analysis and Western blot analysis. The trans-
genic plants had 1.7- and 2.8-fold higher shoot 
and root growth, respectively, compared with the 
untransformed control under NaCl stress (200 
mM), demonstrating that sorghum saline toler-
ance can be enhanced by engineering the manni-
tol biosynthetic pathway.

24.7  Conclusion

Saline tolerance in sorghum is a complex trait 
and is controlled by several QTLs or polygenes. It 
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is greatly influenced by environment, genotype 
and growth stage. Molecular breeding is a power-
ful technique which can elucidate the saline tol-
erance mechanism at molecular level in sor-
ghum. Moreover, molecular characterization of  
germplasms and different genes associated with 
salt tolerance is important in the utilization and 
conservation of  genetic resources. MAS allows 
selection of  plants with desired traits at seedling 
stage (or any stage), thus reducing the time 
frame. Moreover, selecting plants using markers 
is simpler, more convenient and reliable com-
pared with the conventional type of  screening. 
To meet the growing demand for salt-tolerant 
varieties, use of  molecular markers could hasten 
the breeding programme. Molecular markers 

can also be helpful in differentiating genotypes 
and markers have been used in identifying 
salt-tolerant varieties. However, most molecular 
breeding techniques for salt tolerance have been 
carried out in controlled environments where 
the plants were not exposed to any variation of  
the surrounding environment, producing reli-
able results. Due to the polygenic nature of  salt 
tolerance, the identified QTLs could be false 
QTLs. Therefore, QTL validation is important in 
different plant populations and field conditions. 
Subsequently, marker validation is important 
before utilizing MAS for screening salt-tolerant 
plants. Combining molecular breeding with con-
ventional breeding can hasten the development 
of  salt-tolerant sorghum varieties.
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25.1  Introduction

Conventional plant breeding is relatively slow 
but has been successful for genetic gain over the 
past century. The massive increase in population 
growth and demand for food can only be tackled 
by combining advanced molecular techniques 
with conventional approaches. Molecular breed-
ing techniques offer real hope of  accelerated 
progress in increasing yield by utilizing useful 
genetic variations in several important crops.

Quantitative trait locus (QTL) mapping has 
been in wide use for nearly two decades, during 
which molecular markers have become available 
in conjunction with interval mapping methods 
(Lander and Botstein, 1986). The goal of  QTL 
mapping is to identify the loci that are respon-
sible for variation in complex quantitative traits. 
In some situations, the ultimate goals are to 
determine the number, chromosomal locations 
and the interaction of  these loci. The identifica-
tion of  the actual genes and their functions are 
often of  interest. Multi-environment testing plays 
a key role in understanding the response of  QTLs 
in different environments or genetic backgrounds 
that ultimately achieve the development of  im-
proved crop varieties. If  the gene(s) underlying a 
QTL is cloned, transgenic approaches can also 
be used to directly introduce beneficial alleles 

across wide species boundaries. A schematic 
representation of  QTL mapping and map-based 
cloning of  genes is given in Fig. 25.1. An important 
development during the last decade in quantita-
tive genetics was the ability to identify genome 
regions responsible for variation for a trait due to 
the advent of  molecular markers (Paterson et al., 
1988). The term ‘QTL’ has come to refer to a 
constellation of  polygenes underlying a quan-
titative trait. Numerous studies have been re-
ported on identifying QTLs for various traits in 
humans, animals and plants.

The prerequisites for QTL mapping are the 
selection or development of  an appropriate map-
ping population (experimental populations for 
linkage-based mapping or natural/breeding popu-
lations for association mapping), the appropriate 
method of  phenotyping and the selection of  mo-
lecular markers (Fig. 25.1). The availability of  a 
wide range of  molecular markers and powerful 
statistical methods has significantly facilitated 
QTL mapping. Linkage analysis and association 
mapping are the two commonly used tools for 
dissecting complex traits. The general scheme of  
linkage disequilibrium (LD)-based association 
mapping is given in Fig. 25.2. Both QTL mapping 
methods begin with the collection of  genotypic 
and phenotypic data from either a segregating 
or a natural population, followed by statistical 
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analysis to reveal all possible marker loci where 
allelic variation correlates with the phenotype.

The use of  mapping and segregating popu-
lations and of  diverse germplasm collections to 
assess the natural variation in different crops 
including wheat, barley, rice and sorghum for 
important traits has enhanced breeding improve-
ment in cereals. This chapter overviews the 
approaches to and application of  QTL mapping 
and positional cloning of  genes controlling 
important traits related to drought tolerance 
in sorghum, which ultimately yields crop improve-
ment and genetic modification.

25.2  Role of Molecular Markers

Molecular markers are essential tools in gen-
omic and genetic research. Molecular markers 
allow discrimination of  DNA sequences among 
cultivars and breeding lines and thus offer the 
scientific community singularly powerful tools 

to monitor, track and exploit sequence variation 
in germplasm. Many types of  DNA markers have 
been developed and are now an essential part of  
functional, structural genomics and molecular 
breeding. Different kinds of  molecular markers 
are being used for the dissection of  important 
traits directly or indirectly related to the toler-
ance to abiotic stresses in crops. Microsatellites 
or simple sequence repeat (SSR) markers have 
proved useful for crop researchers since they offer 
reproducibility, multiallelic nature, co-dominant 
inheritance, genome specificity, relative abundance 
and good genome coverage. Another promising 
marker is single-nucleotide polymorphism (SNP) 
or biallelic markers because they form the basis 
for most genetic variation between individuals; 
they are widely distributed and amenable to high 
multiplex detection systems. The identification 
of  SNP markers depends on comparative sequen-
cing of  lines or analysis of  expressed sequence 
tags (ESTs). Molecular markers can be derived 
either from within or from outside the gene 

Germplasm collection (e.g. natural
populations, gene bank accessions, varieties)

Development of segregating
populations (e.g. F2, DHs, RILs,

NILs)

Genome
sequencing

Genotyping (InDels, SSRs,
SNPs, etc.)

Phenotyping

Linkage analysis

Family-based QTL mapping LD-based association mapping

LD analysis

Map-based cloning of genes

Candidate genes for agronomic
traits

Development of TILLING
population

Candidate genes, functional molecular markers associated with agronomic traits,
production of breeding material

ESTs, full-length cDNAs

Functional
molecular
markers

Self-fertilization, inbreeding

Plant tissue culture and transformation

Fig. 25.1.  Schematic representation of the process of genetic improvement and breeding schemes. DH, 
doubled haploid; RIL, recombinant inbred line; NIL, near-isogenic line; InDel, insertion/deletion; SSR, 
simple sequence repeat; SNP, single-nucleotide polymorphism; EST, expressed sequence tag; LD, 
linkage disequilibrium; QTL, quantitative trait locus; TILLING, targeting induced local lesions in genomes.
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sequence and the selection of  the most suitable 
marker system depends on the objective and cost. 
The applicability of  marker information across 
germplasms or cultivar collections would allow 
the genetically based crop modelling to be per-
formed without recourse to the use of  a mapping 
population. Over the past two decades significant 
advances in the area of  genomics of  crop plants 
have been achieved, in particular the development 
of  high-throughput, cost-effective marker geno-
typing technologies which have contributed 
substantially to the identification, mapping and 
introgression of  alien genes from wild species.

25.3  Discovery of Quantitative  
Trait Loci

The advances in functional genomics in deliver-
ing bacterial artificial chromosomes (BACs), 
ESTs, partial gene sequences, full-length cDNA 
clones, genes and markers have enabled the 
establishment of  molecular maps based on 
genic markers. The creation of  suitable mapping 

populations and the development of  molecular 
markers have enabled linkage studies in sorghum 
and many QTLs have been identified for yield 
under drought and other stress environments 
(Srinivas et al., 2008, 2009). QTL studies re-
ported in sorghum are presented in Table 25.1.

Linkage studies have shown that QTLs for 
grain yield reside in several chromosomal regions, 
and measurements of  yield components allow 
the dissection of  complex traits into smaller gen-
etic components more amenable for building 
knowledge of  trait architecture, which informs 
future strategies for exploitation. Mapping popu-
lations have also been developed in sorghum for 
the study of  biotic and abiotic stresses (Subudhi 
et al., 2000; Xu et al., 2000; Kebede et al., 2001; 
Felderhoff  et al., 2012; Satish et al., 2012; Wang, 
H. et al., 2014; Wang, T.T. et al., 2014). Despite 
the available maps, populations and marker 
technologies, advances in transferring knowledge 
from QTL studies on yield under drought to 
breeding remain slow. This is due to three major 
factors: (i) yield is a quantitative trait with poorly 
defined genetic architecture of  multiple interact-
ing loci; (ii) these loci have a high genotype × 

Genetically diverse germplasm

Quantification of LD
using molecular  marker data

Genotyping with
molecular markers (G)

Phenotypic measurements
in multiple trials and

environments (Y)

Marker–trait correlation 
with 

appropriate approach

Measurements of population characteristics
(structure (Q) and relatedness (K))

Identification of marker tags associated with a trait of interest
(Y = G + Q/K + E)

Cloning and annotation of tagged loci for
potential biological function

Fig. 25.2.  Scheme of linkage disequilibrium (LD)-based association mapping for tagging a gene of 
interest using diverse germplasm.
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Table 25.1.  List of some important studies on mapping of QTLs/genes conferring drought tolerance and 
its related traits in sorghum identified under drought condition.

Trait/QTL/Gene
Linkage group/
Chromosome

LOD/Log10 
/(P-value) R2 (%)

Associated  
marker/Gene ID Reference

Maturity 6 91 86 pSB189/pSB580 Lin et al. (1995)
Plant height (Dw3) 7 8 29 isu123/isu116 Pereira and Lee 

(1995)
Plant height (Dw1) 10 6 20 isu140/PIO100016
Yield E, F, I – 12.4 UMC109, tM5/75, 

tC20/58
Tuinstra et al. 

(1997)
Yield stability B, C, E – 35.9 UMC22, bC15/95, 

tH9/82, tD19/170
Seed weight 

stability
A, E, N – 23.8 t375/45, b206/89, 

tH19/50
Stay-green B, F, G, H, I – 52.6 tF16/68, tM5/75, 

bH19/170, t229/55, 
bG6/115

Stay-green (SGA)a A (3)b 6.6 28.6 TXS307 Crasta et al. (1999)
Stay-green (SGD) D2 (2) 5 22.5 TXS1537
Stay-green (SGG) G (1) 5.8 25.8 UMC27
Stay-green (SGB) B (10) 3 14.4 pSB115
Stay-green (SGI.1) I1 (9) 3.8 17.6 pSB134.2
Stay-green (SGI.2) I2 (9) 2.9 13.7 TXS1541
Stay-green (SGJ) J (5) 2.3 11.6 TXS713
Maturity (DFB) B (10) 12.6 47.5 TXS1299
Maturity (DFG) G (1) 4.4 20.3 UMC27
Stay-green (Stg1) 3 5 20 Xtxp442/Xtxp38 Xu et al. (2000)
Stay-green (Stg2) 3 6 30 Xtxp2/Xtxp503
Stay-green (Stg3) 2 3 16 Xtxp430/Xtxp1
Stay-green (Stg4) 5 2 11 Xtxp225/Xtxp15
Maturity 6 11 36 psb521/psb708 Kebede et al. 

(2001)
Seed weight 4 4 16 txs604/cdo516.1 Feltus et al. (2006)
Seed weight 6 7 10 pSB521a/pSB428a
Grain yield 10 3 15 AAG/CTT2 Ritter et al. (2008)
Grain yield 2 4 18 AAG/CAA1
Plant height (Dw2) 6 16 27 AG/CTG9
Seed weight 4 5 16 Xtxp51/txa6257 Brown et al. (2008)
Seed weight 8 5 12 isu145.2/txa558
Seed weight 6 8 15 txa2873/txa2067 Murray et al. 

(2008)
Seed weight 8 6 11 rio65/rio37
Grain yield 6 5 15 GlumeT/Xtxp145 Srinivas et al. 

(2009)
Maturity 1 6 15 txp58/Dsenhsbm63
Shoot dry weight 

(qSDW1)
1 – – Sb01g036220 Mace et al. (2012)

Nodal root angle 
(qRA1_5)

5 – – Sb05g007450

Nodal root angle 
(qRA1_8)

8 – – Sb08g005781

Root dry weight 
(qRDW1_2)

2 – – Sb02g037700

Root dry weight 
(qRDW1_8)

8 – – Sb08g018270

Continued

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Quantitative Trait Locus Mapping and Genetic Improvement 	 437

environment (G × E) interaction component; and 
(iii) the accurate phenotyping of  the traits under 
study. To enable a study on the interaction of  
genotype × environment, phenotyping trials 

have to be carried out on the same population in 
multiple field sites where environmental covari-
ates are considered in the analysis. To overcome 
this problem, one would like to grow the same 

Trait/QTL/Gene
Linkage group/
Chromosome

LOD/Log10 
/(P-value) R2 (%)

Associated  
marker/Gene ID Reference

Total leaf area 
(qTLA1_8)

8 – – Sb08g017820

Panicle exertion 1/10 2.7/3.5 18.7/61.2 Xtxp279/PepC Sakhi et al. (2013)
Panicle length 2 3.4 22.5 Xtxp315
Culm diameter 1 3 9 Xtxp335
Number of panicles 10 2.5 9.6 Xtxp270
Total number of 

leaves
3 3.2 26.8 Xtxp228

Flag leaf length 1 2.6 12 Xtxp32
Leaf drying score 1 2.5 18.6 Xtxp149
Grain weight 

(qGW1)
1 7 22 SB00037/SB00219 Han et al. (2015)

Grain_yield 
(qYLD1.2)

1 – – Sb01g012195 Sukumaran et al. 
(2016)

Grain_yield 
(QYLD1.3)

1 – – Sb01g012230

Chlorophyll content 
(qSPAD4.1)

4 – – Sb04g006830

Grain yield 
(qYLD4.1)

4 – – Sb04g019670

Chlorophyll 
fluorescence 
(qFv/Fm4.1)

4 – – Sb04g034665

Grain yield 
(qYLD2.1)

2 – – Sb02g027900

Flowering time 
(qFT6.1)

6 – – Sb06g001033

Grain yield 
(qYLD6.1)

6 – – Sb06g020970

Flowering time 
(qFT9.1)

9 – – Sb09g004180

Seed dormancy 
(QGI-3)

3 – – Sb03g040510 Cantoro et al. 
(2016)

Seed dormancy 
(QGI-4)

4 – – Sb04g027660

Seed dormancy 
(QGI-1)

1 – – Sb01g030510

Seed dormancy 
(qGI-6)

6 – – Sb06g025130

Seed dormancy 
(qGI-7)

7 – – Sb07g024070

Seed dormancy 
(qGI-9)

9 – – Sb09g028980

Table 25.1.  Continued.

LOD, logarithm of the odds.
aThe results of composite interval mapping (Crasta et al., 1999).

bLinkage groups correspond to chromosomes as reported by Kim et al. (2005).
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population in multiple environments. This 
allows the simulation of  various gene actions or 
models in the context of  selection and breeding 
strategies. Despite the complexity of  studying 
yield and its genetic architecture under drought 
stress, data are now available from multiple 
studies and from various genetic materials to en-
able identifying important loci for further work.

The development of  new genomic, transcrip-
tomic and metabolomic platforms with bioinfor-
matic analysis has facilitated the identification 
and fine-mapping of  QTLs, which in turn has 
facilitated the identification of  a number of  DNA 
marker–trait associations in various crop species 
(Abou-Elwafa, 2016).

Adaptation to drought conditions is one of  
the most complex biological processes. It involves 
numerous pathways including transcriptional 
activation/inactivation of  specific genes, transi-
ent increases in abscisic acid (ABA) levels, accu-
mulation of  compatible solutes and protective 
enzymes, increased levels of  antioxidants and 
suppression of  energy-metabolism pathways. 
High-throughput transcriptome studies and func-
tional genomic approaches have been used to 
identify genes correlated with the response to 
water stress in plants. Large numbers of  genes 
have been identified and the diversity of  these 
responsive genes and pathways reflects the com-
plexity of  the mechanisms involved in sensing 
and responding to water stress. These genes 
have been categorized by Yamaguchi-Shinozaki 
et al. (2006) into two major groups: the first one 
codes for functional proteins involved in protecting 
cellular function (water channels, transporters, 
detoxification, proteases, protection factors of  
macromolecules, chaperones and osmolyte bio-
synthesis); the other group codes for regulatory 
proteins involved in signal transduction (such as 
transcription factors, protein kinases, protein 
phosphatases and enzymes of  lipid metabolism) 
(Shinozaki et al., 2003). Genetic modification of  
the expression of  members belonging to these 
two major groups of  genes, further categorized 
as ABA-dependent or ABA-independent, has re-
sulted in some improvement in traits relating to 
tolerance under water stress in a variety of  plant 
species. However, only a few genes have been 
successfully engineered in crops to enhance tol-
erance to drought under field conditions. An im-
portant aspect that is worth highlighting here is 
that fine-tuning the modulation of  the target 

gene(s) expression to specific cell types may be 
essential in a successful strategy for modulating 
the system.

Drought significantly reduces plant prod-
uctivity by inhibiting growth and photosynthesis 
(Taiz and Zieger, 1998). In plants at least four 
independent stress-responsive genetic regulatory 
pathways are known to exist, forming a highly 
complex and redundant gene network (Umezawa 
et al., 2006; Shinozaki and Yamaguchi-Shinozaki, 
2007). Two of  the pathways are ABA-dependent 
whereas two are ABA-independent. These 
pathways are also linked to other biological 
processes involved in other stress responses, in-
cluding cold, high temperature and salinity. 
Many studies on drought tolerance monitored 
the physiological and biochemical status of  
stressed plants compared with unstressed plants. 
Detection of  QTLs for drought tolerance is the 
first step of  genetic improvement to stabilize 
global crop production.

25.4  Fine Mapping and Positional 
Cloning of Quantitative Trait Loci

Primary QTL mapping will identify a QTL within 
10–30 cM resolution. To fine-map a locus to a 
higher resolution, near-isogenic lines specific for 
the particular QTL under study are required to 
Mendelize the locus (Alonso-Blanco and Koorn-
neef, 2000). When the QTL region is resolved to a 
few centimorgans distance, markers closest to the 
QTL are then used to anchor the genetic map to a 
physical map and BAC libraries are then used to 
identify potential candidate sequences. The use of  
model species, synteny and bioinformatics tools is 
critical at this stage to enable candidate genes to 
be identified. While QTL cloning represents a 
huge undertaking in terms of  the technology, 
time and resources required, the advantages 
derived from its success are directly applicable to 
gene cloning. Candidate genes genetically and 
physically co-segregating with the QTL are then 
identified and/or selected for evaluation. The in-
crease in mapping resolution required to accom-
plish QTL positional cloning is substantial, since 
after primary mapping a QTL is positioned within 
a chromosome interval of  c.10–30 cM which 
usually includes several hundred genes. Eventu-
ally, independent proof  is required to validate the 
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role of  the identified allelic polymorphism on the 
observed phenotypic effect.

25.5  Candidate Genes and Genetic 
Engineering Approach

High-throughput transcriptome studies and func-
tional genomic approaches have evolved two 
approaches which could be implemented in the 
identification of  candidate genes behind quanti-
tative traits: candidate gene and genome-wide 
scanning. With the aid of  molecular markers, 
genome-wide scanning could be applied to locate 
glancing chromosomal segments, which usually 
comprise a huge number of  candidate genes. 
Alternatively, the candidate gene approach, which 
is a cost-effective and more efficient strategy for 
direct gene identification, has been reported as 
an extremely powerful approach to dissect the gen-
etic architecture of  quantitative traits. However, 
successful application of  the classical candidate 
gene approach relies on available information 
about known or presumed biology of  the investi-
gated phenotype at the molecular level, which is 
unfortunately still vague for most biological traits. 
Therefore, it is essential to develop an alternative 
approach to break through the limitation of  in-
formation bottleneck. Rapid development in 
next-generation sequencing technologies has 
facilitated sequencing of  targeted regions from 
large genomes including genes (Teer and Mullik-
in, 2010; Ekblom and Galindo, 2011). Plant 
molecular breeders are interested in an approach 
for rapid identification of  quantitative traits in 
crop genomes to empower marker-assisted breed-
ing aimed at overcoming global food insecurity 
by accelerating breeding programmes.

A bioinformatics pipeline combining both 
genome-wide scanning and candidate gene ap-
proaches was reported as a powerful approach 
in the cloning of  genes underlying quantitative 
traits (Abou-Elwafa, 2016). The proposed bio-
informatics pipeline relies on genomic sequence 
data and consists of  four complementing steps: 
(i) employing in silico mapping of  DNA markers 
located to the QTLs in the genome to determine 
the physical position of  those QTLs; (ii) identifi-
cation of  candidate genes underlying these 
QTLs by the annotation of  the critical chromo-
somal regions of  the QTLs to a known  

protein database, such as the National Center for 
Biotechnology Information’s (NCBI) Reference 
Sequence (RefSeq); (iii) based on sequence simi-
larity to orthologues from different plant species 
as revealed by phylogenetic analysis, conserved 
functional roles could be presumed; and (iv) 
genes involved in the response to a given pheno-
type, such as drought stress, should be differen-
tially expressed in plants possessing or subjected 
to contrasting phenotypes or environmental 
conditions.

25.6  Use of Core Collections  
in Genetic Analysis

The complexity of  the genetic nature of  quanti-
tative traits has complicated the application of  
classical QTL analysis, which employs molecular 
markers on bi-parental populations, in accurate 
dissection of  the genetic architecture of  quanti-
tative traits. It is important to note that conven-
tional QTL analysis necessitates the development 
of  a genetic linkage map and is identified based 
on linkage equilibrium that the bi-parental 
population undergoes in just a few cycles of  
recombination, which limits the resolution of  
genetic maps and identified QTLs. Besides, the 
segregation of  major developmental genes in each 
cross makes it difficult to determine whether the 
identified loci are robust and transient (Forster 
et al., 2004). In addition, in a majority of  linkage 
mapping-based QTL analyses, QTLs identified for 
physiological traits involved in drought toler-
ance for instance did not co-localize with either 
the yield or agronomic traits (Comadran et al., 
2009). Therefore, association mapping, which 
has been widely successfully applied to identify 
QTLs conferring complex traits, is an alternative 
promising approach. In that context, QTLs are 
identified in natural populations (no regular 
genetic structure) using analytical approaches 
exploiting LD between markers and closely 
linked QTLs present in a population consisting of  
large number of  accessions (Abou-Elwafa et al., 
2019). However, a core collection is a limited set 
of  accessions representing, with a minimum of  
repetitiveness, the genetic diversity of  a crop spe-
cies and its wild relatives (Frankel, 1984). Core 
collections have become important and are com-
monly used to screen for agronomically useful 
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traits. Such collections proved powerful tools to 
study the genetic mechanisms of  important physio-
chemical processes in crops. Similarly, the extent 
of  either G × E interactions or gene/QTL × envir-
onment interactions can be assessed and exploited 
in a gene pool (Charmet et al., 1993).

Utilization of  the natural variation in ger-
mplasm to enhance drought tolerance in sorghum 
has been attempted (Sakhi et al., 2013). An SSR 
marker-based mini-core collection of  107 sor-
ghum accessions selected from Asian and Afri-
can regions of  the globe has been developed 
(Shehzad et al., 2009b). The representativeness 
of  the collection can be judged by comparing 
with the original population. The core set devel-
oped in that study retained 99.93% of  total alleles 
present in the whole population. Similarly, no 
drastic change was observed for genetic diversity 
attributes like per cent polymorphic loci, similar-
ity coefficient and gene diversity regarding base 
collection. A wide range of  variation can be ob-
served for different important agronomical and 
physiological traits in the germplasm, including 
panicle shape ranging from loose to very compact 
type (Hmon et al., 2013). In the assessments of  
the 98 SSR markers, a total of  470 alleles were 
observed and the alleles could uniquely classify 
the 107 sorghum accessions into three subpop-
ulations by structure analysis. The first popula-
tion contained 33 sorghum accessions mostly of  
African origin, while the second population con-
tained 36 accessions from both Africa and Asia 
regions. The third population contained 38 ac-
cessions mostly of  East Asian origin (Shehzad 
et al., 2009b).

In general, the conventional method for 
QTL analysis in germplasm is linkage mapping. 
To identify QTLs by linkage mapping one needs 
to construct one or several segregating popula-
tions by crossing between parents (e.g. F

2, doubled 
haploid, backcrossed populations). Linkage ana-
lysis depends on recent genetic recombination 
between two different plant lines (as the result of  
a genetic cross) to identify general regions of  
interest, with the advantage of  requiring few 
genetic markers to ensure genome-wide coverage 
and high statistical power per allele. However, it 
has the disadvantages of  low mapping resolution 
and low allele richness. An alternative, associ-
ation mapping based on LD analysis, might be 
an effective way to identify the function of  the 
gene or targeted high-resolution QTL (Shehzad 

et al., 2009a; El Mannai et al., 2011, 2012; 
Hmon et al., 2014; Shehzad and Okuno, 2014). 
The use of  both linkage mapping and associ-
ation mapping can dissect the mechanism of  re-
sponse of  sorghum to drought stress and identify 
the chromosomal regions controlling such char-
acteristics (Sakhi et al., 2014).

25.7  Conclusion and Future  
Prospects

Conventional breeding programmes for complex 
agronomic traits have achieved limited success. 
This lack of  success is in part because breeders 
prefer to evaluate their genetic material in ideal 
conditions. There is a need to develop high-
er-throughput phenotyping systems for drought 
assessments. The statistical power of  linkage 
and association analysis needs to be enhanced 
by reducing type I and type II errors. Use of  
advanced molecular techniques will further 
promote the identification of  genes and gene 
networks for drought stress in crops. There is 
also a need to establish better comparative sys-
tems for genomic studies. To enhance the effi-
ciency of  marker-assisted selection (MAS), 
knowledge of  the DNA sequence of  the gene en-
ables the design of  direct markers which are lo-
cated within the actual gene, thus eliminating 
the possibility of  recombination between marker 
and gene (Ellis et al., 2002). With continuous  
advances in sequencing technologies, genome-
based selection is likely to replace the conven-
tional marker-based genotyping approach to 
provide a powerful tool for high-resolution map-
ping and large-scale gene discovery.

With increasing threat of  climate change, 
crop productivity is under the danger of  severe 
loss in coming years. A strategy integrating both 
conventional and molecular approaches would 
be the best option that could play an important 
role in understanding the mechanism of  drought 
tolerance. Approaches such as marker-aided 
backcrossing by pyramiding multiple QTL/genes 
conferring complex traits like drought stress tol-
erance into a single cultivar, MAS and genomic 
selection (GS) are effective. Similarly, functional 
genomics such as high-throughput sequencing, 
genotyping and resequencing can help in identi-
fying genes that show response to drought 
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stress. The most accurate and robust methods of  
phenotyping is the prerequisite for any such 
improvement. The use of  high-throughput 
phenotyping will help better understand the 
mechanism involved in response to drought 

stress by plants. The new paradigm of  scientific 
research should focus on the integration of  
physiology, genetics, genomics, soil characteris-
tics and breeding to deal with the challenges of  
food security in the coming years.
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26.1  Introduction

Sorghum is a genus consisting of  many species in 
different levels of  domestication, comprising 
wild (e.g. Sorghum arundinaceum), weedy (e.g. 
Sorghum halapense) and domesticated ones 
(e.g. Sorghum × almum, Sorghum sudanense and 
Sorghum bicolor). S. bicolor (L.) Moench is the 
fifth most important cereal crop globally. It shows 
a remarkable diversity, including five different 
subspecies and their intermediates, and several 
crop types like grain, forage, sweet and broom-
corn (Hariprasanna and Patil, 2015). Although 
it originates in the tropics of  Africa, the remark-
able scope of  genetic diversity among the differ-
ent subspecies has conferred an extraordinarily 
broad adaptability and a highly versatile range 
of  end uses (Boyles et al., 2019). Sorghum has a 
particular advantage over crops like maize in ex-
treme climates, where it achieves superior yields 
to maize (Farré and Faci, 2006; Staggenborg 
et  al., 2008). Although sorghum is a major 
subsistence crop worldwide and an important 
component of  industrial agriculture, it is frequently 
considered an orphan crop (Boyles et al., 2019) 

and breeding progress has been considerably 
slower than for most major global crops.

Despite its enormous potential and broad 
adaptive diversity, breeding to adapt sorghum 
for agricultural use in temperate Europe has 
progressed only slowly so far. Until recently, 
conventional breeding methods were the primary 
approach for genetic improvement of  sorghum. 
These were mainly based on selection by visual 
phenotyping accompanied by introgression of  de-
sirable traits into elite germplasm. As in the early 
stages of  classical breeding in most crops, these 
classical approaches present strong challenges to 
overcome linkage drag and maintain useful diver-
sity in chromosome regions carrying essential 
adaptation genes under strong selection.

In recent times, modern molecular breed-
ing tools like high-throughput molecular mark-
ers and genomic selection (GS) have shown great 
potential. Both can be combined to great effect 
with conventional breeding schemes to improve 
ecogeographical adaptation to new growing en-
vironments and further increase genetic gain 
for essential agronomic traits. For example, the 
major factors limiting adaptation of  sorghum as 

*Corresponding author: steffen.m.windpassinger@agrar.uni-giessen.de

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Improving Abiotic Stress Tolerance to Adapt Sorghum to Temperate Climatic Regions	 445

a cereal or biofuel crop in Northern Europe are 
its photoperiod sensitivity, along with a strong 
susceptibility to cool or cold temperatures at 
sowing and flowering (Windpassinger, 2016). 
Whereas photoperiod sensitivity is relatively sim-
ple to solve by conventional or marker-assisted 
backcrossing, adaptation to other abiotic stress 
is much more difficult to deal with in breeding 
programmes. This chapter reviews germplasm 
sources for and new developments in the identi-
fication and implementation of  useful genetic 
diversity for temperate climate adaptation, along 
with genomics-based methods for breeding of  
complex, low-heritability traits like abiotic stress 
tolerance.

26.2  Origin and Genetic Diversity  
of Sorghum

The origin of  early domestication of  sorghum is 
hypothesized to have taken place in sub-Saharan 
Africa (present Ethiopia and Sudan) around 
5000–8000 years ago (Mann et al., 1983). From 
here, the species spread into different climatic 
zones of  Africa, India, the Middle East and East 
Asia, initially via anthropogenic migration and 
later via human trade routes (Morris et al., 2013). 
The lengthy process of  adaptation to these dif-
ferent environments and ongoing selection for 
different kinds of  human agricultural uses (grain, 
fodder, sugar, fibre) have created a vast genetic 
and phenotypic diversity among cultivated sor-
ghum forms. Based on panicle and spikelet 
morphology the cultivated germplasm can be 
classified into five major races (bicolor, caudatum, 
durra, guinea and kafir) and ten intermediate 
races (Harlan and de Wet, 1972), representing 
the adaptation into different agroclimatic zones. 
Phylogenetic studies showed that genetic related-
ness in sorghum accessions is predominantly 
based on geographic origin and race (Morris 
et al., 2013). Similar to other crops, the identifi-
cation and implementation of  useful genetic di-
versity remain a paramount goal in sorghum 
breeding to ensure maintenance of  genetic gain 
and constant replenishment of  resistances to 
important pathogens. Recent studies have under-
lined the importance of  a continuous integra-
tion of  diverse, exotic material into modern 
breeding programmes (Jordan et  al., 2011), 

particularly the value represented by the sec-
ondary gene pool in the wild species S. bicolor 
subsp. verticilliflorum and Sorghum propinquum 
(Dillon et al., 2007; Mace et al., 2013; Muraya, 
2014; Venkateswaran et al., 2014).

26.3  Existing Molecular Tools to 
Enhance Abiotic Stress Tolerance

Since the origins of  plant breeding as a system-
atic science, after the rediscovery of  Mendel’s 
laws just over a century ago, plant breeders have 
successfully developed new improved varieties 
by crossing and selection (Smýkal et al., 2016). 
In recent decades, integration of  new molecular 
breeding and biotechnological techniques into 
the process of  crop improvement has contrib-
uted further to enhanced genetic gain and 
breeding has increased the productivity and sus-
tainability of  major crops (Voss-Fels et al., 2019). 
The availability of  various genomic tools and re-
sources has led to a new revolution in plant 
breeding, as they facilitate the study of  the geno-
type and its relationship with the phenotype, in 
particular for complex traits under strong envir-
onmental influence. The availability of  a refer-
ence genome for sorghum (Paterson et al., 2009), 
along with extensive additional genome sequence 
resources (e.g. Mace et  al., 2013; Morris et  al., 
2013), greatly facilitates genomic-based breed-
ing approaches. The relatively small diploid gen-
ome (2n = 20, ~730 Mb) and the high degree of  
synteny to maize and rice (Paterson et al., 2009) 
greatly facilitate comparative genomics to take 
advantage of  vast genomics resources from re-
lated monocot crops. Progress in this field for 
sorghum, however, has been relatively slow and 
limited due to its lower economic importance 
compared with other cereals.

Reduction in the cost of  next-generation 
sequencing (NGS) technologies has led to mass 
sequencing of  crop genomes and transcriptomes, 
which has facilitated the discovery of  new genes 
and the development of  vast collections of  mo-
lecular markers like single-nucleotide polymor-
phisms (SNPs), which in turn are the basis for 
construction of  high-density genetic maps. 
These facilitate mapping of  genes and quantita-
tive trait loci (QTLs) in bi-parental populations or 
via genome-wide association studies (GWAS), 
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helping to dissect genomic regions associated 
with complex phenotypes. In addition, reverse 
genomics approaches including mutagenesis ap-
proaches make it possible to screen mutant and 
germplasm collections for allelic variants of  tar-
get genes. All these tools and resources facilitate 
exploration of  the genetic diversity and the de-
veloped markers can be incorporated into breed-
ing programmes for marker-assisted selection 
(MAS). Common strategies include marker- 
assisted backcrossing with trait-linked foreground 
markers and genome-wide background markers, 
‘breeding by design’ or new strategies like GS. 
Sorghum was one of  the first major crops whose 
genome sequence was assembled. More recently, 
large-scale sequencing of  transcriptomes (Maki-
ta et al., 2015) has opened up new avenues for 
the global sorghum research community and 
has drastically simplified SNP marker identifica-
tion and development. Sorghum genomic data-
bases like SorghumFDB (Tian et al., 2016) have 
combined various genomic data and func-
tional annotations to create multidimensional 
biological relationships which could assist in 
sorghum functional genomics analyses and help 
in effective crop improvement.

Early genetic linkage maps for sorghum 
were constructed using labour-intensive or dom-
inant markers such as RFLP (restriction frag-
ment length polymorphism), AFLP (amplified 
fragment length polymorphism) and RAPD 
(random amplified polymorphic DNA) (Hulbert 
et  al., 1990; Berhan et  al., 1993; Boivin et  al., 
1999; Peng et al., 1999; Singh and Lohithaswa, 
2006; Ejeta and Knoll, 2007). Although these 
maps played an important role in early sorghum 
genetic research, they were later superseded by 
more informative markers like simple sequence 
repeat (SSR) microsatellite markers, which were 
commonly used for sorghum gene mapping, 
genome evolutionary studies, molecular genet-
ics and marker-assisted breeding (Tao et  al., 
1998; Xu et  al., 2001; Yonemaru et  al., 2009; 
Kong et al., 2013).

However, these technologies were limited 
by their restricted genome coverage and the rela-
tively low number of  polymorphic markers. 
Hamblin et al. (2004) first integrated SNP mark-
ers in sorghum to study genetic variation. The 
Diversity Arrays Technology (DArT; Canberra, 
Australia) was later applied to integrate multi-
ple-component sorghum genetic maps to create 

a consensus map (Mace et al., 2009). Presently, 
SNP markers are widely used in sorghum for 
studies tackling the genetic control of  abiotic 
stress tolerance (see below).

26.4  History of Temperate  
Adaptation in Sorghum

Sorghum is originally a photosensitive short-day 
plant, conferring the best adaptation to its centre 
of  origin in the semi-arid tropics of  the Sahel 
zone. In these environments, the rainy season 
ends quite reliably at a latitude-specific time in 
autumn, with a day length below 12 h, whereas 
the onset of  the new rainy season can vary 
strongly from year to year. Hence, local land-
races are best adapted when flowering starts 
around 20 days before onset of  the dry season, 
regardless of  their sowing time, to allow for suf-
ficient water supply during anthesis and 
grain-filling period and dry conditions during 
ripening (Guitton et  al., 2015). The relatively 
simple genetic architecture of  photoperiodism in 
sorghum, which is controlled by four major 
maturity loci designated Ma1, Ma2, Ma3 and 
Ma4 (Quinby and Karper, 1945; Quinby, 1966), 
facilitated the generation of  useful mutants. 
Dominant alleles at these loci induce photosensi-
tivity, with Ma1 having the largest impact (Klein 
et al., 2008). A recessive mutation at this locus 
alone is sufficient to allow flowering under 
longer days in extra-tropical environments, and 
corresponding mutations occurred independ-
ently in different parts of  the world following 
geographic dispersal of  sorghum. By tracing al-
lelic variants of  the underlying gene PRR37, 
new insights were obtained into the historical 
expansion of  sorghum into temperate areas of  
South Africa, China, Europe and the USA (Klein 
et al., 2015). Sorghum was probably introduced 
into China as early as ad 400 via trade routes 
from India. Subsequently, under strong selection 
pressure for photoperiod insensitivity and early 
vigor, grain type kaoliang and broomcorn di-
verged there. From China, sorghum was brought 
to Europe (Klein et al., 2015), where its first de-
scription dates back to 1204 in the Piemont re-
gion of  Italy (Becker-Dillingen, 1927). However, 
in contrast to new-world crops such as maize 
and potato, which arrived several centuries later 
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but were rapidly adopted, the importance of  sor-
ghum for European agriculture remained 
limited for a considerable time. It was relatively 
widespread from the 16th to 18th centuries in 
Southern and South-Eastern Europe; however, 
during that time its utilization was confined to 
broomcorn (Dahlberg et al., 2012), implying low 
selection pressure for grain yield and further 
adaptive traits. The introduction of  sorghum 
into North America occurred as broomcorn 
from Europe during the 1750s (Berenji et  al., 
2011) and, more importantly, as grain and sweet 
sorghum arriving from Africa on slave ships 
during the first half  of  the 19th century (Sleper 
and Poehlman, 2006).The number of  founder 
cultivars was low and sorghum cultivation was 
initially limited to subtropical areas of  Texas. 
However, farmers soon selected early-maturing 
mutant plants, corresponding to the previously 
described mutations at the Ma loci, with a short 
stature. Similarly to photoperiodism, plant height 
in sorghum is determined by four major dwarf 
loci (designated Dw

1–4
) with dominant alleles 

conferring tallness (Quinby and Karper, 1945; 
Multani et al., 2003; Hilley et al., 2016, 2017).

Systematic, modern sorghum breeding 
started in the USA during the first half  of  the 
20th century and the combination of  different 
desirable mutants facilitated the release of  ear-
ly-maturing cultivars that enabled cultivation as 
far north as Nebraska (Klein et  al., 2008). Im-
pressive yield gains were achieved in the 1950s 
by changing from line to hybrid breeding (see 
below). Nevertheless, the narrow genetic base of  
photoperiod-insensitive breeding lines was soon 
recognized as a bottleneck for further yield gains 
and improvements in abiotic and biotic stress 
tolerance. To broaden the genetic diversity for 
temperate sorghum breeding, the ‘Sorghum Con-
version Program’ was initiated in 1963 by the 
US Department of  Agriculture (USDA). Taking 
into consideration the inheritance of  photosensi-
tivity and plant height in sorghum, a backcrossing 
programme was conducted to convert genetically 
diverse tropical accessions to early-maturing 
lines suitable for combine harvesting. Through 
this programme, about 850 converted and  
partially converted lines have been developed 
(Stephens et  al., 1967). Owing to the huge  
impact of  this programme, most temperate sor-
ghum hybrids today have conversion lines in 
their pedigree (Gabriel, 2005).

In theory, fully converted sorghum geno-
types were expected to consist of  97% recurrent 
tropical parent genome. However, the ability to 
visualize and characterize genome introgres-
sions using whole-genome sequencing or SNP 
genotyping revealed that the recovery of  the 
exotic genome in backcrossed progenies con-
taining desirable dwarf and maturity alleles was 
not as complete as assumed. Extensive stretches 
of  the donor genome remained in linkage drag, 
for example on sorghum chromosome Sb06, 
which harbours crucial adaptive loci (ma1 and 
dw2 genes) (Klein et al., 2008). As a result, little 
functional diversity in temperate sorghum geno-
types has remained on this chromosome, which 
contains roughly 10% of  all sorghum genes. 
This severely limits the adaptive potential espe-
cially for complex traits (Thurber et  al., 2013), 
presenting a key target for genomics-assisted 
breeding.

26.5  Potential of Sorghum in  
Temperate Climates

Underlining its adaptive potential, a substantial 
proportion of  the world’s sorghum harvest is 
today produced far away from its origin in trop-
ical Africa, with countries like the USA, Mexico, 
Argentina, China and Australia among the 
main producers. However, in these countries, 
sorghum is mainly still grown in hot and dry, 
predominantly subtropical environments, with 
little expansion of  production into temperate 
high-latitude areas. In Europe, sorghum has not 
yet achieved more than minor importance and 
so far the production is also concentrated in 
areas with hot summers, like southern France, 
Italy, Hungary, Romania, Ukraine and southern 
Russia. Altogether, the sorghum acreage in Eur-
ope of  around 465,000 ha comprises only 1% of  
the global acreage. In contrast, maize is planted 
on 18,000,000 ha in Europe, spanning as far 
north as southern Scandinavia. This compari-
son with maize is relevant for two main reasons. 
First, maize is also a C

4 crop derived from the 
tropics, so its adaptation and expansion into cool 
temperate areas may serve as a blueprint for 
sorghum. Second, maize has a highly similar 
production technique and provides the same 
range of  major uses as sorghum (grain, silage, 
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bioenergy). Presently, maize is the crop of  choice 
for biofuel and feed in temperate zones and the 
production system is very well established. How-
ever, there are several factors favouring an in-
crease in sorghum acreage at the expense of  
maize in temperate Europe. Most importantly, 
the continuing expansion of  maize monoculture 
on to vast production areas in Europe presents 
serious phyto-pathological threats like the west-
ern corn rootworm Diabrotica virgifera (Wesseler 
and Fall, 2010), especially in light of  European 
policies on non-use of  genetically modified or-
ganisms which preclude cultivation of  trans-
genic Bt maize as an effective solution to this 
pest. Sorghum as a non-host (Oyediran et  al., 
2004) may become one of  the most compatible, 
viable alternatives to maize in quarantine areas. 
Furthermore, sorghum has a greater tolerance 
against most types of  abiotic stress than maize. 
In the face of  growing environmental and agro-
ecological concerns with regard to climate 
change and agricultural sustainability, the high 
nutrient efficiency of  sorghum can be a key 
asset, allowing for significant reduction of  N fer-
tilization. Its high water-use efficiency and 
drought tolerance are becoming more import-
ant in the context of  climate change, enabling 
satisfactory yields in recent hot and dry Euro-
pean summers where other crops have frequently 
failed. Surprisingly, sorghum also tolerates tem-
porary waterlogging considerably better than 
maize (Promkhambut et  al., 2011), ensuring 
good yield stability even in extreme or fluctuat-
ing environments. Despite its potential, as a 
tropical C

4 plant sorghum needs extensive breed-
ing effort for adaptation to temperate climates 
before it can be broadly established in areas like 
Central Europe (Windpassinger et  al., 2015).  
In particular, its sensitivity to chilling represents 
a major constraint. Again, however, the history 
of  North American and European maize breed-
ing demonstrates that successful adaptation of  a 
highly diverse tropical C

4 plant into temperate 
environments is feasible, suggesting similar pos-
sibilities for sorghum. However, the prerequisites 
for maize were arguably more advantageous, with 
a far longer history of  temperate adaptation 
than sorghum. Already in pre-Columbian times, 
maize had spread into temperate North America 
up to what is today southern Canada (Matsuoka 
et al., 2002), and recent results indicate a diver-
gence between tropical and temperate maize as 

early as 3400 years ago (Liu et al., 2015). Suc-
cessful maize introductions to Central Europe 
from the 16th century onwards consisted of  
these ‘pre-adapted’ temperate maize types (flint 
variety group). Subsequently, adapted flint 
landraces developed under a strong selection 
pressure for early maturity and tolerance to cool 
spring temperatures. The fast expansion of  
maize acreage in Central Europe during the 
second half  of  the 20th century benefited con-
siderably from (i) the existence of  adapted flint 
germplasm and (ii) their heterotic pattern with 
North American dents, which allowed an opti-
mal exploitation of  heterosis in well-adapted and 
high-yielding hybrids. Both of  these prerequis-
ites exist only vaguely in sorghum, although 
Chinese kaoliang forms might eventually play a 
similar role as European flint in terms of  early 
ecogeographic adaptation to temperate climatic 
zones. However, thanks to the modern molecu-
lar breeding techniques presented in the follow-
ing sections, enhancement of  quantitative traits 
like abiotic stress tolerance can potentially be 
achieved at a significantly faster pace today than 
during the early days of  European maize breed-
ing in the last century, provided sufficient invest-
ment is possible. Furthermore, access to extremely 
diverse tropical sorghum materials, including 
germplasm with pre-existing cool-temperature 
adaptation from growth at altitude in the high-
lands of  Central and East Africa, is facilitated by 
a simple inheritance of  photosensitivity. This 
allows for rapid backcrossing programmes, as 
successfully proven by the Sorghum Conversion 
Program in the USA.

26.6  Breeding Goals for Sorghum 
Temperate Adaptation and Their 

Present State-of-the-Art

Enhancements in abiotic stress tolerances, 
especially chilling tolerance, are the principal 
breeding goals required to establish stable sor-
ghum productivity in temperate areas. Obvi-
ously, yield and adequate maturity, as the final 
outcome of  genotype × environment inter-
actions, have greater economic importance; 
however, in temperate sorghum production 
systems these traits are highly intertwined with 
chilling tolerance.
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26.6.1  Juvenile chilling tolerance

Due to its tropical origin, sorghum generally 
does not tolerate frost and requires temperatures 
of  more than 20°C for optimal growth. Lower 
temperatures induce different grades of  chilling 
stress (see Fig. 26.1) and are especially problem-
atic during emergence and seedling establish-
ment (Pinthus and Rosenblum, 1961; Peacock, 
1982). An improved juvenile chilling tolerance 
is thus mandatory for a successful adaptation to 
higher latitudes, since it would allow for earlier 
sowing, enhancing yield potential and maturity 
due to a longer growth period. Presently, in tem-
perate areas such as Central Europe, sorghum is 
still sown several weeks later than maize, imply-
ing a loss of  growth days which explains most of  
its present yield penalty in comparison to maize. 
However, improved early chilling tolerance can 
also be beneficial for some subtropical regions 
where sorghum is already well established, since 
earlier sowing in spring can potentially allow a 
better utilization of  winter moisture (Patane 
et al., 2006).

Several studies have been undertaken to 
mine sources of  chilling tolerance in sorghum 
(Singh, 1985; Salas Fernandez et al., 2014). Ba-
sically, these studies coincide in the identification 
of  chilling-tolerant germplasm among Chinese 
kaoliangs and tropical highland accessions 

(e.g. from Ethiopia, Uganda and Yemen). Singh 
(1985) studied juvenile and pre-flowering cold 
tolerance in 380 accessions, with a focus on ma-
terials from China, Ethiopia, Uganda and the 
USA. The highest cold tolerance was observed 
among the Ethiopian and Ugandan accessions 
Alemaya70, Jewegere 935, Muyra, Mabere,  
Magune and Nyundo. The Chinese accession PI 
610727 was highlighted as highly cold-tolerant 
by Franks et  al. (2006) and further used by  
Burow et al. (2011) as the cold-tolerant parent in 
a bi-parental QTL mapping population. Salas Fer-
nandez et al. (2014) tested 38 kaoliangs and 18 
non-kaoliangs and identified new tolerant mater-
ial from China, Korea and Russia. Kaoliangs are 
often highly cold-tolerant but have poor agro-
nomic characteristics which limit their direct use 
in breeding programmes (Franks et al., 2006).

In a recent study conducted under Central 
European field conditions, Schaffasz et  al. 
(2019a) revealed that valuable sources for chill-
ing tolerance and early vigour can also be found 
among existing US sorghum conversion lines. 
The accessions SC614 and SC1201 performed 
best for emergence and SC702 best for early 
shoot biomass. In contrast to kaoliang, these 
conversion lines are more amenable for breeding 
of  grain sorghum. In recent years, increasing 
research efforts have begun to dissect the genetic 
architecture of  juvenile chilling tolerance in 

(a) (b)

Fig. 26.1.  Variation for chilling tolerance and early vigour among different sorghum accessions.  
(a) Different reaction of sorghum accessions to controlled chilling-stress conditions (13°C day/10°C night 
during emergence and subsequent growth). Susceptible genotypes show poor emergence and development, 
and/or complete chlorophyll degradation (white leaves), while tolerant accessions show satisfying 
emergence and maintenance of photosynthetic apparatus (green leaves). (b) Sorghum genotypes (sown 
in two-rowed plots) show remarkable variation for establishment and early vigour in a field experiment in 
Germany.
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sorghum by QTL studies in segregating bi-paren-
tal populations.

Knoll et  al. (2008) dissected the early- 
season cold tolerance in sorghum using a recom-
binant inbred line (RIL) population derived from 
a cross between Shan Qui Red (SQR, cold-tolerant) 
and SRN39 (cold-sensitive). They identified two 
QTLs for germination under cold stress on link-
age group SBI-03a (on chromosome Sb03) and 
on group SBI-07b (chromosome Sb07), both of  
which showed significant trait associations 
under cold temperatures. A region on chromo-
some Sb01 derived from SQR showed strong as-
sociations with seedling emergence and seedling 
vigour scores under early and late field plant-
ings. One QTL for both early and late emergence 
and another QTL for early vigour were identified 
on Sb02 and Sb04, respectively. Shortly after, 14 
QTLs associated with different cold tolerance 
traits were detected on chromosomes Sb01, 
Sb02, Sb04, Sb07 and Sb09 (Burow et al., 2011). 
In particular, Sb09 was shown to harbour four 
QTLs for field emergence that co-localized with 
QTLs for cold germinability. Bekele et al. (2014) 
identified highly interactive epistatic QTL hot-
spots, including a previously unknown QTL on 
Sb06 with a significant effect on prolonged chill-
ing survival, which were found to regulate differ-
ent physiological mechanisms contributing to 
maintenance of  growth and development even 
under chilling temperatures.

During the past decade, genetic association 
studies using various diversity panels have ac-
celerated the identification of  genome regions 
and promising candidate genes highly influen-
cing cold tolerance during emergence. Fiedler 
et al. (2012, 2014, 2016) reported multiple cold 
tolerance QTLs and identified the gene Cold-Shock 
Domain Protein 1 (CSDP1) as a potential positional 
and functional candidate. One QTL region on 
chromosome Sb06 was identified as a putative 
hotspot for temperature-mediated seedling emer-
gence and survival. This region was later inde-
pendently verified (Parra-Londono et al., 2018). 
Recently, Schaffasz et al. (2019a) presented the 
first study to jointly analyse both agronomical 
and cold tolerance traits on a broad diversity set 
under Central European conditions. The findings 
from these studies show the potential of  GWAS 
to help dissect the genetic complexity of  cold 
temperature susceptibility, an important prerequis-
ite for development of  temperature-resilient 

sorghum cultivars and further characterization 
of  genomic regions responsible for adaptation to 
thermal stresses (Chopra et al., 2017).

Recently, Marla et  al. (2019) applied a 
nested association mapping (NAM) approach to 
investigate chilling tolerance in a multi-parental 
population, identifying ten loci explaining 20–41% 
of  the phenotypic variation within these US sor-
ghum accessions. Surprisingly, the results showed 
the co-inheritance of  chilling tolerance loci with 
wild-type alleles of  classical tannin (Tan1 and 
Tan2) and dwarfing genes (Dw1 and Dw3), four 
of  the five most important genes under selection 
by US sorghum breeders in the 20th century. 
The fifth of  these, Maturity1, did not co-localize 
with chilling tolerance QTLs. Because there is no 
clear evidence to suggest that Tan1, Tan2, Dw1 
or Dw3 is directly involved in cold tolerance 
responses, this association seems more likely to 
be caused by the substantial linkage drag 
surrounding these gene variants rather than a 
negative pleiotropic association between the 
traits. In other words, this result indicates that 
strong selection for essential recessive adapta-
tion alleles in modern grain sorghum resulted in 
loss of  early-season chilling tolerance by linkage 
in repulsion. In consequence, the authors sug-
gest revision of  the original model of  sorghum 
chilling sensitivity to be only caused by its trop-
ical origin, since African sorghums introduced 
into the USA harboured basal chilling tolerance 
which was subsequently lost by breeding. Al-
together, the results of  the previously discussed 
mapping studies are concordant and coincide in 
a strongly quantitative character for all juvenile 
chilling tolerance-related traits. For practical 
breeding, these results imply strong limitations 
regarding the possibilities of  MAS. Nevertheless, 
these studies provide valuable insights into the 
underlying physiological mechanisms of  abiotic 
stress tolerance. Of  special interest are the re-
sults of  Marla et  al. (2019), which provide 
explanations on how the co-inheritance of  chill-
ing sensitivity with desired traits has hampered 
breeding efforts during the last decades. The re-
cently developed Sorghum QTL Atlas platform 
(Mace et al., 2019), which facilitates identifica-
tion of  candidate genes in sorghum and their 
comparison across related species like maize and 
rice, provides important new data about linkage 
relationships among genome-wide QTLs for 
important agronomic traits and can provide a 
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starting point (foreground and background 
markers) for endeavours to identify useful re-
combinants that disrupt linkage in repulsion be-
tween key adaptation and chilling tolerance loci.

26.6.2  Reproductive chilling tolerance

Pre-flowering reproductive stage is the second 
sensitive developmental phase in sorghum af-
fected by temperatures below 15°C (Singh, 
1985). Depending on duration and intensity of  
the stress, male sterility can be induced in sor-
ghum, leading to a reduction or even, in extreme 
cases, a complete loss of  seed yield (see Fig. 26.2) 
(Downes and Marshall, 1971; Osuna-Ortega 
et al., 2003). For adaptation of  sorghum to tem-
perate climates, reproductive chilling tolerance 
is at least equally as important as juvenile chill-
ing tolerance. While farmers can choose later 
sowing dates to reduce juvenile chilling stress 
(albeit at the expense of  yield potential), there is 
no escape strategy for cold nights during the 
critical reproductive stage in summer. Tropical 

high-altitude environments could also benefit 
from sorghum varieties with improved repro-
ductive chilling tolerance. In contrast to temper-
ate high-latitude environments, where chilling 
stress at pre-flowering stage occurs rather infre-
quently followed by intervals of  warmer wea-
ther, tropical highlands tend to have constantly 
cool nights, making them suitable selection 
environments also for temperate breeding pro-
grammes. Reproductive chilling tolerance is also 
considered to be potentially beneficial for sor-
ghum cultivation in the Indian post-rainy sea-
son (rabi) (Krishnamurthy et al., 2014).

The first scientific description of  male steril-
ity in sorghum after a cold treatment (13°C) was 
provided by Downes and Marshall (1971), who 
were originally seeking a new crossing method. 
Brooking (1976) described problems with mei-
osis in mother-spore cells as a possible reason for 
this phenomenon. Singh (1985) scored repro-
ductive chilling tolerance (along with juvenile 
chilling tolerance, see above) in a set of  380 
accessions, identifying several tolerance sources. 
Notable breeding efforts were undertaken to 
develop sorghum varieties with enhanced 

Fig. 26.2.  Variation for sorghum reproductive cold tolerance in a field experiment in Germany: tolerant 
line with high pollen viability also at cool temperatures, and hence full seed set (left); susceptible line with 
cold-induced male sterility, resulting in almost no seed set (right).
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reproductive chilling tolerance for the Mexican 
High Valleys (>2000 m above sea level) (Men-
doza, 1988; Osuna-Ortega et  al., 2000, 2003; 
Leon-Velasco et al., 2009; Cisneros-López et al., 
2010), using cold-tolerant accessions from Af-
rica and India donated by the International 
Crops Research Institute for the Semi-Arid Trop-
ics (ICRISAT)–International Maize and Wheat 
Improvement Center (CIMMYT) as base material 
(Leon-Velasco et al., 2009). As a result, varieties 
with a satisfying seed set and yield even at night 
temperatures of  6°C during the critical stages 
could be developed (Osuna-Ortega et al., 2003), 
underlining the feasibility of  genetic improve-
ment of  this trait. Maulana and Tesso (2013) 
recommended the accession Shan Qui Red (a 
Chinese kaoliang known for good early chilling 
tolerance) as a tolerance source also for repro-
ductive chilling tolerance. In contrast to juvenile 
chilling tolerance, surprisingly little is known 
about the genetic architecture of  reproductive 
chilling tolerance in sorghum to date. Both 
Singh (1985) and Schaffasz et  al. (2019b) de-
scribed a more or less dominant inheritance. 
Interestingly, the observed heritability for seed 
set traits under stress (Schaffasz et  al., 2019b) 
was notably higher than for juvenile chilling tol-
erance traits (Windpassinger, 2016; Schaffasz 
et al., 2019a). However, GWAS or QTL mapping 
for this trait still needs to be performed to un-
ravel its quantitative genetic control.

26.7  Breeding Methods

The type of  sorghum and the purpose for its pro-
duction vary widely depending on the region 
where it is grown. Sorghum is a predominantly 
self-pollinating crop. The level of  cross-pollination 
depends on panicle architecture and weather 
conditions and increases under stress (Osuna- 
Ortega et  al., 2003). Thus, breeding procedures 
applicable to both self- and cross-pollinated 
crops can be deployed to sorghum improvement 
(Rakshit and Bellundagi, 2019). However, for 
both pedigree breeding and hybrid breeding the 
primary goals of  sorghum breeders throughout 
the world are always grain/biomass yield, adap-
tation, stress tolerance and product quality.

Heterosis (hybrid vigour) in sorghum was 
already described by Conner and Karper (1927) 

but unlike monoecious maize, the perfect flowers 
of  sorghum prevented hybrid seed production 
on a commercial scale until 1952, when both 
cytoplasmic-male sterility (CMS) and fertility 
restorers possessing dominant Rf alleles were 
discovered in the USA (Stephens and Holland, 
1954). Commercial CMS-based hybrid seed pro-
duction began in 1956 and only four years later, 
the proportion of  sorghum production from hy-
brid cultivar in the USA reached 95%, resulting 
in a doubling of  grain yield compared with 1952 
(Quinby, 1974; Smith and Frederiksen, 2000). 
Presently, sorghum production in regions with 
an industrialized, commercial agriculture (USA, 
Latin America, Australia and Europe) relies almost 
completely on hybrids, while open-pollinated 
landraces are still predominantly used for sub-
sistence agriculture in Africa.

26.7.1  Enhancements of abiotic stress 
tolerance via heterosis and hybrid 

breeding

Heterosis in sorghum is not only expressed for 
grain and biomass yield, but also for maturity 
(Kirby and Atkins, 1968) and abiotic stress 
tolerance (see Fig. 26.3), including juvenile 
(Pinthus and Rosenblum, 1961; Yu and Tuin-
stra, 2001; Windpassinger, 2016) and repro-
ductive chilling stress (Leon-Velasco et al., 2009; 
Schaffasz et al., 2019b). Efficient and successful 
hybrid breeding requires the development of  
complementary heterotic pools with a sufficiently 
high genetic distance between them. Well- 
designed heterotic pools ensure a consistent 
exploitation of  heterosis by increasing the rela-
tive contribution of  general combining ability 
(GCA) effects in comparison to effects from spe-
cific combining ability (SCA) (Reif  et al., 2005; 
Schnable and Springer, 2013). Sorghum heter-
otic pools are not yet defined as clearly as they 
are in maize (Monk et al., 2014). However, the 
availability of  cost-effective molecular markers 
provides new opportunities to evaluate the phylo-
genetic and genomic structure of  accessions to 
establish genetically distinct pools for temperate 
sorghum breeding programmes. Pre-existing 
heterotic patterns can be easily compromised 
by arbitrary crosses, a frequent occurrence prior 
to the implementation of  molecular marker 
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techniques in sorghum hybrid breeding (Menz 
et  al., 2004). On the other hand, genome-wide 
markers can also help to rapidly characterize 
genetic diversity and design genome-assisted 
cross schemata for separation of  heterotic pools.

The development of  heterotic pools can 
potentially make a significant contribution to 
enhancement of  abiotic stress tolerance in 
sorghum hybrids. An important question for 
breeders is to what extent hybrid performance 
can be predicted based on per se line perform-
ance. For juvenile chilling tolerance, Wind-
passinger (2016) showed that line performance 
per se is in fact a poor predictor of  hybrid per-
formance. Hence, an overly strict selection of  hy-
brid parents based on the per se tolerance is in 
fact counterproductive, whereas GCA tests seem 
to be a more efficient and useful approach. For 
emergence and early heterotrophic growth of  
hybrids, the impact of  the female parent is 
known to be higher (Yu and Tuinstra, 2001; 
Windpassinger 2016), suggesting priority should 
be given to improvement of  the female pool in a 
hybrid breeding programme. For reproductive 
chilling tolerance, correlations observed between 
per se and hybrid performance were somewhat 
higher than for juvenile chilling tolerance 
(Schaffasz et al., 2019b). Nevertheless, GCA tests 
also appear to be the preferable selection method 
for this trait. Due to a high GCA:SCA ratio and 

low GCA × environment interaction, robust en-
hancements of  reproductive chilling tolerance 
via hybrid breeding seem to be feasible (Schaf-
fasz et  al., 2019b) and a more systematic ex-
ploitation of  heterosis using genomic tools may 
simultaneously help improve genetic gain for 
chilling tolerance. In consequence, future asso-
ciation studies and GS approaches for chilling 
tolerance should focus rather on GCA than per 
se performance (as done in the past) as a basis for 
successful hybrid breeding towards more robust 
and stable plant establishment, pollen fertility 
and seed set under cool-temperature conditions.

26.8  Advancement and Use of  
Genomics and Bioinformatics  

Approaches

26.8.1  High-throughput genotyping tools

The major prerequisite for application of  genom-
ics in genetic analyses or breeding of  complex 
quantitative traits is the availability of  suitable 
platforms and SNP marker panels for rapid, 
cost-effective, genome-wide marker screening. 
In sorghum, large population genomics studies 
have been achieved with sequencing-based 
marker techniques (see below), but molecular 
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Fig. 26.3.  Reaction of two different sorghum F1 hybrids and their respective parental lines to prolonged 
chilling stress (13°C day/10°C night in a climate chamber experiment) induced after emergence at warm 
temperatures. While heterosis for early biomass production is clearly visible, the ability to survive 
prolonged chilling (expressed in the maintenance of green leaves) seems to be a rather additive trait.
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breeding efforts for most other major crops have 
generally been based on dedicated SNP array 
genotyping platforms. SNP arrays have a num-
ber of  advantages for breeding in comparison to 
sequencing approaches, not least the ability of  
service providers who can deliver low-cost geno-
type data sets without the need for breeders to 
have access to their own sophisticated molecular 
genetics laboratories or bioinformatics facilities. 
With an SNP array a fixed marker panel is geno-
typed for every individual and the customer/
breeder is provided with a simple spreadsheet 
containing genotype calls. This means that con-
siderably less bioinformatics analysis is required 
than for derivation of  SNP variants from geno-
typing-by-sequencing (GBS) data, for example. 
In contrast to other major crops like wheat, 
maize, canola, barley or soybean, however, until 
recently there has not been a major push to 
develop a community-driven public SNP geno-
typing array platform. Bekele et al. (2013) devel-
oped a small-scale Illumina Infinium 3K SNP 
genotyping array with 2620 SNP markers and 
demonstrated its implementation for genetic 
mapping, diversity analyses and GWAS (Bekele 
et  al., 2014). Later, large-scale genomic rese-
quencing data were used to generate a 90K SNP 
Affymetrix Axiom genotyping array for GWAS 
(Parra-Londono et al., 2018); however, to date, 
no commercial sorghum SNP chip has been 
made available for public use. In 2019, efforts 
were initiated to establish a private–public con-
sortium for development of  a low-cost Illumina 
SNP array for sorghum breeding, but to date 
most large-scale genotyping efforts have been 
carried out using sequencing-based genotyping 
technologies.

26.8.2  Use of next-generation-sequencing 
genotyping techniques in sorghum

Incredible progress has been made in modern 
DNA sequencing technologies and accompany-
ing bioinformatics methods in recent years. NGS 
technologies can be utilized for identifying the 
genetic basis of  agriculturally important traits 
and for predicting the breeding value of  individ-
uals in a plant breeding population (Varshney 
et  al., 2014). Detailed phenotyping of  multi- 
parental NAM populations (Jordan et al., 2012; 

Marla et  al., 2019) has been applied in associ-
ation with high-resolution sequencing-based 
sorghum genotype data to dissect different abi-
otic stress traits.

Sequence-based genotyping platforms that 
have been applied for sorghum include restric-
tion site-associated DNA sequencing (RAD-seq) 
(Nelson et  al., 2011) and GBS (Morris et  al., 
2013). These two similar, reduced-representa-
tion, genome-wide resequencing methods are 
capable of  identifying, sequencing and genotyp-
ing thousands of  markers across the genome at 
low cost in large populations, making them 
highly suitable for genome-wide analyses of  
complex traits. In a more targeted approach, Ji 
et  al. (2017) implemented genome-wide specif-
ic-locus amplified fragments (SLAF) markers, 
which are highly abundant and evenly distrib-
uted across the genome and thus facilitate the 
scanning of  the sorghum genome for gene min-
ing. The main advantage of  NGS-based genotyp-
ing platforms compared with arrays is their lack 
of  ascertainment bias in the markers assayed, 
improving their potential for discovery of  novel 
variants of  interest for trait improvement. The 
large numbers of  low-cost SNP markers gener-
ated by NGS-based genotyping systems make 
them an economical option for GS in modern 
breeding programmes. Several studies have shown 
the potential of  GS to enhance abiotic stress tol-
erance traits like heat and drought tolerance in 
major cereal crops like rice and maize (Yuan 
et  al., 2018; Bhandari et  al., 2019; Trachsel 
et al., 2019), and recently Velazco et al. (2019) 
demonstrated the efficacy of  GS to enhance the 
stay-green trait in sorghum. To date, however, 
GS is still at its infancy in sorghum for improve-
ment of  abiotic stress traits.

26.8.3  Transcriptome analysis

Coupled with precise phenotyping and proper 
gene annotations, functional genomics can 
provide crucial information regarding complex 
biological processes like abiotic stress responses. 
The impact of  transcriptome analysis in sorghum 
increased rapidly after the completion of  the first 
reference genome and with the advent of  next- 
generation molecular tools. Remarkable pro-
gress has been made in regard to transcriptome 
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analysis of  traits like drought tolerance, cold 
stress, heat and salinity in sorghum (Fracasso 
et al., 2016; Bashir et al., 2019). It has been shown 
that cold stress induces osmotic stress and the 
expression of  transcription factors for protein 
kinase genes is altered (Bashir et  al., 2019). 
Kadier et  al. (2017) identified upregulation of  
the sorghum NAC-transcription factor family 
genes SbNAC17 and SbNAC73 in leaf  tissues 
under cold stress conditions. The role of  NAC 
transcription factors in general abiotic stress- 
response regulation has been described in many 
plant species (see Shao et al., 2015 for a review).

Woldesemayat et al. (2018) recently intro-
duced an integrated approach to mine for candi-
date stress genes across species by combining 
ontology-based semantic data integration with 
expression profiling, comparative genomics, 
phylogenomics, functional gene enrichment and 
gene enrichment network analysis. As a result, 
221 cold stress genes were identified in sorghum 
and were validated using ontology mapping. In 
addition, a phylogenetic tree was constructed to 
infer the evolutionary relationship of  the sor-
ghum orthologues.

26.8.4  Genetic transformation

To intensify the plant development, genetic 
transformation has proved to be a powerful tool 
for gene induction, modulation and expression 
(Gurel et al., 2009). However, sorghum has been 
classified as one of  the most challenging plant 
species to perform tissue culture and genetic 
transformation (Zhu et  al., 1998). Agrobacteri-
um-mediated and particle bombardment trans-
formation are the two main approaches that 
have been exploited for the development of  
transgenic sorghum (Ahmed et al., 2018). Over 
the years, there have been a few studies where 
sorghum was genetically transformed to dissect 
gene complexity of  traits like soil salinity toler-
ance, protein and tannin content (Yellisetty 
et  al., 2015; Kuriyama et  al., 2019; Liu et  al., 
2019) but the efficiency is still behind other 
major crops like rice, maize and barley (Che 
et al., 2018). Since traits like juvenile cold toler-
ance are controlled by a large number of  loci 
and exhibit low heritability (Bekele et al., 2014), 
it remains challenging to design genetic trans-
formation strategies for improving these traits.

26.8.5  TILLING

Although great progress has been made in sor-
ghum genomics, the availability of  mutant lines 
for functional studies via reverse genetics is 
limited. Chemical mutagenesis of  sorghum ger-
mplasm, followed by screening for mutants al-
tered in important agronomic traits by targeting 
induced local lesion in genomes (TILLING), rep-
resents a rapid and effective means for studying 
agronomically important genes (Xin et  al., 
2008). Jiao et  al. (2016) identified potential 
genes involved in drought tolerance using TILL-
ING mutants. Similarly, other abiotic stress traits 
like cold tolerance and photoperiodism can also 
be studied. Using EcoTILLING, Bharathi et  al. 
(2016) screened naturally occurring mutations 
in potential candidate genes to study several 
agronomically important traits in sorghum.  
Undoubtedly, a large-scale resource of  well- 
characterized mutants and naturally occurring 
genetic variation would provide an efficient  
platform for functional validation of  genes in 
sorghum, thereby accelerating sorghum breeding.

26.9  Future Prospects

Sorghum is an important failsafe crop which pro-
vides food, feed, fuel and fodder in many coun-
tries around the globe. It can be used as a model 
for other C4 crops because of  its extensive collec-
tion of  diverse germplasm, genetic and genomic 
resources, and breeding information. Recent 
advancements in NGS, high-throughput pheno-
typing and bioinformatics tools are helping to 
accelerate genetic gain in sorghum across differ-
ent climatic zones. Despite efforts to improve gen-
etic and genomic resources, many such resources 
are still decentralized and independent. Increased 
efforts to coordinate cooperation among comple-
mentary public research programmes could 
further help to integrate research platforms 
available for meta-analysis of  complex adaptive 
traits like chilling tolerance. Using information 
from related monocot crops can critically in-
crease the power of  comparative genomics and 
help dissect adaptive traits to enhance crop im-
provement. New molecular breeding methods 
and tools are already promoting considerable 
progress in plant breeding, including fast-track 
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adaptation and the genetic dissection and breed-
ing for complex abiotic stress traits (Pérez- 
de-Castro et al., 2012). The integration of  large-scale 
molecular marker data sets, high-density genetic 
maps, genome and transcriptome sequences with 
quantitative genetics can help translate functional 
genomics knowledge into genome-based improve-
ments in modern breeding populations. This will 
help to further accumulate base knowledge to 

develop a framework for implementing GS for 
sorghum improvement. As a consequence, the 
historical division between breeding and genom-
ics is becoming increasingly blurred (Deshpande 
et al., 2017). Crops like sorghum, which to date 
have been bred by traditional means but for 
which exceptional genome resources are avail-
able, stand to benefit greatly from genomics- 
based breeding applications.
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Dahlberg, J., Berenji, J., Sikora, V. and Latković, D. (2012) Assessing sorghum [Sorghum bicolor (L) 
Moench] germplasm for new traits: food, fuels & unique uses. Maydica 56(2). Available at: https://
journals-crea.4science.it/index.php/maydica/article/view/688

Deshpande, S., Rakshit, S., Manasa, K.G., Pandey, S. and Gupta, R. (2017) Genomic approaches for 
abiotic stress tolerance in sorghum. In: Rakshit, S. and Wang, Y.-H. (eds) The Sorghum Genome. 
Compendium of Plant Genomes. Springer, Cham, Switzerland, pp. 169–187.

Dillon, S.L., Shapter, F.M., Henry, R.J., Cordeiro, G., Izquierdo, L. and Lee, L.S. (2007) Domestication  
to crop improvement: genetic resources for Sorghum and Saccharum (Andropogoneae). Annals of 
Botany 100(5), 975–989. Available at: https://doi.org/10.1093/aob/mcm192

Downes, R.W. and Marshall, D.R. (1971) Low temperature induced male sterility in Sorghum bicolor. 
Australian Journal of Experimental Agriculture 11(50), 352–356.

Ejeta, G. and Knoll, J.E. (2007) Marker-assisted selection in sorghum. In: Varshney, R.K. and Tuberosa, R. 
(eds) Genomics-assisted Crop Improvement. Springer, Dordrecht, the Netherlands, pp. 187–205.

Farré, I. and Faci, J.M. (2006) Comparative response of maize (Zea mays L.) and sorghum (Sorghum 
bicolor L. Moench) to deficit irrigation in a Mediterranean environment. Agricultural Water Manage-
ment 83(1–2), 135–143. Available at: https://doi.org/10.1016/j.agwat.2005.11.001

Fiedler, K., Bekele, W.A., Friedt, W., Snowdon, R., Stützel, H., Zacharias, A. and Uptmoor, R. (2012) 
Genetic dissection of the temperature dependent emergence processes in sorghum using a cumula-
tive emergence model and stability parameters. Theoretical and Applied Genetics 125(8), 1647–1661. 
Available at: https://doi.org/10.1007/s00122-012-1941-4

Fiedler, K., Bekele, W.A., Duensing, R., Gründig, S., Snowdon, R. et al. (2014) Genetic dissection of tem-
perature-dependent sorghum growth during juvenile development. Theoretical and Applied Genetics 
127(9), 1935–1948. Available at: https://doi.org/10.1007/s00122-014-2350-7

Fiedler, K., Bekele, W.A., Matschegewski, C., Snowdon, R., Wieckhorst, S., Zacharias, A. and Uptmoor, R. (2016) 
Cold tolerance during juvenile development in sorghum: a comparative analysis by genomewide association 
and linkage mapping. Plant Breeding 135(5), 598–606. Available at: https://doi.org/10.1111/pbr.12394

Fracasso, A., Trindade, L.M. and Amaducci, S. (2016) Drought stress tolerance strategies revealed by RNA-
Seq in two sorghum genotypes with contrasting WUE. BMC Plant Biology 16(1), 115. Available at: 
https://doi.org/10.1186/s12870-016-0800-x

Franks, C.D., Burow, G.B. and Burke, J.J. (2006) A comparison of US and Chinese sorghum germplasm for 
early season cold tolerance. Crop Science 46(3), 1371–1376.

Gabriel, K. (2005) A study of heterotic relationships in sorghum. PhD dissertation, Texas A&M University, 
College Station, Texas. Available at https://oaktrust.library.tamu.edu/bitstream/1969.1/3226/1/etd-tamu- 
2005C-PLBR-Gabriel.pdf (accessed 3 March 2021).

Guitton, B., Vaksman, M., Rami, J.-F., Weltzein, E., Rattunde, F. et al. (2015) Enhancing sorghum grain 
yield and quality for the Sudano-Sahelian zone of West Africa using the backcross nested association 
mapping (BCNAM) approach. Presented at XXIIIrd EUCARPIA Maize and Sorghum Conference of 
the Vth Session – New Insights in the Genetics of Traits (2), Montpellier, France, 10–11 June 2015.

Gurel, S., Gurel, E., Kaur, R., Wong, J., Meng, L., Tan, H.-Q. and Lemaux, P.G. (2009) Efficient, reproducible 
Agrobacterium-mediated transformation of sorghum using heat treatment of immature embryos. Plant 
Cell Reports 28(3), 429–444. Available at: https://doi.org/10.1007/s00299-008-0655-1

Hamblin, M.T., Mitchell, S.E., White, G.M., Gallego, J., Kukatla, R. et al. (2004) Comparative population 
genetics of the panicoid grasses: sequence polymorphism, linkage disequilibrium and selection in a 
diverse sample of sorghum bicolor. Genetics 167(1), 471–483.

Hariprasanna, K. and Patil, J.V. (2015) Sorghum: origin, classification, biology and improvement.  
In: Madhusudhana, R., Rajendrakumar, P. and Patil, J.V. (eds) Sorghum Molecular Breeding. 
Springer India, New Delhi, pp. 3–20.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://hdl.handle.net/1969.1/4015
http://hdl.handle.net/1969.1/4015
https://journals-crea.4science.it/index.php/maydica/article/view/688
https://journals-crea.4science.it/index.php/maydica/article/view/688
https://oaktrust.library.tamu.edu/bitstream/1969.1/3226/1/etd-tamu-2005C-PLBR-Gabriel.pdf
https://oaktrust.library.tamu.edu/bitstream/1969.1/3226/1/etd-tamu-2005C-PLBR-Gabriel.pdf


458	 S. Chakrabarty et al.	

Harlan, J.R. and de Wet, J.M.J. (1972) A simplified classification of cultivated sorghum. Crop Science 
12(2), 172–176. Available at: https://doi.org/10.2135/cropsci1972.0011183X001200020005x

Hilley, J., Truong, S., Olson, S., Morishige, D. and Mullet, J. (2016) Identification of Dw1, a regulator of 
sorghum stem internode length. PLoS ONE 11(3), e0151271. Available at: https://doi.org/10.1371/
journal.pone.0151271

Hilley, J.L., Weers, B.D., Truong, S.K., McCormick, R.F., Mattison, A.J. et  al. (2017) Sorghum Dw2 en-
codes a protein kinase regulator of stem internode length. Scientific Reports 7(1), 4616. Available at: 
https://doi.org/10.1038/s41598-017-04609-5

Hulbert, S.H., Richter, T.E., Axtell, J.D. and Bennetzen, J.L. (1990) Genetic mapping and characterization 
of sorghum and related crops by means of maize DNA probes. Proceedings of the National Academy 
of Sciences USA 87(11), 4251–4255. Available at: https://doi.org/10.1073/pnas.87.11.4251

Ji, G., Zhang, Q., Du, R., Lv, P., Ma, X. et al. (2017) Construction of a high-density genetic map using 
specific-locus amplified fragments in sorghum. BMC Genomics 18(1), 51. Available at: https://doi.
org/10.1186/s12864-016-3430-7

Jiao, Y., Burke, J., Chopra, R., Burow, G., Chen, J. et al. (2016) A sorghum mutant resource as an efficient 
platform for gene discovery in grasses. The Plant Cell 28(7), 1551–1562. Available at: https://doi.
org/10.1105/tpc.16.00373

Jordan, D.R., Mace, E.S., Cruickshank, A.W., Hunt, C.H. and Henzell, R.G. (2011) Exploring and exploit-
ing genetic variation from unadapted sorghum germplasm in a breeding program. Crop Science 
51(4), 1444–1457. Available at: https://doi.org/10.2135/cropsci2010.06.0326

Jordan, D.R., Hunt, C.H., Cruickshank, A.W., Borrell, A.K. and Henzell, R.G. (2012) The relationship be-
tween the stay-green trait and grain yield in elite sorghum hybrids grown in a range of environments. 
Crop Science 52(3), 1153–1161. Available at: https://doi.org/10.2135/cropsci2011.06.0326

Kadier, Y., Zu, Y.-Y., Dai, Q.-M., Song, G., Lin, S.-W. et al. (2017) Genome-wide identification, classifica-
tion and expression analysis of NAC family of genes in sorghum [Sorghum bicolor (L.) Moench]. Plant 
Growth Regulation 83(2), 301–312. Available at: https://doi.org/10.1007/s10725-017-0295-y

Kirby, J.S. and Atkins, R.E. (1968) Heterotic response for vegetative and mature plant characters in grain 
sorghum, Sorghum bicolor (L.) Moench. Crop Science 8(3), 335–339. Available at: https://doi.
org/10.2135/cropsci1968.0011183x000800030022x

Klein, R.R., Mullet, J.E., Jordan, D.R., Miller, F.R., Rooney, W.L. et al. (2008) The effect of tropical sor-
ghum conversion and inbred development on genome diversity as revealed by high-resolution geno-
typing. Crop Science 48 (S1), S12–S26.

Klein, R.R., Miller, F.R., Dugas, D.V., Brown, P.J., Burrell, A.M. and Klein, P.E. (2015) Allelic variants in the 
PRR37 gene and the human-mediated dispersal and diversification of sorghum. Theoretical and 
Applied Genetics 128(9), 1669–1683.

Knoll, J., Gunaratna, N. and Ejeta, G. (2008) QTL analysis of early-season cold tolerance in sorghum. Theoret-
ical and Applied Genetics 116(4), 577–587. Available at: https://doi.org/10.1007/s00122-007-0692-0

Kong, W., Jin, H., Franks, C.D., Kim, C., Bandopadhyay, R. et al. (2013) Genetic analysis of recombinant 
inbred lines for Sorghum bicolor × Sorghum propinquum. G3: Genes, Genomes, Genetics 3(1), 
101–108. Available at: https://doi.org/10.1534/g3.112.004499

Krishnamurthy, L., Dinakaran, E., Kumar, A.A. and Reddy, B.V.S. (2014) Field technique and traits to as-
sess reproductive stage cold tolerance in sorghum (Sorghum bicolor (L.) Moench. Plant Pro-
duction Science 17(3), 218–227. Available at: https://doi.org/10.1626/pps.17.218

Kuriyama, T., Shimada, S. and Matsui, M. (2019) Improvement of agrobacterium-mediated transformation 
for tannin-producing sorghum. Plant Biotechnology 36(1), 43–48. Available at: https://doi.org/10.5511/
plantbiotechnology.19.0131a

Leon-Velasco, H., Mendoza-Onofre, L.E., Castillo-Gonzalez, F., Cervantes-Santana, T. and Martínez- 
Garza, A. (2009) Evaluation of two generations of cold tolerant sorghum hybrids and parental lines. 
II: Combining ability, heterosis and heterobeltiosis. Agrociencia 43(6), 609–623.

Liu, H., Wang, X., Warburton, M.L., Wen, W., Jin, M. et al. (2015) Genomic, transcriptomic, and phenomic 
variation reveals the complex adaptation of modern maize breeding. Molecular Plant 8(6), 871–884. 
Available at: https://doi.org/10.1016/j.molp.2015.01.016

Liu, G., Gilding, E.K., Kerr, E.D., Schulz, B.L., Tabet, B., Hamaker, B.R. and Godwin, I.D. (2019) Increas-
ing protein content and digestibility in sorghum grain with a synthetic biology approach. Journal of 
Cereal Science 85, 27–34. Available at: https://doi.org/10.1016/j.jcs.2018.11.001

Mace, E.S., Rami, J.-F., Bouchet, S., Klein, P.E., Klein, R.R. et al. (2009) A consensus genetic map of 
sorghum that integrates multiple component maps and high-throughput Diversity Array Technology 
(DArT) markers. BMC Plant Biology 9(1), 13. Available at: https://doi.org/10.1186/1471-2229-9-13

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Improving Abiotic Stress Tolerance to Adapt Sorghum to Temperate Climatic Regions	 459

Mace, E.S., Tai, S., Gilding, E.K., Li, Y., Prentis, P.J. et  al. (2013) Whole-genome sequencing reveals  
untapped genetic potential in Africa’s indigenous cereal crop sorghum. Nature Communications 4(1), 
2320. Available at: https://doi.org/10.1038/ncomms3320

Mace, E., Innes, D., Hunt, C., Wang, X., Tao, Y. et al. (2019) The Sorghum QTL Atlas: a powerful tool for 
trait dissection, comparative genomics and crop improvement. Theoretical and Applied Genetics 
132(3), 751–766. Available at: https://doi.org/10.1007/s00122-018-3212-5

Makita, Y., Shimada, S., Kawashima, M., Kondou-Kuriyama, T., Toyoda, T. and Matsui, M. (2015) 
MOROKOSHI: transcriptome database in Sorghum bicolor. Plant & Cell Physiology 56(1), e6. Avail-
able at: https://doi.org/10.1093/pcp/pcu187

Mann, J.A., Kimber, C.T. and Miller, F.R. (1983) The Origin and Early Cultivation of Sorghums in Africa. 
Bulletin No. 1454. Texas Agricultural Experiment Station, Texas A&M University, College Station, 
Texas. Available at: http://hdl.handle.net/1969.1/128074 (accessed 3 March 2021).

Marla, S.R., Burow, G., Chopra, R., Hayes, C., Olatoye, M.O. et al. (2019) Genetic architecture of chilling 
tolerance in sorghum dissected with a nested association mapping population. bioRxiv 130, 622894. 
Available at: https://doi.org/10.1101/622894

Matsuoka, Y., Vigouroux, Y., Goodman, M.M., Sanchez, G.J., Buckler, E. and Doebley, J. (2002) A 
single domestication for maize shown by multilocus microsatellite genotyping. Proceedings of the 
National Academy of Sciences USA 99(9), 6080–6084. Available at: https://doi.org/10.1073/
pnas.052125199

Maulana, F. and Tesso, T.T. (2013) Cold temperature episode at seedling and flowering stages reduces 
growth and yield components in sorghum. Crop Science 53(2), 564–574.

Mendoza, O.L.E. (1988) Formación de híbridos de sorgo para grano: II. Comportamiento per se de las 
líneas y su aptitud combinatoria general. Revista Fitotecnia Mexicana 11, 39–47.

Menz, M.A., Klein, R.R., Unruh, N.C., Rooney, W.L., Klein, P.E. and Mullet, J.E. (2004) Genetic diversity 
of public inbreds of sorghum determined by mapped AFLP and SSR markers. Crop Science 44(4), 
1236–1244. Available at: https://doi.org/10.2135/cropsci2004.1236

Monk, R., Franks, C., Dahlberg, J., Smith, S., Diers, B., Specht, J. and Carver, B. (2014) Sorghum. In: 
Smith, S., Diers, B., Specht, J. and Carver, B. (eds) Yield Gains in Major U.S. Field Crops. CSSA 
Special Publication, Vol. 33. American Society of Agronomy, Crop Science Society of America 
and Soil Science Society of America, Madison, Wisconsin, pp. 293–310. Available at: https://doi.
org/10.2135/cssaspecpub33.c11

Morris, G.P., Ramu, P., Deshpande, S.P., Hash, C.T., Shah, T. et  al. (2013) Population genomic 
and genome-wide association studies of agroclimatic traits in sorghum. Proceedings of the Na-
tional Academy of Sciences USA 110(2), 453–458. Available at: https://doi.org/10.1073/
pnas.1215985110

Multani, D.S., Briggs, S.P., Chamberlin, M.A., Blakeslee, J.J., Murphy, A.S. and Johal, G.S. (2003) Loss of 
an MDR transporter in compact stalks of maize br2 and sorghum dw3 mutants. Science 302(5642), 
81–84. Available at: https://doi.org/10.1126/science.1086072

Muraya, M.M. (2014) Sorghum genetic diversity. In: Wang, Y.-H., Upadhyaya, H.D. and Kole, C. (eds) 
Genetics, Genomics and Breeding of Sorghum. CRC Press, Boca Raton, Florida, pp. 136–162.

Nelson, J.C., Wang, S., Wu, Y., Li, X., Antony, G., White, F.F. and Yu, J. (2011) Single-nucleotide poly-
morphism discovery by high-throughput sequencing in sorghum. BMC Genomics 12, 352. Available 
at: https://doi.org/10.1186/1471-2164-12-352

Osuna-Ortega, J., Mendoza-Onofre, L.E., González-Hernández, V.A., Castillo-González, F., del Mendoza- 
Castillo, M.C. and Williams-Alanís, H. (2000) Potential of cold tolerant germplasm in the adaptation 
and adaptability of sorghum in México: I. High valleys. Agrociencia 34(5), 561–572.

Osuna-Ortega, J., Mendoza-Castillo, M.D.C. and Mendoza-Onofre, L. (2003) Sorghum cold tolerance, 
pollen production. Maydica 48, 125–132.

Oyediran, I.O., Hibbard, B.E. and Clark, T.L. (2004) Prairie grasses as hosts of the western corn rootworm 
(Coleoptera: Chrysomelidae). Environmental Entomology 33(3), 740–747. Available at: https://doi.
org/10.1603/0046-225X-33.3.740

Parra-Londono, S., Fiedler, K., Kavka, M., Samans, B., Wieckhorst, S., Zacharias, A. and Uptmoor, R. 
(2018) Genetic dissection of early-season cold tolerance in sorghum: genome-wide association stud-
ies for seedling emergence and survival under field and controlled environment conditions. Theoret-
ical and Applied Genetics 131(3), 581–595. Available at: https://doi.org/10.1007/s00122-017-3021-2

Patane, C., Cavallaro, V., Avola, G. and D’Agosta, G. (2006) Seed respiration of sorghum [Sorghum bi-
color (L.) Moench] during germination as affected by temperature and osmoconditioning. Seed Sci-
ence Research 16(4), 251–260.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://hdl.handle.net/1969.1/128074


460	 S. Chakrabarty et al.	

Paterson, A.H., Bowers, J.E., Bruggmann, R., Dubchak, I., Grimwood, J. et al. (2009) The Sorghum bicolor 
genome and the diversification of grasses. Nature 457(7229), 551–556. Available at: https://doi.
org/10.1038/nature07723

Peacock, J.M. (1982) Response and tolerance of sorghum to temperature stress. In: Mertin, J.V. (ed.) 
Sorghum in the Eighties: Proceedings of the International Symposium on Sorghum, ICRISAT Center, 
Patancheru, India, 2–7 November 1981. International Crops Research Institute for the Semi-Arid 
Tropics, Patancheru, India, pp. 143–159.

Peng, Y., Schertz, K.F., Cartinhour, S. and Hart, G.E. (1999) Comparative genome mapping of Sorghum 
bicolor (L.) Moench using an RFLP map constructed in a population of recombinant inbred lines. Plant 
Breeding 118(3), 225–235. Available at: https://doi.org/10.1046/j.1439-0523.1999.118003225.x

Pérez-de-Castro, A.M., Vilanova, S., Cañizares, J., Pascual, L., Blanca, J.M. et al. (2012) Application of 
genomic tools in plant breeding. Current Genomics 13(3), 179–195. Available at: https://doi.
org/10.2174/138920212800543084

Pinthus, M.J. and Rosenblum, J. (1961) Germination and seedling emergence of sorghum at low temper-
atures. Crop Science 1, 293–296.

Promkhambut, A., Polthanee, A., Akkasaeng, C. and Younger, A. (2011) Growth, yield and aerenchyma for-
mation of sweet and multipurpose sorghum (Sorghum bicolor L. Moench) as affected by flooding at 
different growth stages. Australian Journal of Crop Science 5(8), 954–965.

Quinby, J.R. (1966) Fourth maturity gene locus in sorghum. Crop Science 6(6), 516–518. Available at: 
https://doi.org/10.2135/cropsci1966.0011183X000600060005x

Quinby, J.R. (1974) Sorghum Improvement and the Genetics of Growth. Texas A&M University Press, 
College Station, Texas.

Quinby, J.R. and Karper, R.E. (1945) The inheritance of three genes that influence time of floral initiation 
and maturity date in Milo. Agronomy Journal 37(11), 916–936. Available at: https://doi.org/10.2134/
agronj1945.00021962003700110006x

Rakshit, S. and Bellundagi, A. (2019) Conventional breeding techniques in sorghum. In: Aruna, C., Visara-
da, K.B.R.S., Venkatesh Bhat, B. and Tonapi, V.A. (eds) Breeding Sorghum for Diverse End Uses. 
Woodhead Publishing, Cambridge, UK, pp. 77–91.

Reif, J.C., Hallauer, A.R. and Melchinger, A.E. (2005) Heterosis and heterotic patterns in maize. Maydica 
50(3/4), 215.

Salas Fernandez, M.G., Schoenbaum, G.R. and Goggi, A.S. (2014) Novel germplasm and screening 
methods for early cold tolerance in sorghum. Crop Science 54(6), 2631–2638.

Schaffasz, A., Windpassinger, S., Friedt, W., Snowdon, R. and Wittkop, B. (2019a) Sorghum as a novel crop 
for central Europe: using a broad diversity set to dissect temperate-adaptation. Agronomy 9(9), 535. 
Available at: https://doi.org/10.3390/agronomy9090535

Schaffasz, A., Windpassinger, S., Snowdon, R. and Wittkop, B. (2019b) Reproductive cold stress tolerance 
in sorghum F1 hybrids is a heterotic trait. Agronomy 9(9), 508. Available at: https://doi.org/10.3390/
agronomy9090508

Schnable, P.S. and Springer, N.M. (2013) Progress toward understanding heterosis in crop plants. Annual 
Review of Plant Biology 64, 71–88.

Shao, H., Wang, H. and Tang, X. (2015) NAC transcription factors in plant multiple abiotic stress responses: 
progress and prospects. Frontiers in Plant Science 6, 902. Available at: https://doi.org/10.3389/
fpls.2015.00902

Singh, H.P. and Lohithaswa, H.C. (2006) Sorghum. In: Kole, C. (ed.) Cereals and Millets. Springer, Berlin/
Heidelberg, Germany, pp. 257–302.

Singh, S.P. (1985) Sources of cold tolerance in grain sorghum. Canadian Journal of Plant Science 65(2), 
251–257. Available at: https://doi.org/10.4141/cjps85-037

Sleper, D.A. and Poehlman, J.M. (2006) Breeding Field Crops. Blackwell Publishing, Oxford, UK.
Smith, C.W. and Frederiksen, R.A. (2000) Sorghum: Origin, History, Technology, and Production. Wiley, 

New York.
Smýkal, P., Varshney, R.K., Singh, V.K., Coyne, C.J., Domoney, C., Kejnovský, E. and Warkentin, T., 

(2016) From Mendel’s discovery on pea to today’s plant genetics and breeding: commemorating the 
150th anniversary of the reading of Mendel’s discovery. Theoretical and Applied Genetics 129(12), 
2267–2280. Available at: https://doi.org/10.1007/s00122-016-2803-2

Staggenborg, S.A., Dhuyvetter, K.C. and Gordon, W.B. (2008) Grain sorghum and corn comparisons: yield, 
economic, and environmental responses. Agronomy Journal 100(6), 1600–1604. Available at: https://
doi.org/10.2134/agronj2008.0129

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://at


	 Improving Abiotic Stress Tolerance to Adapt Sorghum to Temperate Climatic Regions	 461

Stephens, J.C. and Holland, R.F. (1954) Cytoplasmic male sterility for hybrid sorghum seed production. 
Agronomy Journal 46(1), 20–23.

Stephens, J.C., Miller, F.R. and Rosenow, D.T. (1967) Conversion of alien sorghums to early combine geno-
types. Crop Science 7(4), 396. Available at: https://doi.org/10.2135/cropsci1967.0011183x000700040036x

Tao, Y.Z., Jordan, D.R., Henzell, R.G. and McIntyre, C.L. (1998) Construction of a genetic map in a sorghum 
recombinant inbred line using probes from different sources and its comparison with other sorghum 
maps. Australian Journal of Agricultural Research 49(4), 729–736. Available at: https://doi.org/10.1071/
a97112

Thurber, C.S., Ma, J.M., Higgins, R.H. and Brown, P.J. (2013) Retrospective genomic analysis of sorghum 
adaptation to temperate-zone grain production. Genome Biology 14(6), R68. Available at: https://doi.
org/10.1186/gb-2013-14-6-r68

Tian, T., You, Q., Zhang, L., Yi, X., Yan, H., Xu, W. and Su, Z. (2016) SorghumFDB: sorghum functional gen-
omics database with multidimensional network analysis. Database 2016, baw099. Available at: https://
doi.org/10.1093/database/baw099

Trachsel, S., Dhliwayo, T., Gonzalez Perez, L., Mendoza Lugo, J.A. and Trachsel, M. (2019) Estimation of 
physiological genomic estimated breeding values (PGEBV) combining full hyperspectral and marker 
data across environments for grain yield under combined heat and drought stress in tropical maize 
(Zea mays L.). PLoS ONE 14(3), e0212200. Available at: https://doi.org/10.1371/journal.pone.0212200

Varshney, R.K., Terauchi, R. and McCouch, S.R. (2014) Harvesting the promising fruits of genomics: apply-
ing genome sequencing technologies to crop breeding. PLoS Biology 12(6), e1001883. Available at: 
https://doi.org/10.1371/journal.pbio.1001883

Velazco, J.G., Jordan, D.R., Mace, E.S., Hunt, C.H., Malosetti, M. and van Eeuwijk, F.A. (2019) Genomic 
prediction of grain yield and drought-adaptation capacity in sorghum is enhanced by multi-trait ana-
lysis. Frontiers in Plant Science 10, 997. Available at: https://doi.org/10.3389/fpls.2019.00997

Venkateswaran, K., Muraya, M., Dwivedi, S.L. and Upadhyaya, H.D. (2014) Wild sorghums – their potential 
use in crop improvement. In: Wang, Y.-H., Upadhyaya, H.D. and Kole, C. (eds) Genetics, Genomics 
and Breeding of Sorghum. CRC Press, Boca Raton, Florida, pp. 78–111.

Voss-Fels, K.P., Stahl, A., Wittkop, B., Lichthardt, C., Nagler, S. et  al. (2019) Breeding improves wheat 
productivity under contrasting agrochemical input levels. Nature Plants 5(7), 706–714. Available at: 
https://doi.org/10.1038/s41477-019-0445-5

Wesseler, J. and Fall, E.H. (2010) Potential damage costs of Diabrotica virgifera virgifera infestation in Eur-
ope – the ‘no control’ scenario. Journal of Applied Entomology 134(5), 385–394. Available at: https://
doi.org/10.1111/j.1439-0418.2010.01510.x

Windpassinger, S. (2016) Breeding strategies for the adaptation of sorghum (Sorghum bicolor L. Moench) 
as a novel crop for temperate Europe. PhD thesis, Justus Liebig University, Giessen, Germany.

Windpassinger, S., Friedt, W., Frauen, M., Snowdon, R. and Wittkop, B. (2015) Designing adapted sorghum 
silage types with an enhanced energy density for biogas generation in temperate Europe. Biomass 
and Bioenergy 81(3), 496–504. Available at: https://doi.org/10.1016/j.biombioe.2015.08.005

Woldesemayat, A.A., Modise, D.M., Gemeildien, J., Ndimba, B.K. and Christoffels, A. (2018) Cross-species 
multiple environmental stress responses: an integrated approach to identify candidate genes for mul-
tiple stress tolerance in sorghum (Sorghum bicolor (L.) Moench) and related model species. PLoS 
ONE 13(3), e0192678. Available at: https://doi.org/10.1371/journal.pone.0192678

Xin, Z., Wang, M.L., Barkley, N.A., Burow, G., Franks, C., Pederson, G. and Burke, J. (2008) Applying geno-
typing (TILLING) and phenotyping analyses to elucidate gene function in a chemically induced sorghum 
mutant population. BMC Plant Biology 8(1), 103. Available at: https://doi.org/10.1186/1471-2229-8-103

Xu, J.C., Weerasuriya, Y.M. and Bennetzen, J.L. (2001) Construction of genetic map in sorghum and fine 
mapping of the germination stimulant production gene response to Striga asiatica. Yi Chuan Xue Bao 
28(9), 870–876.

Yellisetty, V., Reddy, L.A. and Mandapaka, M. (2015) In planta transformation of sorghum (Sorghum bicolor 
(L.) Moench) using TPS1 gene for enhancing tolerance to abiotic stresses. Journal of Genetics 94(3), 
425–434. Available at: https://doi.org/10.1007/s12041-015-0540-y

Yonemaru, J.-I., Ando, T., Mizubayashi, T., Kasuga, S., Matsumoto, T. and Yano, M. (2009) Development of 
genome-wide simple sequence repeat markers using whole-genome shotgun sequences of sorghum 
(Sorghum bicolor (L.) Moench). DNA Research 16(3), 187–193. Available at: https://doi.org/10.1093/
dnares/dsp005

Yu, J. and Tuinstra, M.R. (2001) Genetic analysis of seedling growth under cold temperature stress in grain 
sorghum. Crop Science 41(5), 1438–1443. Available at: https://doi.org/10.2135/cropsci2001.4151438x

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



462	 S. Chakrabarty et al.	

Yuan, Y., Cairns, J.E., Babu, R., Gowda, M., Makumbi, D. et al. (2018) Genome-wide association mapping 
and genomic prediction analyses reveal the genetic architecture of grain yield and flowering time 
under drought and heat stress conditions in maize. Frontiers in Plant Science 9, 1919. Available at: 
https://doi.org/10.3389/fpls.2018.01919

Zhu, H., Jeoung, J.M., Liang, G.H., Muthukrishnan, S., Krishnaveni, S. and Wilde, G. (1998) Biolistic trans-
formation of sorghum using a rice chitinase gene [Sorghum bicolor (L.) Moench–Oryza sativa L.]. 
Journal of Genetics & Breeding 52, 243–252.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://at


© CAB International 2021. Molecular Breeding in Wheat, Maize and Sorghum: Strategies for 
Improving Abiotic Stress Tolerance and Yield (eds M.A. Hossain et al.) 
DOI: 10.1079/9781789245431.0027� 463

27  Isolation of Quantitative Trait  
Loci/Gene(s) Conferring Cadmium 

Tolerance in Sorghum

Fırat Kurt1* and Ertugrul Filiz2*
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27.1  Introduction

Sorghum [Sorghum bicolor (L.) Moench] is one 
of  the most important crops cultivated in many 
regions of  the world (Billot et al., 2013) and is 
used as fodder, staple food, and bioenergy crop 
(Mall et al., 2011). Sorghum is a highly efficient 
photosynthetic C4 plant (Kumar, 2016) with an 
extensively diverged genome (Satish et  al., 
2016), facilitating its cultivation in tropical, 
subtropical and temperate zones where abiotic 
stresses such as drought and high temperature 
restrict the yield potential of  many crops (Gill 
et al., 2014).

Sorghum has 25 species which are clustered 
into five main sections as follows: Eusorghum, 
Chaetosorghum, Heterosorghum, Parasorghum and 
Stiposorghum. The chromosome numbers of  
these sorghum species are 2n = 10, 20, 30 or 40 
with varied genome sizes (Price et al., 2005). Eu-
sorghum section involves Sorghum bicolor with its 
subspecies of  arundinacum and drummondi (Price 
et al., 2005). To make a simpler classification of  
S. bicolor genotypes and accessions, they were 
classified into a total of  15 races, five basic races 
and ten intermediate races, in terms of  their 
spikelet and head types. The basic races were 
bicolor (B), caudatum (C), durra (D), guinea (G) 

and kafir (K), whereas the combinations of  basic 
races were named as follows: guinea–bicolor 
(GB), caudatum–bicolor (CB), kafir–bicolor (KB), 
durra–bicolor (DB), guinea–caudatum (GC), guinea– 
kafir (GK), guinea–durra (GD), kafir–caudatum 
(KC), durra–caudatum (DC) and kafir–durra (KD) 
(Harlan and de Wet, 1972).

Sorghum has a small genome amounting 
to one-quarter of  the maize genome (Kumar, 
2016) and because of  this relatively small gen-
ome size, it is used as a model plant for cereal 
genomes (Paterson et  al., 2009). Due to this 
property, apart from its agricultural and indus-
trial uses for fibre, fuel, feed and food, sorghum is 
a very valuable plant for studies aiming to an-
swer questions on the function of  genes and the 
structure of  plant genomes in terms of  physi-
ology, genetics, evolution, etc. For this aim, DNA 
marker technology is widely used for the identifi-
cation of  genetic variation among or within 
genotypes (Satish et  al., 2016). Moreover, the 
recently developed microarray and RNA-seq tech-
nologies enable new gene discoveries, identifica-
tion of  co-expressed genes within the sorghum 
genome and identification of  differentially expressed 
genes (DEGs) in plants exposed to various stres-
sors (Rao et al., 2018). In addition, sorghum has 
been used in phytoremediation studies to clean 
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up polluted areas including those affected by Cd. 
Its high biomass and high level of  accumulation 
render it an attractive plant for such uses (Feng 
et al., 2018). Therefore, this chapter aims to pro-
vide valuable insights into Cd-tolerance genes in 
sorghum. The term ‘sorghum’ is used in lieu of  
S. bicolor throughout the chapter.

27.2  A Brief Outlook on Sorghum 
Genome

Sorghum was suggested to be cultivated in 6000 
bc, but its domestication (from Sorghum verticilli-
florum to S. bicolor) took place around 5000 bc in 
central eastern Sudan (Smith et al., 2019). The 
patterns of  repetitive sequences and genes  in 
sorghum are associated with homologous 
chromosomes despite a considerable number of  
replacements of  repetitive elements (Paterson 
et al., 2009).

S. bicolor has ten haploid chromosomes 
with about 800 Mbp genome (Price et al., 2005). 
McCormick et  al. (2018) reported that align-
ment of  re-sequenced sorghum genotypes to the 
BTx623 (version 3) reference sorghum genome 
resulted in identification of  7,375,006 single-
nucleotide polymorphisms (SNPs) and 1,876,974 
insertion/deletions (InDels) on ten chromosomes 
and in annotation of  34,211 genes. The posi-
tions of  nucleosomes in sorghum, like in Arabi-
dopsis and maize, is located downstream of  the 
transcription start sites of  genes.

In plants, heterochromatic regions of  gen-
omes are either centromeric or pericentromeric. 
The heterochromatic segments are locations 
where long terminal repeat (LTR) retrotrans-
posons (RTs) accumulate and genetic recombin-
ation is low (Tian et al., 2009). The euchromatic 
region of  sorghum genome is observed on distal 
segments of  chromosomes encoding approxi-
mately 70% of  the sorghum genes, whereas the 
heterochromatic region contains approximately 
threefold lower gene density in the pericentro-
mic region. The synteny in sorghum was found 
high in euchromatic segments with low abun-
dance of  retrotransposable elements and low in 
heterochromatic segments with high abun-
dance of  RTs (Kim et  al., 2005; Paterson et  al., 
2009; McCormick et al., 2018). In terms of  ar-
rangement of  heterochromatic and euchromatic 

regions on chromosomes, sorghum is similar to 
tomato (Kim et al., 2005).

Sorghum, maize (Zea mays), sugarcane 
(Saccharum officinarum), and millet (Pennisetum 
glaucum) share rice (Oryza sativa) as a common 
ancestor from which they diverged 50 million 
years ago (Kim et  al., 2005). Leiboff  and Hake 
(2019) and Paterson (2008) suggested that the 
divergence of  maize and sorghum happened 
much later, approximately 12–16 million years 
ago. Comparison of  the genomes of  sorghum and 
rice showed that sorghum has twofold larger 
genome size with two fewer chromosomes than 
rice (Price et al., 2005). Sorghum is closer to rice 
compared with maize in terms of  Copia- and 
Gypsy-like RTs. The expansion of  sorghum 
genome compared with rice is associated with 
LTR-RTs. (Paterson et  al., 2009). Homologous 
recombination (UR) and illegitimate (non-
homologous) recombination are suggested to 
have deleted the ∼190 Mb of  LTR-RTs from the 
rice genome during evolution (Tian et al., 2009). 
DNA transposable elements in sorghum, prom-
inent components of  genomes providing allelic 
diversity, were found to be 7.5%, a value inter-
mediate between maize (2.7%) and rice (13.7%) 
(Paterson et  al., 2009). Also, gene duplications 
recently observed in sorghum are suggested to 
stem from the ancestral gene family or from a 
new transposon family found in sorghum. The 
genome-wide comparison of  sorghum, maize 
and rice SNPs showed that tandem duplications 
in the euchromatic segment in sorghum and 
maize induce more SNP accumulation than 
gene duplications. Thus, the lack of  genomic du-
plication is compensated and genomic innov-
ations for variation are induced (Guo, H. et  al., 
2019). More SNPs are reported to be found at the 
end regions of  chromosomes, probably due to 
the repeating sequences near centromeres (Luo 
et al., 2014). A high quantity of  non-synonymous 
coding SNPs in the sorghum genome indicates 
probable changes of  gene function (Guo, H. 
et al., 2019).

27.3  Cadmium Transport and Toler-
ance in Plants

Heavy metals or metalloids have five times 
higher atomic weight and density than water. As 
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it is detrimental to human health, Cd is a toxic 
substance and harmful to plant life even at very 
low concentrations, having no known biological 
function (Hossain et al., 2012). Cd is one of  the 
redox-inactive heavy metals like Hg, Zn, Ni, Al 
and Pb. It consumes antioxidants and inhibits 
thiol-containing enzymes and antioxidants (Er-
cal and Aykin-Burns, 2001). On the other hand, 
heavy metals such as Fe, Cu, Cr and Co partici-
pate in cellular oxidation–reduction reactions. 
These are redox-active heavy metals whose 
products are superoxide anion -

2( )O  and hydro-
gen peroxide (H2O2), as a result of  Haber–Weiss 
and Fenton reactions (Ercal and Aykin-Burns, 
2001; Hossain et al., 2012). Cd induces lipoxygen-
ase activity (Hossain et  al., 2012) and damages 
many vital organs, cellular organelles and path-
ways in plant metabolism (i.e. leaves, chloroplasts, 
stomata, photosynthesis, lipid peroxidation, N and 
S metabolism) (Flores-Cáceres et al., 2015; Ibrahim 
et al., 2017). Cd toxicity, in terms of  mechanism of  
action, induces misfolding of  proteins and inacti-
vates enzymes by binding to sulfhydryl groups of  
structural proteins and enzymes (Hossain et al., 
2012). The Fe and Cd toxicity symptoms resemble 
each other, with chlorosis, necrosis, wilting, red-
orange leaves and decline in plant growth 
(Lindberg and Greger, 2002).

27.3.1  Cadmium uptake genes in roots

Cd bioavailability in soil is controlled by several 
factors including redox potential of  the soil, es-
sential trace elements (Sebastian and Prasad, 
2014), soil pH and structure, soil organic matter 
and chemical speciation (Verbruggen et  al., 
2009a). Cd, like other heavy metals, increases 
rigidity of  cell walls as a result of  lignification. 
Thus root expansion is inhibited, and plants 
reach less solute and water (Cseh, 2002). The re-
duced water depending on Cd accumulation in 
cells induces drought stress and upregulates ex-
pression of  the gene encoding DREB2A (dehy-
dration-responsive element-binding protein 
2A), a protein transcribed under drought and 
cold stress conditions (Tamás et al., 2008), by be-
stowing tolerance to the mentioned stressors 
(Sakuma et  al., 2006). The water stress along 
with abscisic acid (ABA) triggers the expression 
of  two subfamilies of  aquaporins, PIP1 and PIP2 

(plasma-membrane intrinsic proteins), regulat-
ing water passage from plasma membranes  
(Yaneff  et al., 2015). HvPIP2;1 in barley is one 
of  the aquaporins identified to be involved in 
water transport to cells, particularly to root cells 
(Katsuhara et al., 2003).

Cd toxicity, like the toxicities of  other heavy 
metals, induces accumulation of  phytochelatins 
(PCs) in roots and shoots. These non-thiol pro-
teins have been proposed as biomarkers for heavy 
metal toxicity (Keltjens and van Beusichem, 
1998; Filiz et al., 2019). The biosynthesis of  PCs 
is carried out by phytochelatin synthase (PCS) in 
the presence of  reduced glutathione (GSH) and 
thus phytotoxicities of  Cd, Cu, and Zn are detoxi-
fied. The expression of  PCS1 in Arabidopsis and 
tobacco induces the transcription of  PC, which 
results in Cd tolerance (Sofo et al., 2013).

The exposure to plants of  Cd activates heavy 
metal signalling molecules (i.e. NO and Ca2+) and 
NADPH enzymes, and thereby increases production 
of  reactive oxygen species (ROS) (Chmielowska- 
Bąk et al., 2014). Pérez-Chaca et al. (2014) reported 
that NO and H2O2 are abundant in soybean 
roots under Cd toxicity. H2O2, as a main source of  
NADPH oxidase, induces the production of  mitogen‐ 
activated protein kinases (MAPKs) (Kalbina and 
Strid, 2006). The expressions of  MAPK4 and 
WRKY25 genes in roots and leaves of  Arabidopsis 
is reported under Cd stress (Smeets et al., 2013).

The uptake of  Cd in roots occurs via trans-
porter proteins. Like other divalent cations in the 
soil (Fe2+, Zn2+, Ca2+ and Mn2+), the bioavailable 
Cd2+ is transported into roots by a ZIP family 
protein called iron-regulated transporter 1 (IRT1) 
(Vatansever et  al., 2015). Cd is taken up by 
AtIRT1 in Arabidopsis, and by OsIRT1 and OsI-
RT2 in rice (Verbruggen et al., 2009a; Uraguchi 
and Fujiwara, 2012). The natural resistance- 
associated macrophage protein (Nramp) family 
is another protein family functioning in Cd 
transport in roots. AtNramp1, AtNramp3 and 
AtNramp4 increase Cd2+ uptake in Arabidopsis 
and OsNramp1 (Uraguchi and Fujiwara, 2012), 
OsNramp2, OsNramp5 and OsHMA3 in differ-
ent rice cultivars (Zhao, J. et  al., 2018). Apart 
from genes involved in Cd uptake, it is also im-
portant to note that some plants use an ex-
clusion strategy to protect their cellular homeo-
stasis against Cd. AtABCG36, a member of  
the  ATP-binding cassette (ABC) transporter 
superfamily of  proteins involved in pathogen  
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defence, regulates Cd exclusion from root cells 
(Kang et al., 2011).

27.3.2  Translocation of cadmium from 
roots to shoots

After Cd is taken up by roots, it is transported to 
shoots through xylem (Uraguchi and Fujiwara, 
2012). Heavy metal translocation in plants is 
performed through two classes of  heavy metal 
P1B-ATPases (HMAs) (Zhiguo et  al., 2018). The 
cations inside cells are pumped out of  the mem-
branes by HMAs against an electrochemical gra-
dient using ATP (Verbruggen et al., 2009b; Zhou 
et  al., 2019). One HMA class is responsible for 
translocation of  Cu and Ag, and the other class 
regulates Zn/Co/Cd/Pb transports (Zhiguo et al., 
2018). HMA2 and HMA4 in Arabidopsis (AtH-
MA2/4) are the Cd transporters involved in 
xylem loading of  Cd (Verbruggen et al., 2009a; 
Feng et al., 2018). HMA2 gene in rice (OsHMA2) 
is involved in Cd translocation to shoots and dis-
tribution of  Cd in developing tissues through 
phloem, whereas OsHMA3 takes part in the 
mechanism of  Cd sequestration into vacuoles. 
The highly transcribed OsHMA3, at the same 
time, decreases Cd concentrations in shoot and 
xylem. Contrary to OsHMA3¢s function, OPT3, 
expressed in pericycle of  Thlaspi caerulescens 
(TcOPT3), is reported to transport Cd long dis-
tances in plants and to have a role in hyperaccu-
mulation of  Cd in shoots (Hu et  al., 2012). 
Likewise, an oligopeptide transporter (OPT) 
superfamily protein, yellow stripe-like (YSL) in 
Solanum nigrum (SnYSL3), is also involved in Cd 
translocation. The translocation of  Cd by SnYSL3 
takes place in the form of  Cd–nicotianamine 
complexes (Feng et al., 2017). Like the YSL3, an-
other peptide transporter in Arabidopsis, multid-
rug resistance protein (AtMRP3), also an ABC 
superfamily member, is identified as a Cd trans-
porter involved in Cd transport. AtMRP3, upreg-
ulated in both roots and shoots under Cd stress, is 
induced just by Cd and no other inducers such as 
oxidative stress and PCs, and GSH have roles in its 
induction (Bovet et al., 2003).

Another gene, cation/calcium exchanger 
(CCX2), was identified as a putative gene trans-
porting Cd to shoots from roots in rice (Chen, J. 
et al., 2019). The accumulation of  Cd in grains 

takes place through phloem. Thiol (SH) com-
pounds along with an unknown protein act as 
substrates for Cd binding. The passage of  Cd 
from xylem to phloem happens via the nodes 
acting like bridges in rice (Uraguchi and Fuji-
wara, 2012). Shimo et  al. (2011) suggested a 
new soluble vascular protein in rice named low 
Cd (LCD). LCD mutant plants are able to accu-
mulate more Cd in their roots and less in shoots 
and grains. Likewise, cadmium tolerance 1 (CDT1) 
gene, isolated from Digitaria ciliaris, a plant nat-
urally growing in Cd-contaminated mining sites, 
increases Cd tolerance in rice (named as OsCDT1) 
and in transgenic Arabidopsis. CDT1 transcrip-
tions are cysteine (Cys)-rich peptides, identified 
as heavy metal chelators (Matsuda et al., 2009). 
The constitutive expression of  another class of  
Cys-rich proteins, metallothioneins, is also re-
ported to increase tolerance against Cd in several 
plants (Yang et al., 2015). From a QTL mapping 
study, Guo, J. et al. (2019) suggested that genes 
encoding the following proteins are involved in 
Cd translocation in rice: ZIP4 (ZRT/IRT-like pro-
tein), the protein similar to glutathione transferase 
(GSTs) 16, heat-shock protein Hsp20 domain-
containing protein, MAP kinase-like protein and 
Cd tolerant protein 5.

27.3.3  Detoxification and sequestration 
of cadmium in plants

Plants detoxify Cd by employing several mech-
anisms including chelation, compartmentaliza-
tion and ROS scavenging (Matsuda et al., 2009; 
Chen, H. et  al., 2019). As mentioned above, 
AtHMA2/4, and pleiotropic drug resistance 
(PDR)-type ABC transporter (AtPDR8) proteins, 
regulate Cd extrusion from cells and thereby con-
tribute to Cd detoxification strategy (Shimo et al., 
2011). The Cd influx from cytosol to organelles in 
plant root cells is suggested to induce ROS forma-
tion in the mitochondrial electron transport chain 
(Keunen et al., 2011). As a defence mechanism, 
Cd is transported from mitochondria to cytosol  in 
the form of  Cd–GSH and Cd–S complexes by 
ABCB25 in Arabidopsis (Kang et al., 2011). GSH is 
an important ligand in protecting and balan-
cing cellular redox balance against metals and 
metalloids (Verbruggen et al., 2009a). Similarly, Cd 
is excluded from mitochondria by mitochondrial 
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membrane protein (AtATM3). AtATM3 transports 
Cd in the form of  glutamine synthetase-conju-
gated Cd2+ complexes (Kim et  al., 2006). Two 
vacuolar Fe transporters, OsVIT1 and OsVIT2, 
involved in Fe sequestration, also take part in 
transport of  Cd along with Fe into vacuoles (Ero-
glu et al., 2019). However, prior to importing Cd 
into vacuoles, the Cd, like Fe, has to be chelated 
with nicotianamine (NA), like Fe (Gao et  al., 
2016).

The vacuolar sequestration of  Cd is regulated 
by several genes such as those encoding HMA3, 
H+/cation exchanger, and metallothionein-like 
proteins (MTPs) (Zhang et al., 2019). PC gener-
ation in response to Cd toxicity, as mentioned 
above, is conducive to Cd sequestration into 
vacuoles; therefore, vacuolar Cd sequestration is 
not strictly dependent on the Cd. Two ABC mem-
ber proteins, AtABCC1 and AtABCC2, trans-
porting PCs, are also involved in transport of  
GSH-conjugated Cd complexes (Mendoza-Cózatl 
et al., 2011).

Ligands like malate, citrate, metal-
lothioneins and histidine also participate in Cd 
tolerance by forming metal–ligand complexes 
(Haydon and Cobbett, 2007; Verbruggen et  al., 
2009b). Isarankura-Na-Ayudhya et  al. (2018) 
suggested that the histidine complexation with 
Cd is a more efficient way to deal with Cd toxicity 
compared with prevention of  Cd uptake at mem-
brane surfaces. The malate- and citrate-treated 
rice seedlings under Cd toxicity neutralize the 
adverse effects of  Cd at membrane surfaces 
by reversing downregulation of  OsNramp1, 
OsIRT1, OsHMA3, and nicotianamine synthase 
(OsNAS1) in root cells. The protective effect of  
organic acids is due to their chelation with Cd, 
thereby inhibiting the phytotoxic effect of  Cd 
which induces suppression of  mentioned genes 
(Sebastian and Prasad, 2018).

27.4  Methods in Identification of 
Quantitative Trait Loci

QTLs are genes controlling genotypic or pheno-
typic traits of  interest which are inherited quan-
titatively. There are two different approaches to 
identify QTLs in plants: (i) linkage mapping 
(LM); and (ii) association mapping (AM), also 
known as linkage disequilibrium (LD) mapping 

(Álvarez et  al., 2014; Verdeprado et  al., 2018; 
Alqudah et al., 2019). AM is conducted with two 
methods: (i) candidate gene association ana-
lyses; and (ii) genome-wide analysis or ge-
nome-wide association studies (GWA or GWAS) 
(Álvarez et al., 2014; Verdeprado et al., 2018). In 
the candidate gene method, new gene discovery 
is not the aim. Instead, the focus is on the 
well-defined loci. A comprehensive prior know-
ledge about trait(s) of  interest, in terms of  bio-
logical pathway and gene ontology, is a must. On 
the other hand, the studies on GWA deal with 
more complex traits requiring a considerable 
number of  markers distributed across whole 
chromosomes to be identified (Álvarez et  al., 
2014). The most important parameter of  AM is 
LD, which has to be known before starting a 
mapping study (Verdeprado et al., 2018). LD is a 
correlation coefficient showing the strength of  
association between traits of  interest at two or 
more loci. Gamete frequencies are used for the 
expression of  LD and the population is assumed 
at equilibrium as long as there are random com-
binations of  alleles of  gametes. Therefore, LD 
shows co-inheritance of  allelic variants of  gam-
etes since one allele is physically in the vicinity 
of  another (Álvarez et al., 2014). The closer the 
allelic variants, the higher is the LD. On the other 
hand, LD should not be interpreted in physical 
linkage since physically close allele genes may 
not be co-inherited because of  unequal frequen-
cies and recombination rates, and therefore have 
low LD (Verdeprado et al., 2018).

In AM, the number of  markers used in a 
study is related to which method will be used. 
GWAS require as many markers as possible to 
cover all chromosomes of  the genome. In this re-
spect, SNPs and InDel markers are used to find 
out which part of  DNA is co-inherited with the 
trait(s) of  interest in GWAS (Álvarez et al., 2014; 
Verdeprado et al., 2018).

LM and AM approaches have their own ad-
vantages and disadvantages (Álvarez et al., 2014; 
Verdeprado et al., 2018). The main differences be-
tween LM and AM can be explained as follows:

●	 Bi-parental populations such as F
2, back-

crosses (BCs), recombinant inbred lines 
(RILs) and near-isogenic lines (NILs) are 
used in LM, whereas germplasm panels (i.e. 
populations, genotypes, accessions, etc.) 
are employed for AM.
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●	 The control of  breeders over genetic mater-
ials (genotypes or populations) is limited in 
the AM approach since the recombination 
events are not generated by the breeders. 
Consequently, AM involves many pheno-
typic variations controlled by alleles in 
populations. However, the recombination is 
created in progenies by crossing positive al-
leles versus negative alleles in LM.

●	 Generally, mapping resolution in the AM 
approach is higher than for LM. The reso-
lution of  LM contains a part of  the chromo-
some, in which there are as many as several 
hundred genes (Álvarez et al., 2014; Verde-
prado et al., 2018; Alqudah et al., 2019).

27.5  Recent Quantitative Trait Loci 
Studies in Sorghum

Molecular markers such as restriction fragment 
length polymorphisms (RFLPs), amplified frag-
ment length polymorphisms (AFLPs) and simple 
sequence repeats (SSRs) in the maize genome 
were used in identifying related gene loci of  sor-
ghum, sugarcane, foxtail millet and Johnson 
grass (Anami et al., 2016). The detection of  as-
sociation between allelic variants and traits in 
the generation of  sorghum QTL maps has be-
come easier by next-generation sequencing 
(NGS) technology identifying SNPs within the 
genome (Kong et  al., 2018). Genotyping-by- 
sequencing (GBS), as a genotyping method of  
NGS, has given extra power for the discovery and 
accelerated scanning of  SNPs in the sorghum 
genome (Hu et  al., 2019). In this respect, Gelli 
et al. (2017) used bi-parental populations, com-
posed of  131 RILs, under normal (100 kg/ha) 
and low (0 kg/ha) N treatments to construct 
QTL mapping by GBS in sorghum. They reported 
that a total of  642 SNPs revealed 38 QTLs for 11 
agronomic traits on chromosomes 1, 5, 6, 7 and 
9 when the composite interval mapping method 
was used. These co-localized QTLs were sug-
gested as potential pleiotropic regions associated 
with flowering time and plant height. The 
phenotypic variation caused by each QTL was 
stated to vary from 6.2 to 50.8%. In the study, a 
total of  726 DEGs was revealed in root tissues of  
sorghum seedlings as a result of  RNA sequencing 
and 108 genes of  these DEGs were associated 

with chromosomal zones near to QTLs. The 
DEGs reported were found to be associated with 
N metabolism (ferredoxin-nitrate reductase), 
glycolysis (phosphofructo-2-kinase), seed stor-
age proteins, plant hormone metabolism and 
membrane transport. Moreover, DEGs were sug-
gested by the authors as potential targets for 
sorghum genome improvement under N fertil-
ization (Gelli et al., 2017). In another study, sor-
ghum RILs (S. bicolor × Sorghum halepense) and a 
panel of  S. bicolor landraces were used to identify 
grain antioxidant QTL regions in the framework 
of  GWAS (Habyarimana et al., 2019). The newly 
produced RILs were reported to have higher 
antioxidant capacity with novel polymorphisms. 
GWA studies were stated to reveal 55 major QTLs 
explaining 15 to 31% of  the observed variability 
in antioxidants. In the study, 26 novel markers 
were discovered. Of  these, Chr1_61095994, a 
novel pleiotropic major-effect marker, was re-
ported to be found in LD with loci of  19 putative 
glutathione S-transferase genes which function in 
sequestration of  anthocyanins into vacuoles 
(Habyarimana et al., 2019).

If  breeding programmes achieve enhance-
ment of  bioenergy-related traits such as ear-
ly-stage chilling tolerance, juvenile development 
and early maturity, sorghum may be an alterna-
tive crop for temperate regions (Schaffasz et al., 
2019). Schaffasz et al. (2019) scored a sorghum 
population (n = 338) in terms of  mentioned 
traits and used GWAS to confirm the presence of  
quantitative traits for cold tolerance and high 
bioenergy. As a result, they found that sorghum 
set has high genetic and phenotypic variations 
and satisfying heritability. Also, the results of  
GWAS indicated that sorghum genotypes in the 
set have high quantitative traits for cold toler-
ance and high biomass accumulation. Never-
theless, these outcomes were evaluated by the 
authors as major drawbacks for marker-assisted 
selection in terms of  practical breeding (Schaf-
fasz et al., 2019).

To investigate the association of  genomic 
variation with complex traits in S. bicolor, many 
data sets are constructed using GBS to find SNPs. 
Nevertheless, since reference genome coordin-
ates of  sorghum are not the same among data 
sets, it is not possible to reuse data for  
mapping studies (Hu et  al., 2019). Therefore, 
459,304 SNPs were used to construct a data set for 
10,323 sorghum genotypes on the version 3.1 
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reference genome by Hu et al. (2019). Also, the 
authors conducted GWAS to validate SNPs, 
mapping known genes, and identifying novel as-
sociations for traits of  interest.

Lopez et  al. (2017) conducted a study to 
identify QTLs associated with root depth, grow-
ing season length, and stomatal conductance to 
water vapour (gs) using a high-density bin map. 
They identified new QTL regions for crown root 
angle and gs on chromosome 3 and 7, respect-
ively, in sorghum. Also, they identified new can-
didate genes depending on physical locations of  
the QTLs.

In terms of  several agronomic traits such as 
panicle compactness and shape, panicle exer-
tion, etc., and disease resistance like smut resist-
ance, 1425 Ethiopian landrace accessions were 
identified phenotypically by Girma et al. (2019) 
and 1341 accessions were crossed with the A

1 
cytoplasmic male-sterile line, ATx623, to inves-
tigate fertility or sterility reactions of  landraces. 
The authors reported that 72,190 of  879,407 
SNPs, obtained by the GBS method, were identi-
fied as reliable SNPs after quality control and the 
markers thus obtained were used for GWAS us-
ing a compressed mixed linear model. The mark-
ers showed significant association with traits. 
These SNPs were stated to explain from 2 to 43% 
of  total phenotypic variation. A basic helix–loop–
helix (bHLH) transcription factor, aborted micro-
spores, was reported to be associated with a gene 
regulating male fertility. Plant height in sor-
ghum was found to be associated with RAP2-7 
and clavata1 genes regulating plant growth and 
suppressing transition to flowering in sorghum, 
respectively. Similar to these findings, the au-
thors reported that yellow seed1-like, an MYB 
transcription factor, and tannin1 genes were sig-
nificantly associated with pericarp colour (Girma 
et al., 2019).

Kante et al. (2018) conducted a study to in-
vestigate QTLs for fertility restoration (Rf) in the 
A

1 cytoplasmic male sterility system in West Af-
rican sorghum germplasm. For this aim, three F2 
populations and parental lines were used by the 
authors to identify SNPs according to the GBS 
method. Also, SNPs found within or flanking 
QTL regions were employed to develop competi-
tive allele-specific PCR (KASP) markers. A total 
of  seven QTLs were reported by the researchers. 
Two major A1 cytoplasm fertility restoration 
loci, Rf2 and Rf5, were found on chromosomes  

SBI-02 and SBI-05, respectively. Rf5 explained 19 
and 14% of  phenotypic variation in the male 
parent in any population, whereas 31% of  the 
phenotypic variation in the third population was 
explained by Rf2 (Kante et al., 2018).

In total 616 GBS-based SNPs were used to 
construct a genetic map in a RIL population by 
Kong et  al. (2018). They used an individual F1 
plant, obtained from S. bicolor BTx623 and 
IS3620, to derive F7 and F8 RILs, which consti-
tuted a mapping population of  399. As a result, 
381 segregated positions were obtained. The au-
thors stated that they were able to separate QTLs 
for plant height and flowering time and to pre-
sent evidence opposing to pleiotropy.

A turf  grass, seashore paspalum (Paspalum 
vaginatum Sw.), a close relative of  sorghum and 
other cereal crops such as maize and fox tail mil-
let, is able to survive in coastal areas where salt is 
the main restriction factor for many crops to sur-
vive, grow or develop. Therefore, understanding 
the survival mechanism of  seashore paspalum 
may help to improve cereal crops for saline soils. 
GBS-based SNPs in a high-density genetic map 
in seashore paspalum showed that each chromo-
some of  the halophytic plant corresponds to 
each sorghum chromosome with high collinear-
ity (Qi et al., 2019). Consequently, it is stated that 
the syntenic relationship between the two crops 
may also help gain insights into other cereals.

27.6  Cadmium-Related Quantitative 
Trait Locus Studies in Sorghum

Although sorghum is not a hyperaccumulator 
plant, it can be used to clean up areas which are 
moderately or partially polluted by heavy metals 
since it has high biomass production and metal 
accumulation potential (Zhuang et al., 2009; Al 
Chami et al., 2015) like maize and alfalfa (Medi-
cago sativa) (Jia et al., 2017). Sorghum is able to 
take up and accumulate Cd, Pb, and Zn in above-
ground organs like the stem (Al Chami et  al., 
2015). The Cd uptake, translocation, and accu-
mulation show a wide range of  differences among 
sorghum genotypes in parallel to its genetic di-
versity. The accumulator sorghum genotypes 
may translocate and accumulate four times 
more Cd than sensitive varieties, suggesting that 
sorghum has a Cd-tolerance mechanism (Jia 
et al., 2017).
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The genomic diversity of  sorghum makes it 
a very special species providing understanding 
of  the functions of  grass genes, although the 
same principle offers a considerable challenge in 
the construction of  linkage maps and develop-
ment of  a sorghum diversity research set (SDRS). 
In this regard, some authors have scanned nu-
merous sorghum landraces to identify the best 
candidates for breeding of  Cd accumulators and 
development of  new sorghum accumulator var-
ieties. With this aim, Tsuboi et al. (2017) used 38 
SSR markers selected randomly from linkage 
maps to construct a QTL map associated with Cd 
uptake and to identify Cd accumulation in an 
SDRS which is a core collection of  107 geo-
graphically diverse sorghum landraces. The re-
sults of  Cd accumulation by AM showed that the 
marker SB0753 on chromosome 1 was a marker 
modulating Cd concentrations after 2 months 
from planting. Additionally, SB3412 and Xtxp104 
on chromosome 6 were identified as markers 
associated with regulation of  Cd concentrations 
in leaf  blades, leaf  sheaths, and panicles after 
following head emergence. The landraces used 
in the study were grouped by their Cd accumula-
tion status and SDRS 33, 47, 48, 55, 95, 106 
landraces, and BTx623 cultivar, were found as 
Cd accumulators. Particularly, SDRS 47 and 48 
were suggested for phytoextraction programmes 
of  Cd-polluted areas as they accumulate higher 
concentrations of  Cd in their shoots (Tsuboi 
et  al., 2017). In another similar study, Abou- 
Elwafa et al. (2019) identified QTLs/genes asso-
ciated with heavy metal tolerance in sorghum 
SDRS, comprised of  107 accessions, by AM. For 
this purpose, they used 181 SSR markers. Of  
these markers, 12 SSRs were associated with five 
traits such as plant height, leaf  length and 
width, shoot dry and fresh weights, with 14 as-
sociations. QTLs found in the study were identi-
fied by BLASTP annotation and 19 of  the anno-
tated 102 genes (SbLysMR1, SbPPR1, SbZFP346, 
SbPPR2, SbPPR3, SbPPR4, SbPPR5, SbZc3h18, 
SbLAC9, SbZFP8, SbMAPKK5, SbAVPL1, 
SbWAK2, SbPPR6, Sb7DGT, SbKCS5, SbAVP1, 
SbZFP6 and SbPPR7) were found to function in 
phytoremediation and heavy metal tolerance. 
More specifically, xtxp315 marker on chromo-
some 2, xtxp67 marker on chromosome 9 and 
xtxp270 marker on chromosome 10 were asso-
ciated with genes involved in heavy metal toler-
ance (Abou-Elwafa et al., 2019).

Element accumulation in seeds is important 
for seedling establishment and enhancement of  
plant growth. Shakoor et al. (2016) investigated 
the seed ionome of  407 sorghum accessions 
genotyped by GBS and conducted a GWA 
study, to reveal associations between QTLs and 
traits of  interest including Cd accumulation 
genes in sorghum. Sobic.002G083000 and 
Sobic.002G083100 genes, orthologous genes of  
AtHMA, were identified as candidate genes regu-
lating seed Cd content.

Despite its Cd accumulation capacity, sor-
ghum is not studied well enough to identify its 
QTLs/genes associated with Cd tolerance. How-
ever, Cd-related QTL studies conducted in close 
relatives of  sorghum can be used for sorghum. 
In this respect, QTL regions found in maize (Soric 
et al., 2009; Zdunić et al., 2014; Zhao, X. et al., 
2018; Asaro, 2019) and rice (Ueno et al., 2010; 
Sato et al., 2011; Hu et al., 2018; Zhao, J. et al., 
2018) can also be employed for sorghum. In 
doing so, the collinearity of  QTLs/genes associ-
ated with Cd and robust LDs may facilitate iden-
tification or discovery of  novel Cd-related genes 
in sorghum.

27.7  Conclusion

Sorghum has a wide range of  genetic and ger-
mplasm diversity consisting of  Cd-sensitive and 
Cd-tolerant genotypes. Agro-morphological 
studies have shown that some genotypes are 
more suitable for higher Cd accumulation in 
their above-ground organs; that is, phytoextrac-
tion. On the other hand, some sorghum geno-
types have more desirable traits to reduce Cd 
mobility by keeping it at the root surface; that is, 
phytostabilization. Therefore, improvement of  
the sorghum genome in terms of  Cd tolerance 
can be studied effectively in two different ways 
by AM studies. The current situation in sor-
ghum has not been offering too much promise 
about Cd tolerance since there have been few 
linkage or association studies about the identifi-
cation of  Cd-tolerance genes in sorghum. The 
inclusion of  more sorghum germplasm into Cd 
tolerance-related studies using NGS methods 
such as GBS will help gain more knowledge 
about sorghum genome organization and facili-
tate improvement of  Cd-tolerant genotypes with 
breeding programmes.
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28.1  Introduction

Human nutritional requirements must be met 
from the food that is consumed and the primary 
source for all nutrients comes from agricultural 
products. Malnutrition is responsible for more 
human deaths globally than any other cause of  
death and all forms of  malnutrition including 
being overweight or obese are associated with vari-
ous forms of  ill health. About 45% of  deaths 
among children below 5 years of  age, mainly in 
low- and middle-income countries, are due to under-
nutrition alone (Black et al., 2013). An estimated 
four million deaths (7.1% of  all deaths) and 120 
million healthy years of  life lost (disability-adjusted 
life years or DALYs) in the global population (4.9% 
of  all DALYs among adults) are due to the health 
consequences of  overweight and obesity (GBD 
2015 Obesity Collaborators, 2017), especially in 
the developed world. Malnutrition also results in 
huge health-care costs and imposes high human 
capital costs on individuals, families and nations. It 
is estimated that malnutrition in all its forms could 
cost society up to US$3.5 trillion per year (Global 
Panel, 2016). Dietary diversification holds the key, 
as the poor people living in the arid and semi-arid 
tropical regions of  the world cannot afford a var-
iety of  food items in their diet and suffer from defi-
ciencies of  energy and micronutrients.

Among different forms of  malnutrition, 
micronutrient malnutrition, or ‘hidden hunger’, 
results primarily from diets poor in bioavailable 
vitamins and minerals. Hidden hunger is caused 
by insufficient intake, absorption or utilization 
of  vitamins and minerals. It is a global food-
related health problem and affects more than 
half  of  the developing world’s population, or 
more than three billion people, especially women 
and preschool children (Bouis, 2002; Welch and 
Graham, 2004; Jin et al., 2013). Micronutrient 
deficiencies can impair the mental and physical 
development of  children and adolescents, and 
cause blindness and anaemia (even death). 
Prevalence of  stunting and blindness in children, 
as well as women, is very high in developing 
countries. Three of  the most widespread micro-
nutrient deficiencies are those of  Fe, Zn and vita-
min A (see Box 28.1), although folate and iodine 
also remain issues in several countries. Fe defi-
ciency is the most common micronutrient 
deficiency in the world and the most significant 
contributor to anaemia. As global data for Fe 
deficiency do not exist, anaemia is used as an 
indirect indicator. Approximately 50% of  cases 
of  anaemia are considered to be due to Fe defi-
ciency (Stevens et al., 2013). Anaemia affects 
800 million women and children globally  
(HarvestPlus, 2021). An estimated 17.3% of  the 
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world’s population is at risk of  inadequate Zn in-
take in their diet or Zn deficiency (Wessells and 
Brown, 2012). The most prone are infants, young 
children, and pregnant and lactating women due 
to their elevated requirements for Zn. Vitamin A 
deficiency is the leading cause of  preventable 
blindness in children, causing blindness in 
250,000 to 500,000 children each year and 
increasing the risk of  disease and death from 
severe infections (http://www.who.int/nutrition/
topics/vad/en/, accessed 4 March 2021). One 
general indicator of  micronutrient deficiency in 
humans is anaemia, as this is caused by the 
deficiency of  many of  them, and its effects are 
aggravated by several diseases.

Interventions like supplementation and food 
fortification (addition of  exogenous nutrients to 
food products) with micronutrients, which are 
widely used to address micronutrient malnour-
ishment globally, can directly facilitate easing of  
hidden hunger to some extent. However, these 
are short-term approaches, which can address 
acute cases of  malnourishment, and require 

infrastructure, sophisticated processing tech-
niques, quality control and funding to succeed. 
Poor purchasing power and lack of  access to 
markets and health-care systems of  the poor 
population further limit the success of  such 
interventions. This warrants new approaches to 
address the persistent problem of  micronutrient 
malnutrition in a sustained manner, especially 
to reach the affected population in remote rural 
areas. Biofortification – the process of  enhan-
cing the grain micronutrient content in staple 
crop cultivars through traditional breeding 
practices and modern biotechnology – offers a 
powerful, sustainable and cost-effective tool to 
overcome micronutrient malnutrition as this is 
a genetic enhancement that increases the micro-
nutrients in staple crops at their source.

Sorghum, a heat- and drought-tolerant C
4 

plant with wider adaptation to a range of  envir-
onments, is the fifth most important crop grown 
in the world. It is a reliable source of  food grain 
and feed for regions that are regularly affected by 
drought, where production of  other cereals like 
wheat, maize and barley is challenging (Elkonin 
et al., 2018). Sorghum is a major staple for 
nearly 500 million people living in 30 countries 
of  the semi-arid tropical regions (Hariprasanna 
and Rakshit, 2016). Traditionally, sorghum con-
sumption levels were relatively high among poor 
people in the semi-arid parts of  Africa and India, 
where more than 70% of  the sorghum grain was 
utilized for human consumption (FAO and ICRI-
SAT, 1996), although consumption has declined 
sharply in recent years due to a shift in con-
sumer preferences as a result of  rapid urbaniza-
tion and increased economic status (Nagaraj 
et al., 2013; Hariprasanna and Rakshit, 2016). 
Sorghum is good source of  dietary energy with 
considerable amounts of  micronutrients, K, P, 
Ca and Na (Hulse et al., 1980; Gopalan et al., 
1989; Longvah et al., 2017). Considering the 
prevalence of  micronutrient malnutrition in the 
predominantly sorghum-producing/consuming 
regions in the African and Indian subcontinent, 
the crop holds promise as a key target for further 
improvement in micronutrient content in the 
grains to make it more nutrient-dense and thus 
benefit the micronutrient-malnourished popula-
tion, lessen the burden of  hidden hunger and 
address the United Nations’ Sustainable Devel-
opment Goals (SDGs) on nutrition. Sorghum grains 

Box 28.1.  Micronutrients in Human Nutrition

•	 Fe is a redox-active constituent of the catalytic 
site of haem and non-haem Fe proteins. About 
half of anaemia cases are caused by Fe defi-
ciency. Fe deficiency adversely affects cogni-
tive development, resistance to infection, work 
capacity, productivity and pregnancy.

•	 Zn is involved in RNA and DNA synthesis and 
is a constituent of many Zn-containing enzymes 
that are critical to cellular growth and differen-
tiation. Zn deficiency leads to impaired growth, 
immune dysfunction, increased morbidity and 
mortality, adverse pregnancy outcomes and 
abnormal neurobehavioural development.

•	 Vitamin A is a group of fat-soluble nutrition-
ally unsaturated hydrocarbons, which include 
retinol, retinal, retinoic acid and several pro-
vitamin A carotenoids. Preformed vitamin A is 
found in animal products such as meat, fish, 
poultry and dairy foods; while provitamin A, 
the most common being β-carotene, is found 
in plant-based foods such as fruits and veget-
ables. Vitamin A is important for growth and 
development, for the maintenance of the im-
mune system and good vision (both low-light 
and colour). It also helps in skin and cellular 
health, as well as maintenance of teeth, skel-
etal and soft tissues, and mucus membranes.
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also have good amounts of  phytochemicals like 
tannins, phenolics and phytate, and have poor 
protein digestibility, which leads to poor nutri-
tional and processing quality. The Fe and Zn 
exist predominantly as phytate complexes 
within the aleurone layer of  the grains and 
because of  the presence of  phytate, the bioavail-
ability of  Fe and Zn in sorghum grains is low 
(Zhao et al., 2019). Therefore, along with enrich-
ing the grains with micronutrients, approaches 
to enhance the bioavailability are also of  prime 
importance in sorghum. This chapter aims to 
summarize the limited efforts that have been 
undertaken to enhance the micronutrient content 
in sorghum using molecular breeding approaches.

28.2  Genetic Resources

28.2.1  Germplasm collection – core  
and mini-core collections

The nutrient content, especially grain Fe and Zn, 
in sorghum was found to be better compared 
with cereals like rice (Gopalan et al., 1989; 
Hariprasanna and Rakshit, 2016). As sorghum 
is mostly consumed in regions where it is pro-
duced unlike many other cereals in India and 
African countries, enriching the grains with Fe 
and Zn can alleviate micronutrient deficiency 
in the sorghum-consuming population living 
in the semi-arid tropics. Biofortification of  sor-
ghum by increasing Fe and Zn contents in grain 
through conventional breeding approaches is of  
widespread interest (Zhao, 2008; Ashok Kumar 
et al., 2009, 2012a, 2013a; Hariprasanna et al., 
2012, 2014a). Availability of  exploitable genetic 
variability for target traits is a key requirement for 
the success of  any breeding programme. Upon 
discovery of  genetic variability for grain Fe and 
Zn content in sorghum, the breeding strategies 
should focus on combining higher grain yield 
with more Fe and Zn density in the grains as 
higher grain micronutrient levels alone will not 
be sufficient to promote biofortified cultivars.

Globally, a total of  236,617 sorghum acces-
sions have been conserved in different gene banks 
(98.3% are cultivated and 1.7% wild and weedy 
relatives) (Upadhyaya et al., 2016). The majority 
are conserved in Asia (39.18%), the Americas 
(35.72%) and Africa (16.40%). Major gene banks 

conserving sorghum germplasm resources are 
those of: the International Crops Research Insti-
tute for the Semi-Arid Tropics (ICRISAT), India 
(41,816) (http://genebank.icrisat.org/, accessed 4 
March 2021); the Plant Genetic Resources 
Conservation Unit, Southern Regional Plant 
Introduction Station, University of  Georgia, US 
Department of  Agriculture–Agricultural Research 
Service (39,504) (https://www.genesys-pgr.
org/wiews/USA016, accessed 4 March 2021); 
the National Bureau of  Plant Genetic Resources 
(NBPGR), New Delhi, India (26,118) (http://
www.nbpgr.ernet.in, accessed 4 March 2021); 
and the Institute of  Crops Science, Chinese Acad-
emy of  Agricultural Sciences (ICS-CAAS), China 
(18,263) (http://ics.caas.cn/en/, accessed 4 March 
2021), which together conserve more than 50% 
of  the total global sorghum germplasm. The ICAR–
Indian Institute of  Millets Research, Hyderabad, 
India, which is the nodal agency for all millets 
research and development activities for the coun-
try, conserves 27,791 sorghum accessions in 
medium-term storage as an active and working 
collection (https://www.millets.res.in, accessed 4 
March 2021). The Svalbard Global Seed Vault safe-
guards >50,000 accessions of  sorghum from 
different gene banks (https://www.seedvault.no/
about/the-seeds/, accessed 4 March 2021).

In order to facilitate germplasm mainten-
ance, assessment and utilization, ICRISAT estab-
lished a core collection that represented 10% of  
the landraces collection (2247 accessions) from 
the 22,473 accessions conserved at the ICRISAT 
gene bank (Grenier et al., 2001a,b). As the core 
collection was also large in size for meaningful 
and precise evaluation for important economic 
traits, a mini-core (10% of  core or 1% of  entire 
germplasm accessions) comprising 242 accessions 
from the existing core collection was developed 
(Upadhyaya et al., 2009) that is widely used in 
evaluation for several traits of  importance. An 
initial core collection of  3011 accessions repre-
senting 77 different countries out of  the sorghum 
accessions conserved at the US National Plant 
Germplasm System (NPGS) was developed by 
random selection of  10% of  the accessions from 
each country (Dahlberg et al., 2004). A refined 
subset of  the core collection representing Sudan, 
with 352 accessions that represent 13.8% of  the 
total Sudan collection, was made up which was 
evaluated for relative heat tolerance of  sorghum.

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.genesys-pgr.org/wiews/USA016
https://www.genesys-pgr.org/wiews/USA016
https://www.seedvault.no/about/the-seeds/
https://www.seedvault.no/about/the-seeds/
http://ics.caas.cn/en/
http://www.nbpgr.ernet.in
http://www.nbpgr.ernet.in
https://www.millets.res.in
http://genebank.icrisat.org/


	 Molecular Breeding for Increasing Micronutrient Content in Sorghum	 479

28.2.2  Identification of donors

Sorghum had only limited research efforts related 
to biofortification until the early 2000s and 
thereby had only a limited information base. 
Initial studies at ICRISAT indicated limited vari-
ability for grain Fe and Zn contents (Reddy et al., 
2005) in sorghum hybrid parents, advanced 
breeding lines and germplasm accessions. Only 
traces of  β-carotene content could be detected in 
the grains of  non-yellow endosperm lines, al-
though some yellow endosperm germplasm had 
β-carotene content ranging from 0.56 ppm (IS 
24724) to 1.132 ppm (1S 26886). A similar 
range of  β-carotene content (0.2 to 1.4 ppm) 
was also reported previously in 20 yellow endo-
sperm sorghum germplasm lines (Kapoor and 
Naik, 1970). Considering the very low levels of  
grain β-carotene content, which would not meet 
recommended daily allowance levels, vitamin A 
improvement in sorghum was not focused upon 
subsequently. In the 84 lines tested, the grain Fe 
content ranged between 20 ppm (ICSR 93031) 
and 37 ppm (ICSB 472 and 296 B) with an aver-
age of  28 ppm, while grain Zn content ranged 
from 13 ppm (JJ 1041) to 31 ppm (IS 1199) with 
an average of  19 ppm.

With the support of  HarvestPlus (https://
www.harvestplus.org, accessed 4 March 2021), 
sorghum biofortification research gained momen-
tum at ICRISAT. A large number of  landraces 
(2246), hybrid parents (>500 B-lines and 100 
R-lines), breeding lines and commercial sorghum 
cultivars (67) were characterized over the years 
for assessing grain Fe and Zn concentrations and 
important agronomic traits. Large genetic vari-
ability for grain Fe and Zn concentrations has 
been reported in these materials (Ashok Kumar 
et al., 2009, 2010, 2012a; Reddy et al., 2010). 
Compared with post rainy season-adapted 
sorghums predominantly grown for food use in 
India, the rainy season-adapted commercial 
hybrids possessed better micronutrient contents 
(up to 44 ppm Fe and 33 ppm Zn). The vari-
ability observed in the core collection (2246) 
along with hybrid parents, breeding lines and 
commercial cultivars has been put in the public 
domain in the form of  a database (Ashok Kumar 
et al., 2012b). A number of  germplasm acces-
sions with relatively high Fe (>40 mg/kg) were 
identified for use in the breeding programmes 
(Table 28.1).

At the ICAR–Indian Institute of  Millets 
Research, characterization of  popular Indian 
cultivars, hybrid parents, breeding lines and 
some selected germplasm accessions collected 
from the major sorghum growing states indi-
cated sufficient variability for grain Fe (12–83 
mg/kg) and Zn (6–51 mg/kg) contents as well as 
high heritability (Hariprasanna et al., 2014a, 
2018). Significant and positive associations 
between the grain Fe and Zn concentrations 
have been reported in most of  the sorghum ma-
terial studied (Ashok Kumar et al., 2009, 2010, 
2012a, 2013b; Reddy et al., 2010; Hariprasanna 
et al., 2014a; Phuke et al., 2017), thus indicat-
ing that genetic control of  these two minerals is 
linked or physiological mechanisms for uptake 
or accumulation in the grains are interconnected, 
and there is a possibility of  simultaneous improve-
ment in Fe and Zn contents (Bhat et al., 2018). 
Based on the grain Fe and Zn concentrations ob-
served, the base level is estimated to be 30 mg/kg 
for Fe and 20 mg/kg for Zn. Considering the 
extent of  genetic variability observed among 
landraces and working collections, and nutrient 
bioavailability, the target level for genetic improve-
ment has been fixed at >40 mg/kg for grain Fe 
and >30 mg/kg for grain Zn.

28.2.3  Mapping populations

Bi-parental populations

Genetic improvement of  sorghum grains for 
higher content of  micronutrients such as Fe, Zn 
and vitamin A requires extensive efforts involv-
ing resources and funding, encompassing identi-
fication of  donors, development of  mapping 
populations, QTL mapping and marker-assisted 
introgression of  favourable and effective QTLs 
for micronutrients. Traditional QTL mapping 
procedures utilize bi-parental mapping popula-
tions such as recombinant inbred lines (RILs), 
near-isogenic lines (NILs) and doubled haploid 
(DH) lines generated from controlled crosses in-
volving selected parents contrasting for traits of  
interest so that the parental alleles will segregate 
in these mapping populations. Among these 
mapping populations, RILs are considered as im-
mortal populations since they can be multiplied 
several times for repeated phenotyping in multiple 
locations/environments. More importantly, a 
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Table 28.1.  Selected sorghum germplasm lines with high grain Fe and Zn contents. (From Ashok Kumar 
et al., 2009, 2013a.)

Accession Race Origin Grain yield (t/ha) Fe (mg/kg) Zn (mg/kg)

IS 5427 Durra India 2.0 61 57
IS 5514 Guinea–bicolor India 1.4 56 45
IS 55 Durra–caudatum USA 1.3 54 38
IS 3760 Caudatum–bicolor USSR 2.2 53 37
IS 3283 Bicolor USA 1.9 50 42
IS 17580 Caudatum Nigeria 1.6 50 41
IS 15952 Guinea Cameroon 2.5 49 41
IS 3813 Durra India 1.4 49 38
IS 15266 Caudatum Cameroon 2.7 49 44
IS 2939 Kafir US 3.6 48 37
IS 4159 Durra India 1.5 48 38
IS 3929 Kafir–durra USA 2.2 48 40
IS 3443 Guinea–caudatum Sudan 3.3 47 39
IS 3925 Durra–caudatum USA 2.4 47 39
IS 5460 Durra–bicolor India 1.4 47 46
IS 12452 Caudatum–bicolor Sudan 3.2 47 33
IS 2801 Caudatum Zimbabwe 2.3 46 45
IS 2536 Kafir–caudatum USA 2.3 45 37
IS 5429 Durra India 2.8 44 30
IS 356 Durra USA 2.2 44 33
IS 2265 Durra–bicolor Sudan 1.8 44 41
IS 12695 Bicolor South Africa 2.8 44 39
IS 5538 Durra India 1.7 44 47
IS 5476 Durra India 2.1 41 36
IS 16337 Caudatum Cameroon 2.4 41 34
IS 5853 Guinea–durra India 2.4 41 32
IS 12750 Caudatum China 1.9 76 39
IS 27054 Durra–caudatum Zimbabwe 3.6 73 29
IS 12858 Bicolor Turkey 1.8 73 32
IS 12785 Bicolor Turkey 1.7 70 27
IS 1563 Bicolor India 1.3 70 38
IS 34 Bicolor USA 2.4 69 27
IS 13 Bicolor USA 2.9 64 33
IS 30 Bicolor USA 2.1 62 32
IS 20962 Caudatum Kenya 4.7 62 24
IS 9150 Caudatum Kenya 2.9 62 28
IS 23680 Caudatum Mozambique – 71 44
IS 5308 Guinea India – 63 45
IS 3790 Kafir–bicolor Taiwan – 58 54
IS 3696 Guinea–bicolor Taiwan – 57 40
IS 5299 Guinea India – 55 40
IS 26962 Caudatum India – 51 46
IS 25546 Caudatum Rwanda – 57 30
IS 18133 Bicolor Lebanon – 56 27
IS 1222 Kafir–bicolor China – 55 41
IS 17307 Bicolor Ethiopia – 54 38
IS 3106 Bicolor Kenya – 54 34
IS 17580 Caudatum Nigeria – 51 35
IS 25699 Guinea Mali – 51 33
IS 32 Bicolor USA – 50 32
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better map resolution can be achieved using RILs 
as compared with F2 and DH populations due to 
the occurrence of  several rounds of  meiosis and 
recombination cycles during the development of  
the RIL population. However, the population size 
plays a major role in determining the mapping 
resolution and marker order (Darvasi et al., 
1993). For instance, a population size of  100–
250 individuals is used for preliminary mapping 
studies (Collard et al., 2005) while a population 
of  more than 500 individuals is used for the 
mapping of  small-effect QTLs. Bi-parental popu-
lations, namely introgression lines (ILs) and NILs, 
are also used to understand epistatic interactions 
between multiple loci (Rakshit et al., 2012). De-
velopment of  bi-parental mapping populations 
in sorghum for the mapping of  genomic regions/
QTLs for important traits was reviewed by Rajen-
drakumar and Rakshit (2015). Use of  a bi-
parental population for the mapping of  QTLs for 
micronutrient contents has been reported in 
pearl millet (Sushil Kumar et al., 2016, 2018), 
maize (Gu et al., 2015), rice (Dixit et al., 2019) 
and wheat (Liu et al., 2019). Recently, an F

6 RIL 
population comprising 342 lines derived from 
cross 296B × PVK 801 was employed for the 
identification of  QTLs and candidate genes for 
high grain Fe and Zn contents in sorghum 
(Anuradha et al., 2019).

Association panels

The association mapping approach is more 
widely used nowadays to identify the genomic 
regions or candidate genes underlying the target 
traits. Due to its advantage over linkage mapping 
in terms of  higher mapping resolution as it 
accounts for evolutionary mutations and re-
combinations, it is becoming a more popular 
approach for identifying marker–trait associations, 
particularly with the rapid advancements in 
next-generation sequencing (NGS) technologies, 
high-throughput precision phenotyping plat-
forms and improvements in the computational 
tools for association analysis.

The first association mapping panel in sor-
ghum, comprising 377 accessions representing 
major cultivated races and important US breeding 
lines, along with their progenitors, was assem-
bled by Casa et al. (2008) and was used for char-
acterizing genotypic and phenotypic diversity. 
A core collection of  195 sorghum accessions 
representing the diversity of  a core set of  basic 

and intermediate races (210 sorghum genotypes) 
reported by Deu et al. (2006) was utilized as an 
association mapping panel for the mapping of  
grain quality and grain yield (de Alencar Figue-
iredo et al., 2010). A sweet sorghum panel (SSP) 
of  125 accessions, primarily a mix of  diverse old 
and new sweet sorghum genotypes along with 
some grain and forage sorghum genotypes, was 
established by Murray et al. (2009). To demon-
strate the useful diversity for understanding the 
key bioenergy traits in sorghum, a bioenergy as-
sociation panel of  390 accessions comprising 
152 sweet types and 238 biomass types that 
exhibit racial, geographic and phenotypic diver-
sity from major sorghum races (bicolor, cauda-
tum, durra, guinea and kafir) was established and 
characterized using 232,303 genetic markers 
(Brenton et al., 2016). The diversity/association 
panels constituted worldwide by various scien-
tific groups are reviewed by Boyles et al. (2019). 
Such association mapping panels offer a great 
opportunity in dissecting the genetic components 
associated with grain micronutrient contents in 
sorghum through exploitation of  the wide vari-
ability present in them for the target traits.

Specialized populations

Genome-wide association studies (GWAS) have 
been popularly employed in diverse germplasm 
lines to identify the marker–trait associations for 
the trait of  interest. However, the value of  GWAS 
is restricted by a fundamental trade-off  due to 
the confounding of  causative oligogenic variation 
with polygenic variation leading to false-positive 
or false-negative associations (Bergelson and 
Roux, 2010). In addition, it also helps in overcom-
ing the shortcomings of  bi-parental populations, 
such as accounting for limited recombination 
events and mapping of  allelic pairs existing among 
the two contrasting parents, so that a better map 
resolution of  the QTLs is achieved. Nested asso-
ciation mapping (NAM) populations are spe-
cialized populations developed by controlled 
crossing of  a common parent with diverse foun-
der lines in a star design (Huang et al., 2011), 
which helps in breaking up the population struc-
ture thereby enhancing the power of  detection 
of  QTLs (Myles et al., 2009). Moreover, the larger 
population size of  NAM populations helps in 
reducing the overestimation of  QTL effects that 
happens in small populations (Utz et al., 2000). 
NAM populations have greatly facilitated the 
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dissection of  complex traits into genetic compo-
nents in crops such as maize (Jimenez-Galindo 
et al., 2019), wheat (Bajgain et al., 2016), rice 
(Fragoso et al., 2017), etc.

In sorghum, NAM populations have been 
developed through two different approaches, 
namely the single-seed descent method and the 
backcross method, known as traditional NAM 
and backcrossed NAM (BC-NAM), respectively. A 
NAM population was developed by crossing ten 
diverse founder lines with a common parent 
(RTx430), followed by selfing of  the progeny to 
produce F

2 to F6 generations through the single-
seed descent method, resulting in a population 
comprising ten RIL families (Bouchet et al., 
2017). Similarly, a different NAM population 
was developed from a cross between a chilling-
sensitive parent (BTx623) and three chilling-
tolerant Chinese founder lines (Niu Sheng Zui, 
Hong KeZi 120 and Kaoliang) (Marla et al., 
2019). By employing the backcross method, a 
NAM population was developed from a large 
backcross (BC

1F1) population involving an elite 
line as the recurrent parent comprised of  more 
than 4000 individuals from 100 subpopulations 
(Jordan et al., 2012). Very recently, a BC-NAM 
population comprising 1083 BC1F5 progenies 
was developed from 13 bi-parental mapping 
populations derived from crossing the recurrent 
parent (Lata) with 13 donor parents and selection 
of  BC1F1 and subsequent generations exhibiting 
similarity with the recurrent parent for heading 
date and plant height (Diallo et al., 2019). The 
drawback of  the NAM population is its inability 
to assess the interaction of  target QTLs with gen-
etic background due to the use of  a common 
parent in the development of  subpopulations.

Genetic mapping using RIL and NAM popu-
lations is affected by limited recombination events 
and large recombination blocks, while association 
mapping using diversity/association panels is 
hindered by more recombination events and 
higher false positives due to the classification of  
individuals into groups within diversity panels 
(Bergelson and Roux, 2010). To overcome these 
shortcomings, a specialized population known 
as the multi-parent advanced generation inter-
cross (MAGIC) has been developed to accumu-
late more recombinations and also maintain the 
even population structure, thereby helping to 
achieve high-resolution mapping of  quantitative 
traits. As a result, MAGIC populations are con-
sidered intermediate to bi-parental populations 

and association mapping panels with reference 
to population structure, allelic diversity, resolution 
power and number of  traits evaluated (Rakshit 
et al., 2012; Pascual et al., 2016). Designs for 
developing MAGIC populations involve inter-
crossing of  multiple inbred founder lines several 
times in a definite fashion to merge the genetic 
material of  these founders in a single line (Cava-
nagh et al., 2008), resulting in highly diverse 
lines each containing a unique mixture of  founder 
alleles. MAGIC populations have been developed 
in crops including rice (Ogawa et al., 2018), maize 
(Jimenez-Galindo et al., 2019), wheat (Stadlmei-
er et al., 2018) and sorghum (Ongom and Ejeta, 
2018). The first MAGIC population developed in 
sorghum was comprised of  1000 inbred lines 
derived from 19 diverse founders through ran-
dom mating (Ongom and Ejeta, 2018). However, 
a multi-parent wide diallel population was devel-
oped earlier involving 19 founder lines for map-
ping the heterotic trait locus in sorghum and 
to identify intra-locus interactions involved in 
hybrid vigour (Ben-Israel et al., 2012). Very re-
cently, a PP 37 MAGIC population was developed 
to recombine sorghum accessions possessing 
diverse putative resistance mechanisms against 
Striga hermonthica (Khangura, 2019). Whole-
genome sequences were developed for approxi-
mately 1006 individuals of  the PP 37 MAGIC 
population. Similarly, the development of  NAM 
and MAGIC populations involving the donor 
lines containing high micronutrient contents 
will help in establishing the role of  genomic re-
gions or QTLs associated with grain Fe and Zn 
contents in sorghum. The drawback of  the MAGIC 
population is that its development is a resource-
intensive and time-consuming process. Moreover, 
the population has limitations in the dissection 
of  complex traits since it is likely to show exten-
sive segregation for plant development traits. 
NAM and MAGIC populations developed world-
wide by various research groups are reviewed by 
Boyles et al. (2019).

28.3  Genomic Resources

28.3.1  Genome sequence resources

Sorghum, a C4 grass, was the second crop genome 
sequenced after rice, the model C3 crop plant. 
Grain, sweet, forage and biomass types are the 
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predominant ones in sorghum and this range of  
phenotypic diversity allows this crop to serve as 
a functional model for studying bioenergy and 
biomass-related traits. Being an interesting crop 
model for understanding the evolution of  cereal 
genomes, sorghum also offers a unique oppor-
tunity to gain insight into weed biology, carbon 
assimilation at high temperatures as well as for-
age and biomass traits. The first draft genome of  
sorghum sequenced was that of  a grain sorghum 
inbred line BTx623 through whole-genome 
shotgun (WGS) technology (Paterson et al., 
2009). By employing gene prediction methods 
in combination with expressed sequences of  sor-
ghum, maize and sugarcane, about 27,640 pro-
tein-coding genes were predicted. Among the 
high-confidence sorghum genes, about 94% have 
orthologues in rice, Arabidopsis and/or poplar; 
24% have members only in sorghum and rice; 
and only 7% were exclusive to sorghum. Recently, 
the coverage and sequence quality of  the refer-
ence genome were improved with the advances 
in sequencing technology and transcriptomics 
by integrating 29.6 Mbp of  additional sequence, 
which increased annotated genes to 24%, in-
creased average length of  gene and reduced the 
frequency of  error by tenfold (i.e. 1 per 100 kbp) 
(McCormick et al., 2018).

Sweet sorghums differ from grain sorghums 
in plant height, stem sugar accumulation, grain 
and biomass production. To get an insight into 
the genome-wide variations among sweet and 
grain sorghums, resequencing was performed us-
ing two sweet (Keller and E-Tian) and one grain 
(Ji2731) sorghum genotypes, which revealed 
the presence of  83,262 single-nucleotide poly-
morphisms (SNPs) in the coding regions out of  
1,057,018 SNPs identified among these sorghum 
genomes. About 1442 genes revealed genetic 
variation between sweet and grain sorghums 
and five of  these genes that are involved in the 
starch and sucrose biosynthesis pathway were 
present on chromosomes 2, 6 and 9, which are 
important for sugar production. In addition, 
the gene for cinnamyl-alcohol dehydrogenase 
(Sb06g028240) present on chromosome 6 plays 
a crucial role in lignin biosynthesis that is essen-
tial for biofuel production (Zheng et al., 2011). 
Very recently, a sweet sorghum line Rio was 
sequenced through long-read single-nucleotide 
sequencing technology (Cooper et al., 2019) and 
its comparison with the grain sorghum reference 

discovered the presence of  a high rate of  non-
synonymous loss-of-function mutations with 
little changes in gene content or genome struc-
ture. Gene deletions were more common than gene 
duplications in Rio and the most fascinating pu-
tative deletions were observed in sucrose trans-
porter genes such as SUT4, SWEET3-3 and 
SWEET8-2. Comparing the expression profiles 
of  differentially expressed genes (DEGs) in the 
internode between Rio and PR22 revealed that 
the gene SIP2 (Sobic.002G075800) is signifi-
cantly downregulated in the former during the 
vegetative stage as compared with the latter, 
but considerably upregulated at all later stages, 
confirming its putative function in sugar metab-
olism and storage. Another candidate gene 
(Sobic.009G235700) that differentiates Rio and 
BTx623 contains a predicted domain for sugar 
transport possessing four amino acid substitu-
tions. An important mutation in NAC gene 
underlying the D locus was found to be a con-
tributing factor that distinguishes juicy-stalked 
sorghum from dry-stalked sorghum with an in-
fluencing effect on sugar yield (Xia et al., 2018).

A comparison of  DNA polymorphisms among 
BTx623, Tx7000 and BTx642 genotypes, de-
rived from accessions belonging to the races 
kafir, durra and caudatum, respectively, using the 
resequence data revealed the presence of  >2.8 
million SNPs and small insertions/deletions (In-
Dels), of  which 1.2 million SNPs and 120,969 
InDels discriminated Tx7000 from BTx623, and 
1.6 million SNPs and 152,836 InDels discrimin-
ated BTx642 from BTx623 (Evans et al., 2013). 
Genomic DNA spanning the plant height loci, 
dw1 (SBI-09) and dw3 (SBI-07), revealed identi-
cal haplotypes among the three genotypes ow-
ing to the selection for dwarf  height. The lower 
density of  SNPs in genes located in peri-centro-
meric regions of  the chromosome compared with 
those located in euchromatic regions is consist-
ent with these low recombination regions. In 
order to expand the ambit of  DNA sequence 
variations in sorghum, it is essential to rese-
quence a greater number of  highly diverse ger-
mplasm accessions including landraces and wild 
relatives of  sorghum along with a set of  closely 
related, but phenotypically divergent genotypes. 
To explore such wide DNA sequence variations, 
resequencing was performed for a set of  extremely 
diverse cultivated sorghum accessions belonging 
to major races (18 landraces and 17 improved 
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inbreds), besides its progenitors and Sorghum 
propinquum, which revealed about 4.9 million 
high-quality SNPs, of  which 83 and 4.5% were 
located in intergenic and coding regions, respect-
ively (Mace et al., 2013). Detected were about 
1,982,971 InDels, the majority of  them were 
1–6 bp in length (86%) and only 2.5% of  them 
were of  length >20 bp. Considering only the 
genome sequence of  S. propinquum, about 8 mil-
lion high-quality SNPs and 1.9 million InDels 
were identified in addition to specific events of  gene 
loss and gain in cultivated sorghum. A greater 
number of  SNPs was found to be specific to wild 
and weedy sorghum (34%) as compared with 
landraces (18%) and improved inbreds (8%).

DNA sequence variation from a limited 
number of  diverse sorghum genotypes may not 
reflect the full landscape of  genetic diversity 
available in a particular plant species. To expand 
the capture of  genetic variation, the pan-ge-
nome analysis offers an appropriate platform 
through the investigation of  the entire reper-
toire of  the genome of  the species of  interest by 
sequencing multiple individuals of  that species. 
Cheaper sequencing technologies and refined 
analysis tools have made sequencing of  multiple 
genotypes of  a crop species feasible (Golicz et al., 
2016) and this can be seen from a large number 
of  pan-genomic studies in crops such as rice 
(Zhao et al., 2018), maize (Hirsch et al., 2014), 
wheat (Montenegro et al., 2017), soybean (Li 
et al., 2014) and a few other crops, which have 
shed new insights on crop diversity and applica-
tion of  pan-genomic variations in crop improve-
ment. Therefore, pan-genome analysis has great 
potential in dissecting the complete crop diver-
sity of  the sorghum crop for its effective utiliza-
tion in sorghum improvement programmes.

28.3.2  DNA marker resources

Together with genetic resources such as ger-
mplasm accessions and mapping populations, 
genomic resources such as DNA markers are 
vital for the identification and mapping of  the 
genomic regions/QTLs associated with import-
ant target traits for their further use in genetic 
improvement through marker-assisted selection 
or molecular breeding. Even though DNA markers 
such as randomly amplified polymorphic DNA 
(RAPD), restriction fragment length polymorphism 

(RFLP), inter-simple sequence repeat (ISSR) and 
amplified fragment length polymorphism (AFLP) 
were used initially for genetic diversity assessment 
and mapping (Ahnert et al., 1996; Uptmoor et al., 
2003; Ritter et al., 2007; Knoll et al., 2008; Aru-
na et al., 2012), simple sequence repeats (SSRs) 
are the markers of  choice for molecular breeders 
due to their presence in abundance in the gen-
ome, hypervariability, co-dominant nature, high 
reproducibility and also amenability to automa-
tion. Prior to the de novo sequencing of  the draft 
genome of  sorghum, a substantial number of  SSR 
markers were developed, but at a slower pace, 
through small-insert genome library-based con-
ventional approaches or computational approaches 
by exploiting the DNA sequence in the public 
databases. These SSR markers were developed 
from genomic DNA libraries with or without en-
richment, cDNAs/expressed sequence tags 
(ESTs) and unigenes (Table 28.2). However, the 
availability of  the draft genome sequence of  sor-
ghum (Paterson et al., 2009) accelerated and 
scaled up the development of  DNA markers by 
employing computation tools involving im-
proved algorithms for the analysis of  large-scale 
data. By exploiting the draft genome sequence of  
sorghum, genome-wide non-redundant SSR 
markers (5599) were developed by Yonemaru 
et al. (2009) and the physical position of  5012 
of  these markers was determined by using the 
electronic PCR-based positions in combination 
with the predicted locations of  gene loci. Experi-
mental validation of  970 of  these SSR markers 
in a set of  12 genotypes comprising 11 sorghum 
lines and one sudangrass line revealed successful 
amplifications in 67.8% of  markers in sorghum 
line (BTx623), exhibiting a mean polymorphism 
rate of  45.1%. With this success rate, ∼3400 of  
these SSR markers could be useful with an ex-
pected >1500 polymorphic SSR markers in the 
sorghum lines used for validation. Microsatellite 
markers targeting (GATA)

n motifs were identi-
fied in sorghum through genome-wide analysis 
of  sorghum genome by Jaikishan et al. (2013). 
Out of  the 128 such motifs identified, a set of  
110 PCR-based markers was developed and the 
validation of  50 of  these markers in 24 diverse 
sorghum genotypes belonging to different racial 
groups resulted in the identification of  38 poly-
morphic markers with an average polymorphism 
information content (PIC) value of  0.69. Even 
though these markers constitute a small set of  
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SSR markers, they could be a good set of  mark-
ers for genetic diversity and other breeding ap-
plications due to their robust amplification along 
with good allelic diversity.

In addition to SSRs, DNA sequence vari-
ations also occur as SNPs and additions or dele-
tions, commonly known as InDels, which can be 
a potential target for the development of  DNA 
markers. Sequencing of  the draft genome of  sor-
ghum (Paterson et al., 2009) and simultaneous 
improvements in NGS technologies as well as 
computational tools for the analysis of  large-
scale DNA sequence data have resulted in the 
rapid genome-wide development of  DNA markers 
for further use in high-throughput genotyping. 
The first report on genome-wide identification 
of  SNPs was published by Nelson et al. (2011), 
who identified about 283,000 SNPs through the 
alignment of  short‐read sequences generated 
from eight diverse accessions to the reference 
genome. During the same time, another set of  
1,057,018 SNPs was identified through 
whole-genome resequencing and alignment of  
sweet sorghum (Keller and E‐Tian) and grain 
sorghum (Ji2731) inbred lines. This investiga-
tion also resulted in the identification of  99,948 
InDels having a length of  1–10 bp (Zheng et al., 
2011). To generate a wide repertoire of  SNP data 
in sorghum for its effective use in SNP genotyping 
and QTL identification for important target 
traits, a set of  44 highly diverse genotypes be-

longing to important races of  cultivated sor-
ghum was resequenced along with its progen-
itors and S. propinquum. That study resulted 
in  the identification of  genome-wide SNPs 
(4,946,038) and InDels (1,982,971) of  length 
in the range of  1–66 bp (Mace et al., 2013). DNA 
sequence variation in the intronic regions of  
genes in the form of  SNPs and InDels can be used 
as markers; however, intron length polymorph-
ism (ILP) is the most easily identifiable one since 
it is PCR-based targeting the InDels. A total of  
37,861 potential introns were identified. Analysis 
of  36,139 genes/coding sequences of  sorghum 
resulted in the identification of  37,861 potential 
introns, which were targeted to develop ILP 
markers (Jaikishan et al., 2015). The number of  
ILP markers ranged from 1498 (chromosome 5) 
to 7290 (chromosome 1) and were distributed 
across sorghum chromosomes. Experimental 
validation of  200 ILP markers in a set of  24 
diverse sorghum genotypes revealed robust amp-
lification for 172 markers, of  which 48 exhibited 
polymorphisms.

SNPs have been identified in sorghum by 
employing a genotype-by-sequencing (GBS) ap-
proach by different research groups worldwide. 
Approximately 265,000 SNPs were identified by 
Morris et al. (2013) through GBS for 971 accessions 
comprised of  the mini-core collection, the US 
Sorghum Association Panel and the reference 
set developed under the Generation Challenge 

Table 28.2.  DNA markers developed in sorghum by various research groups internationally.

Type of DNA marker No. of markers Reference

Genomic SSRs 408 Brown et al. (1996); Taramino et al. (1997); 
Bhattramakki et al. (2000); Kong et al. (2000)

cDNA/EST-derived SSRs 1,360 Schloss et al. (2002); Arun (2006); Srinivas et al. 
(2008, 2009a); Ramu et al. (2009)

Unigene-derived SSRs 1,569 Srinivas et al. (2009b); Nagaraja Reddy et al. (2012)
Other SSRs 30 Mutegi et al. (2011); Billot et al. (2012)
Genome-wide SSRs 5,599 Yonemaru et al. (2009)
Genome-wide  

(GATA)n motif-based SSRs
110 Jaikishan et al. (2013)

Genome-wide ILPs 37,861 Jaikishan et al. (2015)
Genome-wide SNPs 283,000 Nelson et al. (2011)

1,057,018 Zheng et al. (2011)
4,946,038 Mace et al. (2013)

Genome-wide InDels 99,948a Zheng et al. (2011)
1,982,971b Mace et al. (2013)

aInDels of 1–10 bp length.
bInDels of 1–66 bp length.
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Programme. A comparison of  resequence data 
generated from sorghum genotypes Tx7000 and 
BTx642 with the reference sequence of  BTx623 
resulted in the identification of  1.2 million SNPs 
and 120,969 InDels between Tx7000 and 
BTx623, and 1.6 million SNPs and 152,836 In-
Dels between BTx642 and BTx623 (Evans et al., 
2013). Differences in coordinates of  the refer-
ence genome among these GBS data sets poses a 
great challenge in the reuse of  the large-scale 
SNP data sets generated by different groups. To 
overcome this problem, a reference SNP data set 
was developed for sorghum (Hu et al., 2019) by 
integrating GBS data generated from various 
studies involving a large set of  sorghum lines 
(sorghum association panel, bioenergy association 
panel, NAM population, etc.) and large-scale 
SNP data, which will assist in the reuse of  these 
data sets. Generation of  such large-scale genome-
wide SNPs through GBS will accelerate the QTL 
mapping and precise detection of  marker–trait 
associations. Details of  different types of  DNA 
markers developed before and after the draft 
genome sequencing of  sorghum are given in 
Table 28.2. Together these genomic resources will 
help the understanding of  complex traits and 
the DNA sequence variations associated with fa-
vourable alleles, which will be useful in their de-
ployment in genetic improvement programmes 
to achieve genetic gains in grain and biomass.

With the availability of  sorghum germplasm 
accessions possessing variability, genome anno-
tations and the advancements in SNP genotyping, 
SNP–trait associations can be identified through 
candidate gene-based association analysis, since 
genes involved in Fe and Zn metabolism are iden-
tified in major cereals. Towards this end, about 22 
candidate genes reported in major cereals were 
identified in sorghum encompassing all chromo-
somes except chromosomes 5, 8 and 9, and their 
accession IDs were retrieved from MOROKOSHI 
Sorghum transcriptome database. A total of  143 
SNPs were identified in these candidate genes 
using SorGSD database; the greatest number of  
SNPs were identified in zinc-induced facilitator-like 
gene (30 SNPs) and the least were found in FDH, 
IDEF1, ID1 and IDS3 (one SNP each). Primers 
were designed targeting these 143 SNPs in can-
didate genes for genotyping using the sorghum 
association mapping panel through competitive 
allele-specific PCR (KASP) assay (Rajendrakumar 
et al., 2018). This set of  candidate gene SNP-

based primers forms a useful genomic resource 
that will be helpful for the identification of  SNP–
trait associations for grain Fe and Zn contents 
in sorghum.

28.4  Biofortification Through 
Genomics-Assisted Breeding

The presence of  extensive genetic variation for 
the target traits is very important in their genetic 
improvement for improving the trait of  interest. 
Sorghum germplasm harbours sufficient vari-
ability for grain Fe and Zn contents, which could 
be exploited to achieve their genetic enhance-
ment by a clear understanding of  their genetic 
control. Earlier genetic studies revealed the 
quantitative inheritance of  both Fe and Zn con-
tents in grain with the predominance of  additive 
gene action for Zn content and additive as well as 
non-additive gene actions for grain Fe content 
(Ashok Kumar et al., 2013c; Hariprasanna et al., 
2014b). Being quantitatively inherited, dissect-
ing the genetic factors governing grain Fe and 
Zn contents in sorghum and determination of  
the map positions of  these traits along with their 
linked markers are essential for development of  
micronutrient-rich cultivars through molecular 
breeding. A number of  QTLs and candidate 
genes controlling grain Fe and Zn contents have 
been reported from rice (Anuradha et al., 2012), 
maize (Jin et al., 2013), wheat (Velu et al., 2018) 
and pearl millet (Sushil Kumar et al., 2018).

Marker-assisted selection has been applied 
successfully in hastening the breeding programmes 
towards the improvement of  various yield and 
quality-related traits, but is in its infancy for QTL 
identification and validation for grain Fe and Zn 
contents. Utility of  these validated markers in 
marker-assisted selection for transferring high Fe 
and Zn QTLs from germplasm to elite high-yielding 
cultivars is yet to be determined. In pearl millet, 
using a RIL population comprising 317 lines 
derived from the cross (ICMS 8511-S1-17-2-1-
1-B-P03 × AIMP 92901-S1-183-2-2-B-08) 
genotyped using SSR and Diversity Arrays Tech-
nology (DArT) markers, about 19 QTLs were 
detected for Fe and Zn contents, of  which three 
were large-effect QTLs that were co-mapped, one 
on LG1 and the other two on LG7 (Sushil Kumar 
et al., 2018). In rice, loci associated with grain Fe 
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content including iron homeostasis genes, nico-
tianamine synthase (OsNAS3) and vacuolar iron 
transporter (OsVIT1), have been identified using 
a MAGIC Plus population through GWAS (Des-
calsota et al., 2018). In sorghum, a homology (in 
silico) search was performed on 91 metal homeo-
stasis candidate genes from major cereals and 
about 77 genes exhibiting homology with the 
sorghum genome were identified, of  which 
genes associated with grain Fe and Zn concen-
trations from maize and wheat showed 100% 
homology on the sorghum genome. Gene identi-
cal percentage (similarity of  sequences) ranged 
from 71.9% (IDS3) to 95.9% (HMA) with an 
average of  86.4% (Anuradha et al., 2013). Very 
recently, 11 QTLs (individual environments) and 
three QTLs (across environments) for grain Fe 
and Zn contents were identified in sorghum us-
ing an F

6 RIL population (342 lines) generated 
from the cross 296B × PVK 801 that was pheno-
typed across six environments and genotyped 
using three DNA marker systems, namely SSR, 
DArT and Diversity Arrays Technology Sequen-
cing (DArTSeq). Two putative candidate genes 
(CYP71B34 and ZFP8) associated with Fe and 
Zn metabolism were identified in the QTL inter-
val of  qfe7.1, qzn7.1 and qzn7.2 (across environ-
ments) located on chromosome 7 (Anuradha et al., 
2019). Use of  the markers linked to these QTLs 
can be made in marker-assisted selection pro-
grammes for the development of  sorghum culti-
vars that are rich in grain Fe and Zn.

Marker‐assisted selection is considered a 
promising approach for the introgression of  gen-
omic regions/QTLs with major effects. However, 
the genetic improvement of  complex quantita-
tive traits through marker-assisted selection of  
identified QTLs was found to be unsuccessful in 
many cases due different genetic backgrounds, 
QTL × environment interactions and QTLs with 
minor effects (Bernardo, 2016). As Fe and Zn ac-
cumulation in grains is greatly influenced by en-
vironmental conditions, detection of  QTLs with 
minor effects is problematic through association 
mapping due to its low power of  detection of  
QTLs with smaller effects. In this scenario, gen-
omic selection (GS) is promising as it combines 
the genotypic and phenotypic data to predict the 
performance of  individual genotypes in a popu-
lation through their genomic estimated breeding 
values (Crossa et al., 2017). Despite its relatively 
simple diploid genome and the availability of  

genomic resources, the implementation of  GS in 
sorghum is in its infancy compared with crops 
like wheat and maize. The potential of  GS for Fe 
and Zn biofortification was demonstrated in 
wheat using the HarvestPlus association map-
ping panel comprising 330 diverse lines, resulting 
in the genomic prediction ability of  0.331–0.694 
for Zn and 0.324–0.734 for Fe across different en-
vironments (Velu et al., 2016). GS can be effective 
in identifying useful sources of  genetic variation 
since high prediction accuracies (0.67 ≤ r ≤ 0.83) 
were achieved for biomass yield, plant height, 
stalk number and lodging using GS models (Yu et 
al., 2016). The first report on the development of  
genomic prediction models in sorghum for plant 
height, studied in 151 diverse accessions, was 
published in 2017 (Watanabe et al., 2017). The 
predictability of  plant height and yield was in-
creased in diverse biomass sorghum lines by us-
ing trait‐based GS as compared with GS alone 
(Fernandez et al., 2018). Among related sorghum 
families, moderate to high prediction was ob-
tained for grain yield across environments and 
the genomic prediction declined with divergence 
of  individuals between training and testing popu-
lations (Hunt et al., 2018). Promising predictions 
from the above studies in sorghum indicate that 
there is an immense potential for the implementa-
tion of  GS models for estimating the breeding 
value of  individuals in the population with a 
focus on achieving accelerated genetic gains for 
micronutrient contents.

28.5  Biofortification Through  
Genetic Modification

Transgenic technology is a powerful alternative 
when an adequate amount of  genetic variability 
for a target trait is not available in the germplasm 
to follow the genetic improvement through con-
ventional or molecular breeding strategies, or 
when an inability to exploit the variability avail-
able exists due to certain barriers. This is true for 
micronutrients like Fe and Zn as their variability 
is either limited or unusable due to certain geo-
graphical, social, political/diplomatic or security 
issues. Development of  a successful transgenic 
requires reliable methods of  genetic transformation 
for introducing gene constructs and efficient 
methods of  plant regeneration from genetically 
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transformed cells. Even though the generation of  
transgenic plants in sorghum was challenging 
for a long time, noteworthy progress has been made 
in the area of  microprojectile-mediated trans-
formation and Agrobacterium-mediated transform-
ation due to intensive research in recent years 
(Howe et al., 2006; Liu and Godwin, 2012; Wu 
et al., 2014; Do et al., 2016; Belide et al., 2017; 
Che et al., 2018). To overcome the shortcomings 
of  Agrobacterium-mediated transformation, an in 
planta method of  producing transgenic sorghum 
was proposed by Elkonin et al. (2009) by inocu-
lating panicles with agrobacterial cell suspension 
containing activated vir genes. Modifications to 
this in planta method of  genetic transformation 
in sorghum were reported by Yellisetty et al. 
(2015) and Visarada et al. (2016). Advance-
ments in genetic transformation, tissue culture and 
plant regeneration systems in sorghum were re-
viewed by Visarada and Sai Kishore (2015).

Transgenics has a greater potential for the 
development of  sorghum rich in essential amino 
acids (lysine, tryptophan and methionine) and 
micronutrients due to the occurrence of  limited 
or no variability for some of  these nutrients. Spe-
cific transgenes can be incorporated in the plant 
system for redistribution of  micronutrients to 
specific tissues, enhancing the bioavailability of  
micronutrients by silencing of  antinutritional 
factors and transfer of  multiple genes to a single 
plant (Naqvi et al., 2009; Carvalho and Vascon-
celos, 2013). Crops get Fe and Zn from the rhizo-
sphere surrounding them as micronutrients are 
not synthesized in the plant system (Morrissey 
and Guerinot, 2009). Genetic engineering has 
been deployed in various crops to increase min-
eral content especially Fe and Zn. The transgenic 
approaches for the development of  Fe- and Zn-
rich crops are mainly focused on increasing their 
uptake and use efficiency in plants by regulating 
the expression of  transporters (Kerkeb et al., 
2008) and silencing the antinutritional factors 
such as phytic acid. Considering the poor Fe and 
Zn bioavailability in sorghum because of  high 
phytate content and also poor protein quality, re-
search efforts in the form of  the Africa Biofortified 
Sorghum (ABS) Project started in 2005 (Zhao, 
2008; AHBFI, 2010) to develop transgenic sor-
ghum with increased levels of  lysine (80–100% 
increase), vitamin A (20 μg β-carotene/g dry 
sorghum), Fe (50% increase) and Zn (35% in-
crease). The ABS Project developed the sorghum 

transformation system through the technology 
developed by DuPont Pioneer. Over 250 events of  
golden sorghum (with yellow/golden endosperm) 
have been produced and analysed for enhanced 
carotenoid levels, β-carotene stability and field 
performance. The Project achieved 50% im-
provement in β-carotene half-life stability from 3 
to 7.5 weeks (AHBFI, 2011).

Genetic manipulation of  genes involved in 
the metabolic pathways, uptake, translocation 
and sequestration of  micronutrients has great 
potential for improving grain Fe and Zn contents 
in plants. Increased content of  ferritin (non-toxic 
storage form of  Fe) through genetic engineering 
is one of  the possible ways of  achieving enhanced 
accumulation of  Fe in edible plant parts. Increase 
in Fe content and its bioavailability through 
overexpression of  the gene encoding ferritin has 
been reported in several crops (Lucca et al., 
2001; Drakakaki et al., 2005; Aluru et al., 2011; 
Borg et al., 2012). An increased accumulation 
of  ferritin and enhanced translocation of  Fe was 
achieved in rice by overexpression of  OsYSL2, 
the gene coding for Fe(ii)-nicotianamine trans-
porter, in rice endosperm (Masuda et al., 2012). 
The resultant transgenic lines with higher levels 
of  Fe and Zn content indicated the effectiveness 
of  Fe biofortification by the introduction of  mul-
tiple genes involved in Fe and Zn homeostasis as 
compared with a single gene. Increase in Fe 
content up to fourfold in polished rice was 
achieved by the overexpression of  IRT1, encoding 
a divalent metal transporter involved in Fe uptake, 
along with PvFER1 in the endosperm (Boonyaves 
et al., 2017). Overexpression of  genes involved in 
Fe uptake, such as those for nicotianamine syn-
thase, mugeneic acid and Fe deficiency-inducible 
transcription factor, and analysis of  genetically 
transformed rice plants have shown enhanced 
accumulation of  Fe and Zn contents (Lee et al., 
2009; Masuda et al., 2013, 2017).

In spite of  large efforts to increase the Fe 
and Zn contents in seeds or any other edible 
part, biofortification faces the great challenge of  
bioavailability. Seeds of  sorghum and other cer-
eals store P as phytic acid, which has a strong 
affinity to chelate divalent cations, especially 
Fe2+ and Zn2+, making them unavailable for 
absorption by intestinal cells. Bioavailability of  
Fe and Zn can be increased by using genetic en-
gineering to enhance the production of  phytase 
enzyme that is known to hydrolyse phytic acid. 
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Transgenic plants with enhanced phytase pro-
duction in their grains have been reported in 
crops such as maize, rice and wheat (Reddy et al., 
2017). Genetic transformation studies concluded 
that increased expression of  phytases from vari-
ous sources can help in improving the bioavail-
ability of  micronutrients (Lucca et al., 2001; 
Brinch-Pedersen et al., 2002). The genetically 
modified sorghum developed under the ABS Pro-
ject had elevated levels of  provitamin A (5.7–21 
μg/g β-carotene), reduced phytate (35–65%) 
and an improved protein quality (tryptophan 
10–20%, lysine 30–120%, threonine 30–40%) 
(AHBFI, 2011). Bioaccessibility of  provitamin A 
using an in vitro digestion model found that the 
transgenic event Homo188-A contained the 
greatest bioaccessible β-carotene, with a four- to 
eightfold increase from null/non-transgenic 
sorghum (Lipkie et al., 2013). Low-phytate 
sorghum plants were generated in the line 
Tx430 through genetic transformation, where 
the ATP-binding cassette transporter (a protein 
associated with multidrug resistance) was silenced, 
resulting in lower phytate content (80–86%) in 
grains and increased Zn and Fe availability com-
pared with the control plants (Kruger et al., 
2013). The lowering of  phytic acid content in 
seeds was achieved in maize by expressing a fun-
gal phytase leading to a threefold enhancement 
of  Fe bioavailability (Drakakaki et  al., 2005). 
Another potential target for enhancing the bio-
availability of  Fe is cysteine amino acid, which 
has been proved to enhance the bioavailability 
of  Fe in humans (Glahn and Van Campen, 
1997). Bioavailability studies have shown in-
creased Zn absorption of  30–40% and increased 
Fe absorption of  20–30% (Saltzman et al., 2013) 
when phytate levels were reduced by ≥30 and 
≥80%, respectively, in sorghum. Efforts are un-
derway to increase the levels and stability of  
vitamin A within the plant and enhance mineral 
bioavailability through alternative approaches 
for phytate reduction (Obi et al., 2017).

In contrast to Fe and Zn, genetic engineer-
ing strategies for enhancing vitamin and protein 
contents are quite simple. The incorporation of  a 
limiting step in metabolic pathways of  developing 
seed or modifying the pathway for their increased 
production are the most promising genetic engin-
eering approaches to develop protein- or vitamin-
rich genotypes. The barley gene encoding high-
lysine analogue (HTl2 protein) of  α-hordothionin 

protein under the control of  a maize γ-zein pro-
moter and a herbicide-resistant gene (bar) under 
the control of  maize ubiquitin promoter were 
co-transformed in sorghum genotypes, P898012 
and PHI391, through Agrobacterium-mediated 
genetic transformation and resulted in five inde-
pendent transgenic events, of  which three ex-
hibited high levels of  protein in the grain leading 
to a 40–60% increase in lysine content (Zhao 
et al., 2003). In order develop sorghum grains 
rich in β-carotene content, the genetic constructs 
encoding enzymes implicated in the carotenoid 
biosynthesis pathway (1-deoxyxylulose 5-phos-
phate synthase, Zea mays phytoene synthase 1 
and Pantoea ananatis carotene desaturase) were 
introduced into the genome of  sorghum geno-
type Tx430, resulting in significantly increased 
levels of  β-carotene in mature seeds of  trans-
genic (9.1 μg/g) compared with non-transgenic 
plants (0.5 μg/g), which degraded during stor-
age due to its oxidation (Che et al., 2016). The 
stability of  provitamin A during seed storage 
was enhanced by the co-expression of  a barley 
vitamin A biosynthesis gene (homogentisate gera-
nylgeranyl transferase) stacked with carotenoid 
biosynthesis genes, resulting in mitigation of  
β-carotene oxidation. The success reported in the 
studies discussed above proves the effectiveness 
of  the transgenic approach in the genetic ma-
nipulation of  genes involved in plant metabolism 
as per human needs.

28.6  Future Prospects

Increasing the micronutrient content of  sorghum 
grain is of  paramount importance for alleviating 
malnutrition since it will help in overcoming the 
hidden hunger that is prevalent in millions of  
women and children in the sorghum-growing/
consuming regions across the globe. It is known 
that biofortification involving crop breeding, gen-
etic modification, and even agronomic augmen-
tation of  minerals, is a promising strategy that 
offers immense promise for addressing the chal-
lenges posed by micronutrient malnutrition. 
An ever-increasing repertoire of  genomics and 
bioinformatics will help in the identification of  
candidate genes involved in the accumulation of  
Fe, Zn and provitamin A and study their expres-
sion. Moreover, elucidation of  the role of  
mineral ion transporters in nutrient uptake, 
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translocation and storage could assist in accu-
mulation of  micronutrients in edible parts of  the 
crop. Identification of  SSRs, SNPs and InDels 
linked to micronutrient contents through bi-
parental mapping, association mapping and GS 
approaches will help in the development of  
micronutrient-rich sorghum cultivars in a short 
time and with limited resources. The genome 
editing tools, such as clustered regularly inter-
spaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9), zinc-finger 
nucleases (ZFNs) and transcription activator-like 

effector nucleases (TALENs), should be exploited 
to edit sorghum genes involved in the accumula-
tion of  micronutrients towards the development 
of  biofortified sorghum. In addition to significant 
enhancements in micronutrients and vitamins, 
there is an immense need for improving the bio-
availability of  micronutrients by reduction of  
antinutritional factors. Plant scientists should 
work in tandem with nutritionists and medical 
practitioners to evaluate the bioavailability of  
micronutrients through in vitro studies or by 
clinical trials.
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29.1  Introduction

Among the widely grown cereals across the world, 
sorghum (Sorghum bicolor (L.) Moench) and 
maize (Zea mays L.) are the most suitable crops in 
the anticipated climate change scenario. Having 
the C4 carbon fixation pathway, they are able to 
perform better than C3 plants under increased 
temperature and light intensity. Sorghum is 
grown across 87 countries (having more than 
1000 hectares under the crop) with India (5.86 
million hectares) ranking first, closely followed 
by Nigeria (5.82 million hectares) and Sudan 
(5.41 million hectares). Despite having the lar-
gest acreage, India ranks fifth, Nigeria second 
and Sudan ranks sixth in production (FAO, 
2019). Sorghum is generally grown in areas 
that receive 350 to 700 mm rainfall annually. 
Sorghum yield is determined by the cultivars 
grown and the agronomic practices followed in 
the region (Mundia et  al., 2019). Sorghum is 
valued as a dual-purpose crop with both grain 
and fodder having equal importance in support-
ing the food and livestock needs in marginal 
areas. On the African continent, sorghum is pre-
dominantly grown for food purposes while in the 
developed regions of  the world such as USA, 
Australia and South America, it serves the 
fodder requirements of  cattle and the grain is 

used as feed. It is also an important source of  
animal feed in some parts of  Eastern Africa. 
Traditional African beers are brewed from sor-
ghum grain. The crop is a driver for economic 
development in Africa. In India, sorghum is cul-
tivated in both rainy as well as post-rainy/winter 
seasons. The rainy-season crop is generally 
grown with hybrids. The crop maturity period is 
usually coincident with rains and thereby the 
grain harvested is of  poor quality due to grain 
moulds. The grain from rainy-season crops is 
used as food or for ethanol production. In con-
trast, the winter-season crop is mostly grown 
with landraces that are photoperiod-sensitive 
and have lustrous grains with superior roti/
leavened bread-making quality, hence being 
highly valued for food use. Sorghum with high 
stalk sugar content (sweet sorghum) is exploited 
for sugar and ethanol production. The grain is 
employed for industrial uses such as potable al-
cohol, malt, beer, liquids, gruels, starch, adhe-
sives, core binders for metal casting, ore refining, 
grits as packaging material, etc. The starch from 
the grains is utilized in food, pharmaceutical, 
textile and paper industries. Malt drinks and 
malt cocoa-based weaning food and baby food 
industries are popular in Nigeria. Owing to its 
multiple uses, suitable cultivars are chosen to 
meet specific end uses.
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29.2  Types of Sorghum

Cultivated sorghums are included under Sorghum 
bicolor subsp. bicolor. Based on the agronomic 
importance, they are grouped as grain sorghum, 
sweet sorghum, sudangrass and broomcorn (Ber-
enji and Dahlberg, 2004). Based on spikelet 
morphology, grain and head types, the cultivated 
sorghums are classified into five main races that 
are bicolor, guinea, kafir, caudatum and durra and 
ten intermediate races (durra–caudatum, guinea–
bicolor, etc.) that are due to a combination of  the 
basic races (Harlan and de Wet, 1972; Smith and 
Frederiksen, 2000). The rainy-season sorghum 
cultivars of  India predominantly belong to cauda-
tum, kafir and bicolor races, while the winter 
sorghums are mainly of  durra types. Winter sor-
ghums differ from kharif sorghums with respect to 
adaptation, photoperiod sensitivity, grain and 
fodder quality. The forage sorghums include culti-
vars ranging from silage sorghum hybrids to 
varieties, to Sorghum sudanense (2n = 10) and 
sorgo-sudangrass hybrids, to sudangrass varieties 
(2n = 10) and hybrids (Kalton, 1988). Brown 
midrib (bmr) mutants of  S. bicolor exhibit reddish 
brown pigment in the midrib that is associated 
with low lignin and thereby contributes to en-
hanced digestibility of  stover. Such lines were 
used as forage sources for livestock (Oliver et al., 
2004) and are being explored for second- 
generation ethanol production. Broom sorghum 
(broomcorn, Sorghum vulgare) is also used as a 
source of  animal feed in some regions, although 
it is less digestible than S. bicolor (Nikkhah et al., 
2004). Sorghums crossed with sudangrass have 
high biomass, good regeneration potential, thin 
stems and high tillering compared with normal 
sorghums. These hybrids are preferred among 
the forages and have flooded the market. They 
are being used as pasture, hay, green chop or sil-
age for livestock. Sweet sorghums are sorghums 
with high stalk sugar content and Brix value up 
to 24%, thus have a great potential for ethanol 
production (Reddy et al., 2004).

29.3  Advances in Sorghum  
Improvement

Sorghum is extensively cultivated in Africa, Asia 
and North America. In Asia, it is predominantly 

cultivated in China and India, while in North 
America, the USA and Mexico are the top produ-
cers. In Africa, Nigeria and Sudan are leading 
producers of  sorghum.

29.3.1  India

Sorghum is not a very ancient crop in India. Ac-
cording to Indian literature, sorghum cultivation 
is recorded in the first century ad. The bicolor sor-
ghums were probably directly introduced into 
India from Africa while the durra cultivars were 
introduced by both land and sea routes (de Wet 
and Huckabay, 1967). There is also a belief  that 
sorghum was introduced into India in the se-
cond century ad and through Mongol conquest, 
spread to China (Kiple, 2000). Asia contributes 
15.26% of  the world area under sorghum culti-
vation and 13.44% of  the world production. The 
average yields of  Asia are closer to the world 
average, with India and China contributing the 
major share of  area (84.63%) and production 
(87.72%). Based on 2018 sorghum crop data, 
India accounts for 77% of  total sorghum area 
and 60.2% of  total sorghum production on the 
Asian continent. But the yield in India (968 kg/
ha) is below the Asian average of  1240 kg/ha 
(FAO, 2020). The sorghum in India evolved inde-
pendently and formed a distinct group, and thus 
the introductions into the USA did not perform 
well. In India, similar to Egypt and unlike in 
other countries, sorghum is cultivated in two 
seasons: rainy season (June/July–September/ 
October) as a rainfed crop and winter (post-rainy) 
season (October–December/January) under re-
sidual soil moisture/limited-irrigated conditions 
(Sanjana Reddy and Reddy, 2018). Due to sea-
sonal variations and different production con-
straints experienced, season-specific cultivars 
are developed and cultivated (Rana et al., 1997). 
In India during 1965/66, the proportion of  area 
between rainy- and winter-season sorghums in 
the total sorghum cropped area was 62 and 
38%, respectively. Due to the poor grain quality 
of  sorghum grown during the rainy season, 
these proportions had changed to 37 and 63%, 
respectively, by 2014/15 (Charyulu et al., 2016) 
and thereby the area has been diverted to other 
crops (Charyulu et al., 2013).

Research on sorghum improvement in India 
is carried out through the All India Coordinated 
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Research Project on Sorghum administered by 
the Indian Council of  Agricultural Research 
(ICAR) through a network of  21 centres, spread 
in 11 states under 17 state agricultural univer-
sities. Prior to 1960, variety CSV 1 was released 
as a result of  pure-line selection from IS 3924, a 
kafir–durra from the USA. Later on, pedigree 
breeding was followed for the development and 
release of  19 grain sorghum varieties. Recently, 
a bmr sorghum variety, JAICAR Nutrigraze in-
volving a bmr source line IS 21891, was released 
in 2019. With the availability of  cytoplas-
mic-nuclear male sterility (CMS) and temperate 
germplasm, the period of  the 1960s marked the 
beginning of  the development of  hybrid sor-
ghums (Reddy and Stenhouse, 1994). The first 
sorghum hybrid, CSH1 (Coordinated Sorghum 
Hybrid), bred in India from a cross between 
CK60A and IS84, was released for commercial 
cultivation in 1964. The popular hybrids, CSH 5 
and CSH 6 in the mid-1970s and CSH 9 in the 
early 1980s, brought about the wide spread of  
hybrid technology and boosted productivity. To 
date, 29 grain sorghum hybrids have been devel-
oped. The female parent 296A deserves special 
mention. It is the best-combining female paren-
tal line having an A

1-based CMS system and has 
been popular for four decades. It was developed 
from a cross between IS 3922 and Karad Local. 
It is the female parent of  five hybrids and has 
contributed to the pedigree of  several female 
parental lines. Focused breeding on winter sor-
ghum was initiated in the early 1970s with the 
first variety, CSV 7R, released in 1974 (Reddy 
et  al., 2003). Overall, ten winter sorghum var-
ieties were released. Unlike rainy sorghum hy-
brids, the hybrid programme is not advanced in 
winter sorghum, the reasons being lack of  suffi-
cient heterosis and poor seed set experienced by 
hybrids when temperatures fall below 10–12°C. 
However, seven hybrids have been released for 
winter-season adaptation although they are not 
popular with farmers. The variety M 35-1, a se-
lection from local landrace maldandi bulk, was 
released in 1969 and is still popularly grown by 
farmers. The dual-purpose varieties CSV 15, 
CSV 20, CSV 23 and CSV 27 could realize good 
grain and fodder yields in farmers’ fields. Apart 
from this, multi-cut forage sorghum hybrids 
CSH 20MF and CSH 24MF and forage sorghum 
varieties CSV 21F and CSV 30F are available for 
commercial cultivation.

29.3.2  China

China is next to India in cultivated area and pro-
duction but is well ahead of  India in terms of  
yield with 4542 kg/ha (FAO, 2020). In 1918, 
sorghum was cultivated on a vast area of  14.7 
million hectares with a total grain production of  
16 million tonnes. The sorghum-growing area 
began to decline in the 1920s, and in 1952, the 
cultivation area was 9.4 million ha with a total 
grain production of  11.1 million tonnes (Gao 
et al., 2010). From the 1950s onwards, the area 
started decreasing rapidly, from 6.8 million hec-
tares in 1961 to 5.2 million, 2.6 million, 1.4 mil-
lion and 0.78 million hectares in 1971, 1981, 
1991 and 2001, respectively. The area stabilized 
around 0.5 million hectares from 2004 onwards 
until 2018 (FAO, 2020). Prior to the 1980s, sor-
ghum was consumed mainly as a human food in 
China. Later on, the major portion of  the pro-
duce was diverted to alternative uses such as li-
quor and vinegar and only a very small propor-
tion is used for human food. The sorghum lines 
from China are known by a special name, kao-
liang. They differ from the lines belonging to 
India and Africa, which may be due to adapta-
tion to cold climates. Low temperature is an im-
portant stress factor in both the seedling and 
grain-filling stages, especially for north-eastern 
China. Chinese sorghums or kaoliangs have good 
seedling vigour and high resistance to low tem-
perature, but they lack resistance to important 
pests and diseases (Gao et al., 2010). The import-
ant diseases affecting the commercial value of  
sorghum in China are anthracnose (Colletotri-
chum spp.), smut (Sphacelotheca reiliana), blotch 
(Exserohilum turcicum) and purple blotch (Cer-
cospora spp.), while the important pests include 
European corn borer (Ostrinia furnacalis), aphid 
(Melanaphis sacchari) and armyworm (Mythimna 
separata).

Sorghum was widely cultivated during the 
1900s and reached a peak during 1918. Breed-
ing was initiated with selection from landraces 
during the 1920s and involved three steps: (i) 
pure-line selection from the best local landraces/
varieties; (ii) crossing between local varieties 
and advancement through selection following 
pedigree breeding; and (iii) with availability of  
the CMS system, heterosis breeding has been fol-
lowed since 1965 (Zhen Yang, 1997). Similar to 
other regions across the world, sorghum breeding 

 EBSCOhost - printed on 2/14/2023 4:46 AM via . All use subject to https://www.ebsco.com/terms-of-use



	 Ideotype Breeding for Improving Yield in Sorghum	 501

in China involved breeding for higher grain and 
fodder yields, resistance to low temperature and 
drought among abiotic stresses and resistance to 
aphids and head smut among biotic stresses, 
apart from grain quality. Breeding for livestock 
feed and forage sorghum was also emphasized 
(Zhen Yang, 1997). As sorghum lost its import-
ance as a human food, sorghum breeding for 
animal fodder gained popularity after the 1970s. 
Forage cultivars were diversified for silage and 
hay. However, research did not receive much 
focus in forage breeding also. Sweet sorghum 
and high-biomass grain sorghum hybrids are 
used for silage and sorghum–sudangrass hy-
brids are used for making hay. Due to increased 
interest among the international community on 
utilization of  sweet sorghum for biofuel produc-
tion, the A

3 cytoplasm was exploited to produce 
sweet sorghum without grains and thereby A3 
cytoplasm-based male-sterile lines with high 
sugar content were identified for development of  
sweet sorghum hybrids (Zhao et  al., 2007). 
Breeding of  sorghum for biofuel is still in its in-
fancy in China (Diao, 2017).

29.3.3  Nigeria

Nigeria is the highest sorghum producer in the 
West African region, accounting for 71% of  the 
total regional output. Sorghum is a very valu-
able industrial crop for brewing alcoholic and 
non-alcoholic drinks as well as in the baking and 
confectionery industries in Nigeria (Sani et  al., 
2013). Over the years, Nigeria has experienced a 
tremendous growth and boost in its economy 
because of  the cultivation of  sorghum. In 2015–
2017, Nigeria rose up to second place in the 
world regarding sorghum production. Moreso, 
Nigeria presently accounts for 65–70% of  the 
total sorghum produced in West Africa. Grow-
ing industrial demand for sorghum, with about 
20% of  the total sorghum produced being taken 
up by industries, rising awareness about sor-
ghum’s health benefits and the government’s 
policy of  high import prices have increased culti-
vation of  sorghum. Nigeria could increase its 
sorghum production through cultivation of  
varieties. In Nigeria, before the 1970s, hybrids 
directly introduced from the USA and India 
failed to boost sorghum productivity due to their 

poor adaptation. Therefore, the exotic seed parents 
were crossed with local breeding lines to develop 
male-sterile lines from 1970 onwards. Recently, 
in 2018, Nigeria’s National Committee on Var-
iety Naming, Registration and Release released 
two medium-maturing sorghum varieties, SAM-
SORG 47 as ZAUNA-INUWA, SAMSORG 48 as 
KAURA BORNU, and an early-maturing variety, 
SAMSORG 49 as CF35:5, in Nigeria. They were 
developed from germplasm materials from Nigeria 
and Mali. In Nigeria, the most common land-
races of  sorghum are kaura, fara-fara and guinea. 
They are variously tolerant to Striga (a parasitic 
weed) in all the savannah zones (Ogbonna, 2007).

29.3.4  Sudan

Sudan is a large producer of  sorghum, although 
production in the country tends to be extensive 
rather than intensive. A significant part of  sor-
ghum cultivation takes place in the eastern region 
of  the country, also known as Sudan’s breadbas-
ket. Sorghum yields depend heavily on climatic 
factors, rainfall in particular as 90% of  the area 
is rainfed. Productivity is, however, constrained 
by drought and the use of  low-yielding varieties 
and landraces. The area for sorghum cultivation 
in Sudan is about 6 million hectares and the esti-
mated area infested by Striga is 1.6 million hec-
tares. The estimated yield loss is about 1 million 
tonnes, which is 30% of  total sorghum production 
of  the country. Other constraints to the growth 
of  sorghum include weeds other than Striga, 
drought, soil salinity and damages by sorghum 
midge and stem borer, according to the archives 
of  the Sudan Journal of  Agricultural Research pub-
lished by Agricultural Research Corporation, 
Sudan. Research pertaining to sorghum produc-
tion focuses on fertilizers, irrigation and tillage, 
sowing time and effects of  rotational crops. While 
Sudanese agriculture has witnessed the entry of  
new agribusiness players in recent years, much 
production is still at the subsistence level carried 
out by smallholder farmers.

29.3.5  The USA

Way back in 1757, Benjamin Franklin wrote 
about sorghum being used for making brooms. 
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Thus, sorghum was known in the USA since the 
1700s. The ‘Sorghum Belt’ runs from Texas to 
South Dakota. Sorghum is grown in about 14 
states. Half  the sorghum produced in the USA is 
used for forage and silage and the other half  for 
feed grains. Only a small amount is grown for 
syrup. With sorghum’s use for ethanol production 
increasing rapidly, 12–40% of  sorghum produc-
tion in the USA goes to ethanol production. With 
about 70% share in world trade, the USA is the 
world’s largest exporter of  grain sorghum. At the 
beginning of  the 19th century, plant breeding in 
the USA was initiated with 30 primary introduc-
tions and sudangrass from Africa. With the discov-
ery of  CMS, the first commercial hybrid was 
produced in 1957 and by 1960, 95% of  the grain 
sorghum crop was grown with hybrids. These 
mainly involved crosses between kafir types of  
southern Africa and milo–caudatum types of  cen-
tral Africa. Similarly, forage sorghum involving 
sorghum–sudangrass hybrids, like Sudax SX 11, 
were largely cultivated. Later, O.J. Webster and R.E. 
Karper introduced Kaura and Korgi germplasms. 
These were caudatum and durra yellow endosperm 
lines. These lines broke through the existing yield 
plateau and brought in drought tolerance. Due to 
sorghum diseases such as downy mildew, maize 
dwarf  mosaic virus, small seed malady and sor-
ghum green bug among pests, along with a reduc-
tion in public breeding programmes, a second yield 
plateau was reached during the period 1978–
1984 that is still ongoing. The International 
Sorghum and Millet Collaborative Research 
Support Program (INTSORMIL CRSP) is a project 
funded by the US Agency for International Devel-
opment (USAID), involving seven US universities, 
meant for sorghum and millet improvement.

Sorghum has now become an important 
crop in Latin America as well. The crop has gained 
prominence in Mexico over the past half-century. 
Research is being focused on processing sweet sor-
ghum in the farmer’s field to save transportation 
costs and the cost of  building and maintaining 
central processing facilities.

29.4  Challenges for Genetic  
Improvement

The yield and quality of  sorghum produced world-
wide are influenced by a wide array of  biotic and 

abiotic constraints. The significant among the 
biotic constraints include shoot fly (India, East-
ern Africa), stem borer (India, Africa), midge 
(Eastern Africa, Australia), head bug (India, 
West and Central Africa), aphid, armyworms 
and locusts among the insects and the major dis-
eases prevalent in different parts of  the world in-
clude grain mould (all regions), charcoal rot, 
downy mildew, anthracnose (West and Central 
Africa, northern India), rust, leaf  blight and 
viral diseases. Striga (Striga asiatica, Striga densi-
flora, Striga hermonthica) is a parasitic weed seen 
in many regions of  Africa and a few parts of  
India. Problematic soils such as saline (some 
parts of  India and Middle Eastern countries)  
and acidic (Latin America), temperature extrem-
ities and drought (all regions) are the abiotic  
factors influencing sorghum productivity. High- 
yielding and stress-resistant cultivars for each of  
these have been developed but their dissemin-
ation to farmers’ fields is affected by their lower 
percentage of  yield advantage compared with 
the hybrids.

29.5  Ideotype Breeding Types

A biological model with defined traits expected 
to perform in a predictable manner within a de-
fined environment is defined as a crop ideotype 
(Donald, 1968). In this method of  breeding, the 
breeder selects for the defined target traits 
rather than grain yield. This was initially devel-
oped for cereal crops (Rasmusson, 1987; Peng 
et  al., 2008; Hanocq et  al., 2009). Donald 
(1968) proposed the ideotype initially for low- 
or non-stress environments which had limita-
tion of  radiation affecting crop yield. As the per-
formance factors differ with the target ecologies, 
a single trait may not contribute to plant per-
formance in all scenarios (Tardieu, 2012). De-
pending on the targeted environments, specific 
ideotypes are designed. Three views of  ideotypes 
were defined by Andrivon et  al. (2013): (i) the 
historical, ‘genetic’ view, as described above; 
(ii) the ‘agronomic’ view, where new genotypes 
are designed for specific cropping systems; and 
(iii) the ‘modelling’ view, where the best com-
binations of  traits (usually represented by model 
parameters) are identified from formal or simu-
lation experiments.
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29.6  Ideotype Breeding in Cereals

In rice, an ideotype was defined for plant archi-
tecture and through breeding for this modified 
plant architecture, yield potential has been in-
creased in rice (Khush, 2000). The first short-
statured variety, IR-8, developed at the Inter-
national Rice Research Institute (IRRI), had a 
good canopy architecture contributed by profuse 
tillering, dark green and erect leaves and sturdy 
stems. Such an ideotype responded well to nitro-
genous fertilizer and had an improved harvest 
index of  0.45 (Chandler, 1969). It was felt that 
instead of  a greater number of  tillers, fewer pro-
ductive tillers could add to grain yield perform-
ance of  the plant. Thus, to further increase grain 
yield, reduced tillering capacity with more pro-
ductive tillers, each with 200–250 grains per 
panicle, was added to the ideotype with the very 
sturdy stems and dark green, thick and erect 
leaves. A vigorous and deep root system was 
added to support this new plant type (NPT). This 
NPT out-yielded IR-72 (Khush, 1995). Later on, 
the focus in rice breeding shifted towards im-
proving grain quality and incorporating genes 
for disease and insect resistance that were added 
to the ideotype. Similar to the NPT breeding pro-
gramme in India, Chinese scientists proposed an 
ideotype that included moderate tillering, heavy 
panicles (5 g/panicle) and slightly taller plant 
height (about 100 cm). More focus was given on 
three leaves from the top. The three leaves should 
be above panicle height and should remain erect 
until maturity. The leaves should be narrow and 
V-shaped (2 cm when flattened) and should be 
thick and dark green. The leaf  length of  the flag 
leaf  should be 50 cm and with a leaf  angle of  5°. 
The second and third leaves should be 55 cm 
with leaf  angles of  10° and 20°, respectively. 
Leaf  area index of  the top three leaves should be 
6 and it should have a harvest index of  0.55 
(Yuan et al., 1989).

A similar exercise was done by the Wheat 
Yield Consortium (WYC) in 2011. They formu-
lated high-yielding wheat ideotypes in order to 
increase wheat yield potential. Traits such as in-
creased capacity and efficiency of  photosyn-
thesis, optimal developmental pattern to maxi-
mize spike fertility, optimal partitioning to grain, 
improved grain filling and potential grain size, 
and lodging resistance were considered. It was 
found that the increase in efficiency of  light 

conversion, increasing the length of  the grain-
filling period, resulted in a higher harvest index 
and optimal phenology, thereby contributing to-
wards higher grain yield (Semenov and Stra-
tonovitch, 2013).

One such study was also made in maize 
wherein both shoot and root traits were con-
sidered. A small leaf  angle with faster rate of  kernel 
filling and kernel dehydration among the shoot 
traits and a deep root system were proposed. The 
root should have reduced living cortical area and 
cell number and increased cell size when subjected 
to drought stress. Drought being an important 
constraint in several crops, the stress-related genes 
were suggested to be brought through a transgenic 
approach along with higher grain yield. The maize 
ideotype with narrow leaves is supposed to allow 
the planting of  more plants per unit area thus facili-
tating mechanized harvest, while the deep root 
system helps to improve water and nutrient uptake 
especially in resource-poor soils (Gong et al., 2015).

On the whole, designing the ideotype/ideo-
typing can be split into three steps (Martre et al., 
2015):

1.	Defining the objectives of  the breeding pro-
gramme apart from yield and adaptation (e.g. 
breeding for biotic and abiotic stresses, end uses, 
grain and fodder quality, plant architecture 
amenable to mechanical harvest).
2.	 Identification of  morpho-physiological traits, 
studying the relationship among the traits, de-
ciding the breeding protocol and assembling them 
in a genotype (e.g. developing early-maturing 
cultivars with resistance to biotic stress and re-
duced plant height, developing cultivars with 
corneous endosperm and grain yield, developing 
early-maturing cultivars with stay-greenness, 
developing cultivars with both disease resistance 
and drought tolerance in a moderate-yield 
background).
3.	 Evaluation of  the suggested ideotypes to prove 
the agronomic relevance of  trait integration in 
target environments (through simulations or 
field experiments).

29.7  Methodologies for Defining 
Crop Ideotypes

Plant breeding involves continuous improvement 
of  a crop to meet the challenges emerging from 
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climate change, change in cropping systems, 
emergence of  new pests and diseases, commer-
cialization and postharvest uses, with the traits 
incorporated in a high-yielding background and 
adapted to the place where the crop is grown. 
Some of  those objectives can be antagonistic 
wherein improvement in one trait compromises 
another desirable trait. It mostly happens in re-
sistance breeding programmes wherein the 
levels of  resistance have to be compromised 
when placing the resistance genes in a desirable 
genetic background (Brown, 2002). Such ant-
agonisms between the traits also contribute to 
the genotype × environment × cropping systems 
interactions observed in multiple-location var-
ietal trials which are evaluated for performance 
under decreased chemical inputs, diversification 
of  production techniques and climate change 
(Van Eeuwijk et  al., 2016). When the inter-
actions are very high, evaluation in large areas 
and identification for broad adaptation should 
be replaced by more locally adapted varieties 
presenting contrasted profiles suitable for the re-
gion of  cultivation. This method is followed for 
varietal testing in several crops in India wherein 
the regions are divided based on climatic factors, 
designated as zones, and after testing the var-
ieties suitable for specific zones or for broad 
adaptation across all zones are released. As bi-
otic and abiotic stresses vary widely with cli-
mate, breeding for specific adaptation helps to 
release varieties with better resistance to biotic 
and abiotic stresses that occur in a particular 
zone. The gene × environment (G × E) inter-
action can be partitioned and addressed. Based 
on the local requirements, an ideotype can be 
defined, a product profile framed, and a breeding 
programme can be formulated aimed at develop-
ing the ideotype-like variety.

In the conventional method of  breeding for 
sorghum improvement, pedigree breeding is 
often followed. Lines with the trait of  interest are 
crossed and the resultant progenies are ad-
vanced with selection until the final product is 
obtained. It takes several years for the varietal 
development, more so for hybrid development 
where parental lines are involved. Due to 
ever-changing climatic conditions and conse-
quently the emergence and resurgence of  pests 
and diseases, the occurrence of  abiotic stresses, 
changing farmer preferences in lieu of  con-
sumer demand and changing cropping pattern, 

the desired product profile changes with time 
and also differs from the one under selection. 
Breeding for the desired product can be speeded 
up by following selection for the designed ideo-
type rather than the routine varietal profiles. 
Such products can be easily adopted by the farming 
community. In order to breed for a drought-tol-
erant rabi (post-rainy season) sorghum variety, a 
plant model is fixed with the target traits of  seed-
ling emergence rate, seedling growth rate, early 
maturity, stay-greenness of  leaves, plant height 
and architecture, leaf  angle, root angle, root 
depth, charcoal rot resistance, etc. The genetics of  
these individual traits are explored in terms of  di-
versity, heritability, genetic advance, correlations 
to the economic yield and linkage among the 
traits. Some of  these traits can also be obtained 
through agronomic practices such as impact of  
growth regulators on plant height, impact of  sow-
ing date on the plant phenology, controlling plant 
architecture through maintaining spacing, etc. 
Such traits may not be required to be handled 
through genetic means. The traits that are avail-
able within the existing genetic material, those 
with moderate to high heritability, not efficiently 
attained through cropping practices, can be at-
tained with breeding. When a number of  traits 
show high correlation, a trait which has high di-
versity and is easily amenable for genetic im-
provement can be targeted. An ideotype thus 
combines several traits that have to be targeted 
through breeding which do not show high cor-
relations among themselves. Therefore, one 
must consider the genetic correlation between 
the possible target traits carefully. This combin-
ation of  traits into ideotypes is supported by both 
field trials and crop models. The genotypes con-
trasting for several traits are evaluated in the 
target environments and repeated across years 
for confirmation. Based on the multi-environment 
trial (MET) data, target traits governing a par-
ticular objective are identified. Such MET results 
involving contrasting genotypes are useful to fill 
knowledge gaps and confirm some hypotheses 
about possible traits of  interest. However, they 
generally require expensive phenotypic charac-
terization and are limited by the number of  en-
vironmental conditions under study. This can be 
one of  the reasons for the reduced literature 
available on crop ideotypes.

Of  late, computer modelling approaches are 
frequently used. The modelling involves powerful 
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optimization algorithms which can help to decide 
a target trait or their combinations for reaching 
a desired objective that can be suitable for a tar-
get environment. Thus these techniques can be 
employed to define ideotypes or identify varieties 
adapted to particular cropping conditions. How-
ever, these models have several limitations. First, 
they are partial. They do not take biotic and abi-
otic constraints and weeds into account. For ex-
ample, plant and canopy architectures are, at 
least in some pathosystems, powerful levers to 
limit inoculum production, inoculum dispersion 
and/or inoculum efficacy, and thus contribute to 
slow down the progress of  an epidemic (Tivoli 
et al., 2012). Thus, both genetic and agronomic 
aspects are involved in ideotype development. 
Second, limited numbers of  varieties and crop-
ping conditions were tested and used for calibra-
tion of  the models. Hence, when new ideotypes 
with a different product profile from the existing 
varieties are tested, the models may not give valid 
results and the inferences need to be drawn cau-
tiously as those results depend on the model used. 
Several models can thus be tested to improve the ro-
bustness of  the results before drawing conclusions 
(Tao et  al., 2017). For those model-based ap-
proaches to be useful in breeding or recommending 
varieties, the key parameters of  the models (those 
having an impact on the target goals) must be 
measurable so that the varieties can be selected on it 
and the genetic diversity as well as the between-trait 
correlations must be credible. If  the simulations are 
cheaper than the trials, a major challenge would be 
to develop a right computing model-based ap-
proach. Modelling platforms like RECORD (Bergez 
et al., 2013) or ISIde (Paleari et al., 2016) give ac-
cess to models and computing tools to combine 
them or to design and implement simulation 
batches for an in silico ideotyping that can be 
worked on by people unfamiliar with the software. 
Several studies have taken up and utilized the 
modelling approach for the prediction of  crop 
growth and development in crop management. 
Simulation models have been used to predict nu-
trient losses (Solie et  al., 2012) and estimate 
yield responses based on varying combinations 
of  seeding densities and nitrogenous fertilizer 
rates for a given cropping system (McNunn et al., 
2019). The use of  such modelling approaches 
for genotype-to-phenotype prediction is in its in-
fancy (Hammer et  al., 2002; Hammer and Jor-
dan, 2007). The Agricultural Production Systems 

sIMulator (APSIM) is a cropping systems simula-
tion model, designed to combine accurate predic-
tions of  economic product for many crop species 
in response to climate and management condi-
tions, with predictions of  the long-term conse-
quences of  cropping systems on soil physical and 
chemical conditions (Keating et al., 2003).

Modelling has been increasingly used over 
the past two decades to predict cultivar perform-
ance in a targeted environment. Prediction of  
genotypic differences across environments tak-
ing G × E interactions into account has led to a 
focus on certain traits such as leaf  elongation, 
early vigour and flowering time. Thus these pro-
cess-based models are now increasingly used to 
define and characterize crop environments, pre-
dict an ideotype that may fit into the environ-
ment and thereby help breeding programmes to 
breed for targeted traits using identified geno-
types that could lead to a predicted output. Eco-
physiological models are also used to assist plant 
phenotyping and could provide necessary links 
between controlled-conditions phenotyping and 
plant performance in the field (Martre et  al., 
2015). In wheat, two parameters of  an ecophysio-
logical model (Vsat and Pbase, representing geno-
type vernalization requirements and photoperiod 
sensitivity, respectively) were optimized for 210 
genotypes (Bogard et al., 2014). The incorporation 
of  genetic controls in ecophysiological models 
helps to analyse the genetic control of  phenotypic 
plasticity across a wide range of  environments, 
and the G × E × management interactions are 
now being explored using efficient algorithms to 
find ideotypes optimizing many antagonist cri-
teria. This approach derives the best combinations 
of  genetic and agronomic parameters to achieve 
the predefined objectives. However, not much 
work has been done in this direction and the rela-
tionship between genes and the model parameters 
is yet to be derived. Considerable efforts are still 
needed to develop robust links between genetic 
controls, physiological determinants and traits 
relevant to breeders (Martre et al., 2015).

29.8  Genetics and Breeding for 
Important Traits in Sorghum

Knowledge on the genetics of  targeted traits is 
required before framing strategies and designing 
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plant ideotypes. Exhaustive reviews on the genetics 
of  various traits may be found in Doggett (1988), 
Murty and Rao (1997) and Rooney (2000).

Plant height is controlled by four recessive, 
non-linked and brachytic dwarfing genes, dw1, dw2, 
dw3 and dw4 (Quinby and Karper, 1954). Based on 
classical genetics four maturity loci (named Ma1–
Ma4) governing photoperiod sensitivity have been 
identified, of  which dominance at each one of  the 
loci delays maturity under long-day conditions. 
They are involved in controlling duration of  growth 
and floral initiation (Quinby et al., 1973). Wild sor-
ghums flower during short days with a photoperiod 
of  12.5 h of  daylight or less. Most of  the tropical 
landraces/varieties are dominant at all four loci. The 
maturity locus Ma1 has large effect and large allelic 
series, and thereby a recessive allele at Ma1 locus 
will influence photoperiod sensitivity and response 
to temperature variations greatly. In addition to the 
four maturity loci, three more (Ma5, Ma6 and Ma7) 
were found (Mullet et al., 2010). High-biomass sor-
ghums were developed by manipulating maturity 
loci. Two early-flowering lines could be hybridized to 
produce a late-flowering, high-biomass line (Mullet 
et al., 2010).

The genetics controlling resistance to vari-
ous diseases is simple. For example, three races 
of  Sporisorium sorghi are known to cause kernel 
smut, resistance to each is controlled by an in-
complete dominant gene (Ss1, Ss2, Ss3). Resist-
ance to head smut is dominant. Milo disease is gov-
erned by a single locus, susceptibility being 
partially dominant. Resistance to rust and an-
thracnose is governed by a single dominant gene. 
Susceptibility to leaf  blight in sudangrass is in-
herited as a single dominant trait (House, 1985). 
The stay-green trait is inherited as dominant with 
E 36-1 hybrids (Reddy and Stenhouse, 1993). 
More than two loci are involved in the resistance to 
downy mildew, preferably three with different 
interactions (Reddy et al., 1992). The grain mould 
caused by a complex of  fungi has complex genetics 
(House, 1985). Like in the case of  many crops, 
complex genetics govern insect resistance in sor-
ghum. Non-preference mechanism is the predom-
inant one and it is quantitatively inherited with 
the predominance of  additive gene action (Sharma 
et al., 1977). Rana et al. (1981) reported additive 
gene action, with F

1 being intermediate to the 
two parents for shoot fly resistance. Under low to 
moderate shoot fly pressure, resistance was found 
to be partially dominant. For resistance to stem 

borer, both tolerance and antibiosis seem to be op-
erating (Jotwani, 1976). Rana and Murty (1971) 
reported that while additive (A) and A × A inter-
actions explained primary damage, the second-
ary damage by stem borer was controlled by A 
and non-additive gene interactions. Resistance to 
midge was predominantly under the control of  
additive gene action (Sharma et al., 1996). Ratna-
dass et al. (2002) have reported additive gene ac-
tion governing head bug resistance.

The genes for yield and plant height were 
dominant in tropical germplasm while the tem-
perate germplasm harboured dominant alleles 
for earliness. The tropical × temperate crosses 
have been shown to produce several high-yielding 
varieties with desirable plant height (2.0–2.5 m) 
and maturity (100–110 days). The guinea re-
storer lines contributed to the highest heterosis 
and grain yield per se in hybrids across the seasons 
followed by caudatum restorer lines. Clasping of  
glumes was seen in derivatives of  caudatum and 
kafir crosses. The guinea restorers crossed with cau-
datum–kafir male-sterile lines can solve the prob-
lem of  clasping of  glumes in hybrids (Reddy and 
Prasada Rao, 1993). Winter-season adapted land-
races cultivated in India belong to durra and have 
excellent grain characteristics for yield and qual-
ity, are photoperiod-sensitive and suitable for the 
prevalent moisture-limiting conditions. The hybrids 
based on these landraces were found to retain their 
characteristics with moderate heterosis; that is, 
around 15% superiority in grain yield over cultivated 
landraces (ICRISAT, 1995). Therefore, restorers de-
rived from the rabi (post-rainy season) landraces 
were proposed for breaking the yield plateau in the 
post-rainy season in India (Reddy et al., 2003).

Breeding methodology for simultaneous 
improvement for grain yield and drought resist-
ance has been established by Reddy (1986). The 
breeding materials were selected for specific 
traits such as emergence under crust, seedling 
vigour, seedling drought recovery and grain 
yield under drought-prone and yield-potential 
areas for early-stage drought. For midseason 
drought, screening under stress-prone areas 
was suggested. For handling terminal drought, 
the most frequently occurring mode of  drought, 
screening for drought recovery and grain yield 
under drought-prone as well as yield-potential 
areas and breeding for traits such as stay-green, 
non-lodging and higher grain yield under stress 
were recommended.
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Since sorghum is a crop that is often cross-
pollinated; with the CMS system in place, pure 
lines were developed through pedigree breeding 
programmes that contributed to hybrids and 
varieties. Population improvement programmes 
for specific traits such as high tillering, bold 
grain and grain mould resistance using ms3/ms7 
genetic male sterility was taken up. Thus, in  
sorghum pedigree selection appears to be more 
appropriate than population improvement, the 
latter being mostly used to generate variability. 
Thus, it is evident that the targeted gene pool  
approach is appropriate for a programme that 
aims at a broad geographic mandate (Reddy 
et al., 2003). A breeding scheme involving simul-
taneous selection for resistance and grain yield in 
two programmes was proposed. The maintainer 
lines which had resistance in the screening trials 
and good yield in the agronomic trials were con-
verted into male-sterile lines. In this method, 
male-sterile lines for resistance to pests and dis-
eases were developed in the shortest possible 
period of  four years (Reddy et al., 2003). Consid-
ering the independence of  antibiosis and the dif-
ferent inheritance patterns of  resistance to stem 
borer at different growth stages (flower, peduncle, 
head formation), it was proposed that breeding 
for resistance to stem borer should involve the 
three traits of  foliar and stem damage and per-
centage of  dead hearts (Singh and Rana, 1994). 
A paired-plot technique with comparisons of  in-
fested and non-infested plots was used success-
fully to identify genotypes with resistance to stem 
borer (Reddy et  al., 2003). Trichomes contrib-
uted towards shoot fly resistance in sorghum. 
Season specificity of  trichome development was 
established based on evaluations of  the mater-
ials resistant to shoot fly developed during the 
rainy and post-rainy seasons. On this basis, 
breeding for season-specific shoot fly resistance 
breeding materials was proposed (Jayanthi Ka-
mala, 1997). In breeding for grain yield and re-
sistance, it was shown that selection for resist-
ance on a family basis and selecting individual 
single plants in the selected resistant family for 
grain yield was most effective (ICRISAT, 1995).

29.9  Ideotype Breeding in Sorghum

Depending on the target location, production 
constraints and end-product utilization, the sorghum 

improvement programmes across different parts 
of  the world have focused on specific objectives.

29.9.1  Grain sorghum

In the 1950s, the US Department of  Agriculture 
(USDA) began assembling, evaluating, charac-
terizing and classifying a base collection of  sor-
ghum samples in the USA and India, which con-
tinued until the 1960s. Towards this objective, 
several African and Asian countries contributed 
their germplasm and support, which resulted in 
accumulation of  11,000 sorghum lines. Since 
many of  the lines were supposed to be unadapted, 
a unique ‘shuttle-breeding’ procedure was fol-
lowed where breeders grew a first generation of  
random crossbreeds in the tropics (mainly at 
Mayagüez, Puerto Rico) where the days are short. 
The desired lines among them were grown in a 
temperate zone (Texas) where days are long dur-
ing the growing season. The lines that had desired 
traits even in the temperate region were collected. 
Such lines were photoperiod-insensitive and 
could grow and produce grain under both trop-
ical and temperate conditions. In the next phase, 
shorter lines with early maturity were selected 
from the genetically diverse populations. This was 
the first ideotype-based breeding method where 
genotypes broadly adaptable to various day-
lengths, shorter height and early maturing were 
obtained. Thus, out of  the immense pool of  ger-
mplasm with tall stature, slow-growing and pho-
toperiod-sensitive types, suitable only for small 
farms in the tropics, have come universally useful 
types for use throughout the world, on any scale. 
The other traits for which selection was not prac-
tised were kept diverse. This helped breeders to 
fine-tune the lines to meet the specialized demands 
of  specific locations.

The Sorghum Conversion Program is one 
of  the most successful plant breeding programmes 
and it provides populations that are reservoirs  
of  genes that have become cornerstones for 
much of  the present rise in sorghum production 
worldwide. Historically, sorghum genetic improve-
ment is related to changes in above-ground  
biomass production (increased ratio of  leaf  to stem 
and higher leaf  mass), longer panicle length,  
decrease in peduncle length and superior root 
mass (Assefa and Staggenborg, 2011). Sorghum 
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yield improvement is tightly connected to 
changes in number of  panicles per unit land 
area, increased kernel numbers and increased 
final total grain weight. Increase in the harvest 
index is related directly to yield gains in many 
cereals and has resulted in the ‘green revolu-
tion’. About 50 years ago, wheat had a harvest 
index of  32% that has been increased success-
fully to 48% in some cultivars, which is almost 
half  the weight of  above-ground biomass. To 
bear such heavy weights of  grain yield, changes 
were made in plant stature by reducing height so 
that they do not get top-heavy and blow over in a 
summer storm. Similar work has been done in 
sorghum. Short-statured sorghums can be eas-
ily harvested with a combine and this has revo-
lutionized sorghum cultivation in the USA, 
where all the commercial hybrids are dwarfs. 
However, in other than developed countries the 
plant stature is not fashioned in this way for 
making it amenable for machine harvesting. Ini-
tially, sorghums in the USA were tall and had a 
harvest index of  21 or 22% (about the same as 
those grown now in West Africa), but careful 
selection, followed by intensive breeding, has 
reduced the internode length. Now the harvest 
index for many improved types used in the 
USA, Mexico and Argentina is 48–52%, as 
high as that of  wheat. Dwarf  sorghums have 
also been created at research stations in Zam-
bia. This model needs to be pursued in other 
countries as well.

Winter sorghum

Winter sorghums are photoperiod-sensitive and 
thermo-insensitive. They are responsive to 
shorter daylengths. The flowering and maturity 
coincide with low temperatures and the climatic 
factors are responsible for good grain quality. 
They are tolerant to terminal moisture stress 
and resistant to stalk rot/charcoal rot. The win-
ter sorghums are important from the perspective 
of  both grain and fodder requirements during 
the season. They usually produce high biomass 
(grain and stover) and have high lustrous grains 
with semi-corneous endosperm. The landraces 
are the native durras and dominate the winter 
sorghum cultivated tract. A landrace selection, 
M 35-1, developed in 1937, that still dominates 
the post-rainy season sorghum areas in India, 
possesses these traits (Sanjana Reddy et  al., 

2009). As the crop is grown under receding soil 
moisture conditions, productivity depends on 
the moisture availability. The area under this 
crop is divided into three soil depths: shallow, 
medium and deep. Depending on moisture and 
soil depth, suitable varieties are available for cul-
tivation (Jirali et al., 2007). Under shallow soils, 
the cultivars were shorter, flowered and matured 
early, and in medium–deep soils, mean leaf  area, 
grain number and 1000-grain mass, grain and 
fodder yields were higher. The ideotype was re-
flected in the following traits when grown in me-
dium soils under residual moisture conditions: 
higher grain yield and per-day grain productiv-
ity, higher biomass and per-day fodder product-
ivity, harvest index greater than 30, greater 
earhead exertion (5–10% more than M 35-1), 
bolder seed (5% bolder than M 35-1), panicle 
dry matter constituting 50% of  total dry matter, 
and higher relative water content (Sanjana 
Reddy et al., 2012).

Specific characteristics from among the listed 
traits can be ‘custom-designed’ across the world 
for grain sorghum.

•	 Grain yield and related traits:
⚬	 higher yield – a balance between grain 

number and grain size;
⚬	 easy threshing;
⚬	 erect leaves (to increase the amount of  

sunlight intercepted);
⚬	 greater flag leaf  length and width;
⚬	 plant height amenable for mechanical 

harvesting;
⚬	 resistance to biotic stresses;
⚬	 resistance to diseases such as grain mould, 

charcoal rot, anthracnose, rust, downy 
mildew, Striga and smuts; and

⚬	 resistance to insects such as shoot fly, 
stem borer, aphids, greenbug, shoot bug 
and midges.

•	 Resistance to abiotic stresses:
⚬	 yield under stresses such as drought, 

heat, cold, soil acidity and salinity;
⚬	 greater stalk strength;
⚬	 non-senescence or stay-green (to improve 

grain yield under terminal drought);
⚬	 greater root development (to help plants 

withstand drought);
⚬	 faster grain filling (to overcome terminal 

drought); and
⚬	 early flowering.
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•	 Grain quality:
⚬	 grain colour (lighter colours are widely 

acceptable);
⚬	 better roti-making quality when con-

sumed as food and harder grains suit-
able as feed;

⚬	 increased protein content (greater 
than 10%);

⚬	 high lysine content;
⚬	 greater digestibility; and
⚬	 suitable for diverse food products.

Combination of  traits depends on the area of  
cultivation. Drought among the abiotic stresses 
has become an important objective of  plant 
breeding programmes worldwide to maintain 
the sustainability of  the crop in marginal areas. 
A drought-tolerant sorghum line possessed roots 
at least 40 cm deeper than a drought‐sensitive 
one, and deeper rooting of  stay‐green lines under 
drought conditions was reported (Salih et  al., 
1999; Vadez et  al., 2005). Many quantitative 
trait loci controlling root traits in sorghum, in-
cluding root length, number of  roots per plant, 
root volume, root fresh weight and dry weight 
(Mace et  al., 2012), number of  brace roots (Li 
et  al., 2014) and nodal root angle (Mace et  al., 
2012), have been identified. In hot and dry 
environments with high intensities of  solar radi-
ation, smaller leaves are advantageous to reduce 
transpiration, whereas large leaves with less effi-
cient energy-exchange capacity are advanta-
geous in lower irradiance and cooler and moister 
environments (Ackerly et  al., 2002). Similarly, 
sorghum diseases and pests are specific to the re-
gion and season of  cultivation. Shoot fly in India 
and green bug in the USA are the priority pests 
to be targeted. Grain mould caused by a complex 
of  fungi has reduced the sorghum area drastic-
ally in India, similar to the Striga menace in Africa.

Modelling can be used to classify regions 
and decide the suitable ideotypes for specific 
adaptation. The APSIM was used to characterize 
the main water- and heat-stress patterns of  the 
temperate central region of  Argentina. Three 
drought-stress conditions were identified that 
included a pre-flowering drought stress occur-
ring in 39% of  the area, a low terminal-drought 
stress affecting 38% of  the area and a grain-filling 
drought stress, showing lower frequency of  23%. 
Flowering heat stress (>33°C) was found at 
lower latitudes with a frequency of  20–50%. 

Defined environment can explain observed G × E 
interactions for yield in an independent data set. 
This can help to optimize breeding and manage-
ment strategies across the region of  interest. 
Grouping sites with similar frequency of  drought 
can help to handle the spatial variability and breed 
for specific adaptation. However, if  there is no de-
fined environment, dealing with seasonal variabil-
ity will be challenging (Carcedo and Gambin, 
2019). Genotypes differing in height were found 
to differ in biomass partitioning among organs 
and a tall hybrid had significantly increased radia-
tion-use efficiency: a novel finding in sorghum. 
Introducing the plant height into the model gener-
ated simulated phenotypic differences in green 
leaf  area retention during grain filling and thereby 
enhanced grain yield through managed N dy-
namics (Hammer et al., 2010).

29.9.2  High-biomass sorghum

APSIM is a crop modelling framework that is 
widely used for predicting the growth and bio-
mass yield of  high-biomass sorghum and to iden-
tify suitable cultivars and target traits for crop im-
provement. A modelling study undertaken by 
Truong et al. (2017) showed that crop duration of  
the high-biomass sorghums had a direct relation-
ship with biomass yield. The long-duration ones 
had 30% more vegetative growth than short-
duration ones under water-limited conditions as 
they captured water more efficiently. The geno-
types with optimized trait for vapour pressure 
deficit-limited transpiration can be bred for enhan-
cing the productivity and resilience of  bioenergy 
sorghums in water-limited environments, thus 
bringing more marginal areas under cultivation. 
Bioconversion efficiency or fermentation effi-
ciency is the term used to measure the degree of  
conversion of  soluble carbohydrates (glucose, 
fructose, sucrose) and insoluble carbohydrates 
(cellulose, hemicellulose) into biofuels. Genetic 
studies for lignocellulosic biomass conversion ef-
ficiency trait in sorghum revealed 49 loci associ-
ated with enzymatic biomass conversion effi-
ciency and two loci were found to control 
crystallinity index (Vandenbrink et  al., 2013). 
The process involving breakdown of  hydrolytic 
enzymes in lignocellulosic materials to ferment-
able sugars is referred to as saccharification, an 
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important step for biofuel production, thereby 
making less lignin content a preferred trait. The 
brown midrib mutant (bmr) is associated with 
reduced lignin content in the cell walls and vas-
cular tissues, as well as increased conversion ef-
ficiency of  sorghum stover to ethanol, and could 
contribute to increased cellulosic biofuel produc-
tion (Vermerris et al., 2007).

29.9.3  Sweet sorghum

Sweet sorghum is a potential alternative source 
for ethanol production. It can accumulate juice 
up to 78% of  the total biomass, while the Brix 
content was found to vary from 14 to 23% (Alm-
odares and Sepahi, 1996; Vinutha et al., 2014). 
The sugars in the juice extracted from sweet sor-
ghum are easily fermentable. The sugars are 
composed of  75% sucrose with small amounts 
(about 2.6%) of  fructose and glucose (Kawahi-
gashi et al., 2013). Sweet sorghum has good pro-
duction potential in tropical climates, while cold 
temperatures are a major deterrent in temperate 
regions. The tall and fast-maturing sorghum 
plants with high Brix content have high poten-
tial for breeding as a biofuel crop. However, to 
reach commercial levels of  ethanol for displace-
ment of  fossil fuels and also to reduce crop-based 
biofuels in order to sustain the food requirements, 
there is a need for breeding and deployment of  
sweet sorghum ideotypes. The sweet sorghum 
genotypes should have high biomass, higher juice 
yields, higher Brix content and overall sugar yield, 
even when cultivated under marginal conditions, 
to bring more areas under commercial cultiva-
tion. Murray et  al. (2008) suggested that both 
traits, high grain yield and soluble sugar content, 
could be bred into a single sorghum cultivar. 
Pyramiding genes involved in sucrose metabol-
ism, namely UDP‐glucose pyrophosphorylase, 
sucrose synthase and sucrose phosphate syn-
thase, resulted in higher growth and therefore 
greater biomass production due to increase in 
plant height (Coleman et  al., 2010). Higher 
levels of  leaf  N concentration were correlated 
with enhanced sugar production of  sweet sor-
ghum (Serrão et al., 2012). Agronomic manage-
ment through application of  N fertilizers and 
breeding for enhanced photosynthetic efficiency 
can be explored for increasing sugar content in 

sweet sorghum (Xu et al., 2011). As the photosyn-
thates are not efficiently transported to sink as in 
the case of  grain sorghum, the panicle size is usu-
ally small (Sipos et al., 2009) and hence the ideo-
type should not focus on higher grain yield, while 
moderate grain yield can be targeted for address-
ing food sustainability. This can be realized through 
crossing grain‐type seed parents and sweet‐type 
pollen parents (Hunter and Anderson, 1997). 
Lower expression of  two sucrose transporters 
(SUT1 and SUT4) correlated with higher sugar ac-
cumulation in sweet sorghum (Qazi et al., 2012). 
Greater plant height and higher biomass are gener-
ally correlated with late flowering. Per-day biomass 
production potential can be one component of  ide-
otype (Zhang and Wang, 2015). In addition, culti-
vars in a wide range of  maturity groups can allow 
for staggered sowing and thereby assure continu-
ous supply of  feedstock to industry. The cultivars 
meant for marginal lands should have drought tol-
erance traits such as more root biomass in topsoil 
layers, to absorb the diffusion‐limited nutrients 
from topsoil and reduce runoff  on slope terrains, 
and deeper roots to increase the uptake of  water 
and soluble nutrients (Hirel et al., 2007).

Depending on the climatic zone, the traits re-
quired to combine will be different. The cultivars 
should have the basic traits such as high stem 
sugar and juice content and high biomass. To 
achieve the basic traits, the target traits depend on 
the region of  cultivation. In regions with more 
wind velocity, increase in stem diameter can in-
crease overall sugar yield while resisting the lodg-
ing due to windy weather. In other regions, tall 
plants can be bred for more sugar yield. For nor-
thern China and highland Europe, chilling toler-
ance is desirable for early seed germination, seed-
ling growth and plant establishment. For tropical 
and subtropical regions, three or four crops can be 
harvested in a year to increase annual biomass 
yields. Development of  perennial sweet sorghum 
cultivars can be planned in future breeding pro-
grammes that need to be more resilient to extreme 
environmental conditions (Anami et  al., 2015). 
For arid and semi‐arid regions, the ideotype should 
have enhanced water- and nutrient-use efficien-
cies apart from terminal drought tolerance.

Thus the sweet sorghum ideotype should 
contain:

•	 higher biomass (taller plants/wider stem);

•	 higher juice yield;
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•	 higher Brix content;

•	 moderate grain yield;

•	 higher sugar content (balance between juice 
yield and sugar content);

•	 greater percentage of  fermentable sugars 
(sucrose, etc.);

•	 higher levels of  leaf  N;

•	 stay-greenness of  leaves;

•	 higher water- and nutrient-use efficiencies; 
and

•	 resistance to biotic and abiotic stresses similar 
to grain sorghum.

29.9.4  Forage sorghum

Development of  single-cross, three-way cross, 
interspecific, single-cut and multi-cut forages is 
popular in sorghum. During the rainy season, 
forage hybrids are preferred by farmers com-
pared with the forage varieties grown. Interspe-
cific sorghum–sudangrass hybrids are also being 
exploited for forage production. Sorghum–
sudangrass three-way hybrids are by far the 
most popular forage hybrids and are based on 
red-grained sorghum male-sterile lines. The 
interspecific forage hybrids have not been widely 
exploited as the variability was low in red-
grained sorghum seed parents and sudangrass 
pollinators. Seed parents are desired to have 
large-seeded, red- or white-grained, high-density 
panicles and the sudangrass pollinators should 
possess resistance to foliar diseases and have 
high sugar content. Forage quality is as import-
ant as forage yield in sorghum for increasing 
feed intake and improving digestibility. The an-
tinutritional attributes should be low (Smith 
et al., 1997). Forage quality is determined by: (i) 
higher contents of  crude protein (CP), in vitro 
dry matter digestibility (IVDMD), neutral-deter-
gent fibre (NDF) and acid-detergent fibre (ADF), 
reflecting degradable and non-degradable pro-
teins, structural and non-structural carbohy-
drates, lignin and celluloses; and (ii) lower an-
tinutritional attributes such as HCN, oxalic acid, 
tannins and phenolics. The IVDMD is increased 
through decreasing cell wall concentration (de-
termined by NDF, in vitro fibre digestibility 
(IVFD)), reducing lignin concentration (meas-
ured by ADF), increasing metabolizable energy 
(measured by water-soluble carbohydrates (WSC)) 

and/or increasing CP. Bloomless increases digest-
ibility of  intact leaves (Cummins and Dobson, 
1972). Stay-greenness of  leaves also contributes 
towards improving fodder quality. Brown midrib 
loci have been reported to improve IVDMD by re-
ducing lignin in sorghum stems by 51% and in 
leaves by 25% (Porter et al., 1978) and NDF con-
centration by 13% (Fritz et  al., 1981). Tannins 
are negatively correlated with CP, IVDMD and 
ADF. Plants with tan plant colour, which is con-
trolled by a recessive gene, have low tannin (8%), 
while purple plants have 10–18% tannins (Gour-
ley and Lusk, 1978). Phenolics interfere with the 
digestion of  structural carbohydrates and NDF 
(Raffrenato et al., 2017). HCN is found in sorghum 
until 45 days after emergence. When absorbed into 
the blood of  animals fed on them, HCN causes cel-
lular asphyxiation and eventual death (Hoveland 
and Monson, 1980). HCN is under genetic control 
of  a major dominant gene, reinforced by multiple 
genes with additive effects (Duncan, 1996).

Focused efforts to improve the seed parents 
and pollinators for forage traits like plant height, 
biomass and growth index, high tillering, fast 
growth, stay-green, quick regeneration, thin stems, 
non-hairy leaves and brown midrib characters, 
resistance to foliar diseases and stem borer, high 
stalk sugars, forage intake and digestibility in 
animals will add further diversity to forage culti-
var development.

29.10  Conclusions and Outlook

Ideotype breeding involves defining and breeding 
for the target traits to reach the objectives and 
differs from classical plant breeding which fo-
cuses more on yield. Due to diversification of  
cropping systems and ever-changing climatic 
conditions, change in farmers’ preferences and 
several production constraints, breeders need to 
focus on more traits simultaneously. By studying 
the genetics and the relationships among the 
traits, ideotypes can be framed and breeding for 
such ideotypes makes the objectives easily 
achievable. Such traits should also be considered 
in the identification of  suitable cultivars in breed-
ing programmes and METs. However, modelling 
work needs to be more extensively targeted to 
estimate the impact of  climate change with 
minimum resources. Ideotype approaches are 
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yet to be adopted in commercial breeding pro-
grammes.

Sorghum is an important crop of  semi-arid 
regions serving food and fodder needs and has 
multiple uses, contributing vital shares of  the 
energy, protein, vitamin and mineral require-
ments for millions of  poor people of  these re-
gions. Based on the end-use requirements, grain, 
forage and sweet sorghums with distinct charac-
ters of  their own are grown. Apart from their 
basic traits, breeding for resistance to biotic and 
abiotic stresses, quality traits, value-added traits 
such as increasing shelf-life and reducing the 

undesirable attributes like fat content and phe-
nol compounds, HCN content, etc. need to be ad-
dressed by crop improvement programmes 
worldwide. However, the breeding objectives are 
region/environment-specific and depending on 
the area grown, they have to be defined. Such a 
focused breeding programme requires designing 
of  crop ideotypes or product profiles. Focused re-
search is lacking in this area. Based on the back-
ground information as discussed, ideotype 
breeding with respect to the region of  cultiva-
tion and end use needs to be targeted in the cur-
rent breeding programmes.
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218–219
breeding software, connection to  219
DBMS  218
defined  218
generic databases  218
HDF5 219
online databases  219
RDBMDS  218

database management system (DBMS)  218
deep neural networks (DNNs)  240
DELLA proteins  344
dietary micronutrient deficiency  146
dispensable genome  236
diversity arrays technology (DArT)  27, 130, 446
DNA-binding with one finger (Dof1) 332, 335
DNA markers  25, 26, 28, 47, 59, 347, 383–385, 

399, 434, 439, 484–486
drought tolerance in wheat  60, 61
in sorghum  485

Dorado cultivar  422
doubled haploid (DH)

lines  289
in maize  311
technology  105–106

D-progenitor species  102
drought

abiotic stressor of  wheat, as  228–229
avoidance  57
described  52
escape  57
resistance  59
response  57
stress see drought stress

drought stress
ABA-dependent and -independent signalling 

pathways  4
ABA transporters  2–3
described  409
downstream targets triggering tolerance in 

wheat, maize and sorghum  5–9
ABA-independent TFs  8–9
autophagy  9
genes involved  9, 10
physiological signals  6–7

maize  409
signal receptors  3
SnRK2 3
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drought stress tolerance in maize  267–268
conventional breeding  268
genomics-assisted breeding approach

marker-assisted gene pyramiding  274
meta-QTL (mQTL) analysis  271, 274
morpho-physiological traits  270
QTL mapping  271
SNPs  274
target traits and  275
traditional breeding approaches  271

GS  276
molecular breeding  268
phenomics for drought stress screening  270
QTLs mapping  271, 272–273, 276
target environment for evaluation  269–270
target traits

anthesis–silking interval (ASI)  269
drought-constitutive traits  268
drought-responsive traits  268–269
grain-filling period  269
osmotic modification  269
root structure  269
stomata act  269

transgenic technology  274–275
drought tolerance improvement in wheat  51

biochemical response  53
breeding

drought response  57
genomics-assisted  59–66
traditional approaches  57–59

complexity
biochemical response  53
molecular response  55–57
morphological response  52–53
physiological response  54–55

genomics-assisted breeding  59–60
candidate genes identified through  

functional genomics  67
DNA markers  60, 61
genetic transformation of  genes/transcription 

factors  65–66
genome-wide analysis  62–64
omics approaches  66, 67
putative QTLs  63
QTLs  60–62, 62
transgenic technology  64, 65–66

molecular response
advancement in genomics  55–56
photosynthesis  56
water-related traits  56–57

morphological response
flag leaf  and grain yield ranges  52
leaf  waxiness and trichome density  52–53
OA  53
SSI  52

physiological responses
ABA  54–55

chlorophyll content  54
leaf  rolling  54
photosynthetic apparatus  54
RWC  55
stomatal closure  54
water content  54

traditional breeding  68
CIMMYT  57–58
wheat genetic resources  58–59

drought tolerance in sorghum
candidate genes  439
climate change  440
conventional breeding programmes  440
core collections in genetic analysis  439–440
genetic engineering approach  439
linkage disequilibrium (LD)-based association 

mapping  433–434, 434
MAS  440
molecular markers

applicability  435
derivation  434–435
microsatellites  434
phenotyping method and selection of   434
SNP  434
SSR  434

phenotyping  441
QTL mapping  433–434

association mapping  439
discovery QTL  435–438
linkage mapping  439–440
map-based cloning of  genes, and  434
positional cloning , and  438–439
studies on  436–437

durum wheat
aluminium resistance improvement  137–138
salinity tolerance  40

excess moisture stress tolerance in maize  311–312
anatomical adaptation  301
genetic studies

CIMMYT  304–305, 308
component traits  303
genetic mapping  304
GWAS  304
mapping populations  304–305
phenotypic correlation  304
QTLs mapping  304–309, 306–307
synopsis of  GWAS and QTL mapping  308
see also waterlogging

impact
nutrient imbalance  297
plant functions  298–299
water deficit  296–297

molecular breeding
doubled haploids  311
GEBV  311
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genomic prediction  310
low heritability  309
marker-assisted backcrossing  310
MARS  311
near-isogenic lines (NILs)  310
RCGS  311, 312
target population of  environments 

(TPE)  309
teosinte  310
trait-linked markers  310
V2 and V7 stages of  crop  309

molecular signature  301–302
jasmonate  302
micro RNAs (miRNAs)  303
molecular changes  303
oxygen level reduction, situations of   302
transcriptional profiling  302–303
VII ethylene-response factors  

(ERF-VIIs)  302
morphological adaptation  301
nutrient imbalance  297
phenological adaptations and physiological 

mechanisms  300–301, 301
aerenchyma formation  300
anaerobiosis  300–301
metabolic adaptations  300
pasture effect  300

plant functions  298–299
energy generation through aerobic and 

anaerobic respiration  298
NAD+-alcohol dehydrogenase (ADH)  

activity  298, 299
schematic representation of  aerenchyma 

development in root cortex  299
traits observed in maize genotypes  300

water deficit  296–297
waterlogging  295–296

Extra Sweet cultivar  422

Fe–nicotianamine  148
ferritin  148
fivefold cross-validation scheme  398
Flapjack software  221, 222
foliar spray  158
forage sorghum  511
fortification  147
fragment length polymorphisms (RFLPs)  468
free amino acids  251
functional genes in response to heat stress  85–86

Galaxy software  222
Gaussian methods  215
gene-based breeding (GBB)  390–394, 398–399
gene ontology enrichment analysis  84
general combining ability (GCA) test  453

genetic engineering (GEE)
drought tolerance in sorghum  439
RNAi vs. 386–387
salinity stress in sorghum  428
yield improvement in maize  385–387,  

387, 396
genome editing (GE)  206

yield improvement in maize  386–387, 397
see also CRISPR-mediated genome editing  

in maize
genome-wide association mapping (GWAM)  55, 

174–175
genome-wide association studies (GWAS)  62–64

cold tolerance in maize  287
maize  304
nutrient-use efficiency in maize  345–348, 346
salinity stress in maize  259–260
salinity stress in sorghum  426
temperate climatic adaptation of   

sorghum  453–454
genomic estimated breeding values (GEBVs)  64, 91, 

103–104, 311, 395
genomic open-source breeding informatics initiative 

(GOBii)
Flapjack software  221
genomic data management (GOBii-GDM)  

system  221–222
working fronts  221

genomic selection (GS)
cold tolerance in maize  288–289
sorghum adaptation to temperate climatic  

regions  446
waterlogging tolerance in wheat  91, 104–107
yield improvement

in maize  383, 387–390, 397–398
in wheat  205

genotype-by-sequencing (GBS) approach  188, 236, 
287, 468–470, 470, 485–486

genotype × environment interaction
iron and zinc in wheat  153
yield in wheat  203

Genovix® 220
gExpress technology  394
glaucousness  56
global drought  51
global warming  51
gluten proteins  28
glycaemic index (GI)

amylose  367
maize starch  367
resistant starch (RS)  367
soluble starch  367

glycine betaine  250–251
glycophytes  9
GOBii-GDM  221–222
grain sorghum  507–509
green bug  509
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GroScreen-PaGe method  352–353
growth and luminescence observatory for roots 

(GLO-Roots) system  43
GROWTH-REGULATING FACTOR  4 (GRF4) 344
GS/GOGAT cycle  329

halophytes  9
Harvest-Plus programme  152
HD2733 59
Healthgrain Project (2005–2010), The  152
heat stress tolerance improvement in wheat  82, 

86–87
cellular structure and physiological response  83
EFTu1 gene  86
molecular-genetic bases of  heat response

functional genes  85–86
heat tolerance improvement by  

comprehensive strategies  86
mapping QTLs  85
multi-omics research  83–85

morphological and growth responses  83
multi-omics research

alternative splicing (AS)  84
epigenetic modification  84
gene ontology enrichment analysis  84
iTRAQ methods  84
miRNAs  84–85
RNA-seq analysis  84

heterosis  452–453
heterotrimeric G-proteins  332
HI1500 59
hidden hunger see micronutrient malnutrition
high-biomass sorghum  509–510
high-throughput genotyping  201
high-throughput phenotyping  43–44, 201–202
Honey Graze cultivar  422
human health

anaemia prevalence  146, 147
dietary micronutrient deficiency  146

hydrolyse phytic acid  488
hypoxia  93

ideotype breeding  205–206
in cereals  503
forage sorghum  511
grain sorghum  507–508
high-biomass sorghum  509–510
methodologies for defining crop  503–504

computer modelling approaches   
504–505

conventional breeding  504
sweet sorghum  510–511
types  502
winter sorghum see winter sorghum

inositol phosphatase  2

International Center for Agriculture Research in the 
Dry Areas (ICARDA)  200

International Maize and Wheat Improvement Center 
(CIMMYT)  57–58, 200, 215, 217, 
304–305, 308, 362

International Plant Phenotyping Network  43
International Rice Research Institute (IRRI)  503
International Wheat Genome Sequencing Consortium 

(IWGSC)  237
International Wheat Improvement Network 

(IWIN)  219
International Wheat Information System 

(IWIS)  219, 240
introgression breeding  230
ion toxicity  247, 252, 423, 427
iron and zinc in wheat

agronomic strategies  157–158
biofortification  149, 151, 151,  

158–159, 159
breeding strategies  151–152, 152
classical breeding  156–157
electron micrograph of  wheat seed  148
experiments using sequence data  

resources  154–155
genetic variation  152–153
genotype and environment interaction  153
genotype × environment interaction  153
importance in daily life  146–147, 147
location and difficulties  148
MAS  155–156
QTLs mapping  153–154, 155
RNA-seq  154–155
transgenic strategies  157
transport from roots to seed  148–149, 150

isobaric tags for relative and absolute quantitation 
(iTRAQ)  84, 129

jasmonate  302
Jaypee cultivar  101–102

Keumkang cultivar  128

late embryogenesis abundant (LEA) protein  275
leaf  rolling  54
linkage disequilibrium (LD)  30, 62, 103, 174, 

204–205, 287, 426, 467
low oxygen escape syndrome (LOES)  93
lysine  362–363
lysine keto-reductase (LKR)  362

malnutrition  360, 476, 477
marker-assisted backcross breeding (MABB)  25, 33, 

55, 60, 203, 207, 361
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marker-assisted backcrossing (MABC)  156, 203, 
221, 274, 275

marker-assisted gene pyramiding  25, 60, 274
marker-assisted recurrent selection (MARS)  274, 

311, 395
marker-assisted selection (MAS)  25

aluminium tolerance
in maize  322
in sorghum  321–322

drought tolerance in sorghum  440
genomic prediction  310
heat stress tolerance in wheat  86
high amylose  368–369
high lysine and tryptophan  362–363
iron and zinc in wheat  155–156
low phytate  367
provitamin A  364
salinity stress in sorghum  429
sorghum  31, 446
vitamin E  365
yield improvement

in maize  383–385, 395–396
in wheat  203

marker-assisted wheat breeding
falling number  28
gluten  28
grain hardness  28
quality  27
wheat–rye translocation  28

membership function value of  drought resistance 
(MFVD)  59

Mentana  199
metal toxicity  229–230
meta-QTL (mQTL) analysis  55–56, 271, 274
micronutrient content increase in sorghum   

476–478, 489–490
association mapping approach  480
biofortification  477

genetic modification  487–489
genomics-assisted breeding  486–487

bi-parental populations  479, 480
DNA marker resources  485

GBS  485–486
SNPs  485–486
SSR markers  484–485

genetic resources
core and mini-core collections  478
donors identification  479
germplasm collection  478
mapping populations  479–482

genome sequence resources  482–483
DNA sequence variations  483–484
Rio  483

germplasm lines with high grain Fe and Zn  
contents  480

specialized populations
GWAS  481

MAGIC  482
NAM  481–482

micronutrient malnutrition  146, 476
microsatellites  434
miRNA transcription factors  186
miRNA399–ZmPHO2 module  343
mitogen-activated protein kinase kinase kinase 

(MAPKKK)  274–275
molecular breeding  268

abiotic stress tolerance  31–32
forward genetics  32
phenomics technologies  32

maize improvement  28
marker assisted breeding  29–30
molecular markers and mapping  

populations  28–29
sorghum improvement

genetic diversity characterization and  
analysis  30–31

genetics and classification  30
molecular markers  47

cadmium tolerance in sorghum   
467–468, 468

drought tolerance in sorghum  434, 434–435
maize improvement  28–29
wheat improvement  26–27
yield improvement in wheat  200–201

monomeric gliadins  28
multidrug and toxic compound extrusion (MATE) 

transporters  123, 259
multi-parent advanced generation inter-cross 

(MAGIC)
micronutrient content increase in  

sorghum  482
salinity stress in sorghum  426–427

mutants  283, 285
library  285
summary  286

NAC transcription factors  186, 397, 455
nested association mapping (NAM)  29, 179

juvenile chilling tolerance in sorghum  450
population  289
populations

maize  348
micronutrient content increase in  

sorghum  481–482
salinity stress in sorghum  426

next-generation sequencing (NGS)  
technologies  445

cadmium tolerance in sorghum  468
micronutrient content increase in  

sorghum  481
NF-Y transcription factors  185–186
NIN-LIKE PROTEIN (NLP)  343
nitrate transporters (NRTs)  328
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nitrogen
nitrogenous fertilizers  325–326
NUE see nitrogen-use efficiency (NUE)
plant growth and production  326–327
in wheat  170–171, 187–188

climate change impact  186–187
genes in transport  179–180
importance and implications  171–172
QTLs for nitrogen-use efficiency  175, 

176–178, 179
transgenic approach  185–186
transporter gene  179–180, 180

nitrogen-uptake efficiency (NUpE)
described  327–328
traits

microorganisms, interaction with  329
root nitrogen transporter system  328–329
root system architecture  328

nitrogen-use efficiency (NUE) in maize  325–326
described  327
Dof1 332, 335
nitrogen-responsive genes identification  332, 

333–334
nitrogen signalling and transduction

Dof1 332, 335
NLP genes  335

NUE defined  330
NUpE  327–329
NUtE  327, 329–330
QTL  330–333

cloned/fine-mapped QTLs and associated 
traits  331

recombinant inbred lines (RILs)  330, 331
transgenic approach to improve PUE and   

348–351, 349, 350, 352
nitrogen-utilization efficiency (NUtE)  327

canopy photosynthesis per unit of  nitrogen  330
described  327
nitrate assimilation  329

Nohely-F2018 156
Norin10 199
nuclear factor Y (NF-Y)  8
nutrient-acquisition efficiency (NtAE)  174
nutrient imbalances  297–298
nutrient-use efficiency in maize  341

CRISPR/Cas9 system  353, 354
genes with potential to improve NUE and 

PUE  349
genetic diversity  344–345

heterosis studies  345
low-P-tolerant genotypes  345
maize germplasm  345

genome editing approach to improve productivity 
and performance  353

molecular breeding
genetic diversity under low nitrogen and 

phosphorus  344–345

NUE and PUE, transgenic approach to 
improve  348–351, 349,  350, 352

phenotyping  351–353
QTL and GWAS  345–348, 346, 353

N fertilizers  341
nitrogen and phosphorus

carbon trade-off, and  343–344
general regulation in maize  342–344
genetic diversity under low availability   

344–345
limiting nutrients for maize productivity   

341–342
molecular regulators  343
uptake, translocation and assimilation   

342–343
NUE definitions  341
phenotyping

root  352–353
technological advances  351–352

Pi fertilizers  341–342
root phenotyping  352–353

nutrient-use efficiency (NtUE) in wheat  173–175
nutrition quality in maize  360–361

biofortified maize see biofortified maize
breeding for high  365
GI reduction  367–368

breeding for high amylose  368
MAS for high amylose  368–369

multi-nutrient maize  369
phytate reduction  365–366

breeding for low phytate  366–367
MAS for low phytate  367

protein quality improvement  362
lysine and tryptophan  361–363
PEM  361
PEU  361

provitamin A  363–364
significance of  maize  361
vitamin E  364–365

omics approaches  276
drought tolerance in wheat  66, 67
high-yielding wheat varieties  204

organic acid transporters
citrate efflux  120, 121–122
genes coding  122–125, 124
malate efflux  120, 121
TCA cycle  121

OsmiR528 351
osmotic adjustment (OA)  53, 56

pangenome
accessory/variable genome  236
core genome  236
cultivars in two wheat pangenome projects  238
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de novo assemblies  236–237
described  236–237
first wheat  237–238
genotyping arrays  236
genotyping-by-sequencing  236
information  237
presence/absence variants (PAVs)  237
resequencing additional varieties  238
sequencing approaches  238–240
see also pangenomics for wheat

pangenomics for wheat
PAVs associated

stress, with  240–241
yield, with  241

variable genes in from related species, potential 
to bring  241–242

see also pangenome
pasture effect  300
Pavon cultivar  58
peptide transporter proteins (NPFs)  257, 258
phenomics  43

drought stress screening in maize, for  270
yield improvement in wheat  201–202

phenotyping  43–44, 351–353
phosphorus in wheat  170–171, 187–188

climate change impact  186–187
genes in transport  181–183
importance and implications  172
QTLs for phosphorus-use efficiency  181
transgenic approach  185–186
transporter family  181–183

phosphorus-use efficiency (PUE) in maize  348–351, 
349, 350, 352

photosynthesis  56, 330
phytic acid  366
plant growth-promoting bacteria (PGPB)  329
plant systems modelling  206
polymeric glutenins  28
polymorphisms  125
post-translational modifications (PTMs)  2
potassium in wheat  171–172, 187–188

climate change impact  186–187
importance and implications  173
QTLs for potassium-use efficiency  183–185
transgenic approach  185–186
transporters  185

presence/absence variants (PAVs)
stress, associated with  240–241
yield, associated with  241

Pretzel  240
PRISM  220
protein–energy malnutrition (PEM)  361
protein–energy undernutrition (PEU)  361
Protina  362
provitamin A  363–364
ptxD gene  351
putative QTLs  63

QPM hybrid in India  362
quantitative trait loci (QTLs)  174

abiotic stress tolerance in cereals  33
aluminium resistance/tolerance identified in 

wheat  131–134
aluminium tolerance in maize  320
cadmium tolerance in sorghum  467–470
cold tolerance in maize  285–286
drought stress tolerance in maize see drought 

stress tolerance in maize
drought tolerance  60–62

bi-parental linkage mapping  62, 68
mapping population  61
putative QTLs  63
stress susceptibility (SSI)  61

juvenile chilling tolerance in sorghum  450–451
mapping  131–134

association  130
bi-parental  130
drought stress tolerance in maize  271, 

272–273
drought tolerance in sorghum   

433–440, 434
excess moisture stress tolerance in 

maize  304–309, 306–307
iron and zinc in wheat  153–154, 155
nutrient-use efficiency in maize  345–348, 

346, 353
related to heat tolerance in wheat  85

NUE in maize
cloned/fine-mapped QTLs and associated 

traits  331
recombinant inbred lines (RILs)  330, 331

nutrient-use efficiency in maize  345–348, 346
phosphorus-use efficiency  181
salinity stress in sorghum  425–426, 429
for salt tolerance  47
yield improvement in wheat  202–203

random forest (RF) regression methods  104
randomly amplified polymorphic DNA (RAPD) 

marker  26, 60, 200, 201, 425, 446
rapid-cycle genomic selection (RCGS)  311, 312
rapid generation advance (RGA) method  216–217
rate of  genetic gain

factors affecting genetic gain, and  214
increase in  213–214

Rattan  362
Recital cultivar  175
relational database management system  

(RDBMDS)  218
relative water content (RWC)  55
reproducing kernel Hilbert spaces (RKHS)  104, 289
restriction fragment length polymorphism (RFLP) 

markers  26, 468
rice  332, 333–334
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ridge regression-best linear unbiased prediction 
(rr-BLUP) model  103–104, 398

RNA interference (RNAi)  384, 386, 396–397
RNA-seq analysis  56, 154–155, 287–288
robo-breeders  214
root nitrogen transporter system  328–329
root phenotyping  350, 352–353
root senescence  328
root system architecture (RSA)  328, 352–353
Roundup Hybridization System  396

Saline Agriculture Research Cell (SARC)  42
salinity stress combat in maize  247

chloride homeostasis regulation
ALMTs  258–259
CLCs  258
MATE family transporters  259
NPFs  258
sensitivity to high concentration  257
slow-type anion channel-associated  

homologues (SLAHs)  258
transporters  258–259

genes associate with salt tolerance  249
GWAS analysis  259–260
molecular breeding  260
natural maize inbred lines  247, 248
osmoregulatory substances

free amino acids  251
glycine betaine  250–251
high-osmolytes population  251

potassium homeostasis  256–257
salinity-induced osmotic stress

ABA-mediated response  249–250, 251
osmoregulatory substances  

accumulation  250–251
perception and signalling  248–249

sodium homeostasis
compartmentalization into tonoplast  256
maintenance  252
regulation at soil–cell interface  252–254, 

254
root-to-shoot Na+ delivery at cell–xylem 

vessel interface  254–256
translocation within and between  

tissues  256
salinity stress combat in sorghum  421

germplasm for salt tolerance  421–422
growth stages  422
molecular breeding

candidate genes identification  427
genes related to transcription factors  428
genetic engineering  428
GWAS  426
hybridization-based markers  425
ion toxicity  427
linkage mapping  425–426

MAGIC population  426–427
MAS  429
molecular markers  425
multiple parents  426
NAM  426
proteomics studies  428
QTLs  425–426, 429

morpho-physiological traits  422–424
germination rate  423–424
physiological responses and stress  

reactions  424
salt-tolerant sorghum cultivars  423
traditional breeding for developing  

salinity-tolerant varieties
commercial cultivars  425
conventional method  424
cross-pollination  424–425
qualitative characteristics  424
quantitative traits  424

salinity tolerance improvement in wheat  39–40
bread wheat  39–40
breeding challenge  44–47
conventional breeding

hydroponic or sand culture  42
LU26S  42
salt-tolerant lines/cultivars  42
SARC-1 42
Thinopyrum junceum  43
Thinopyrum ponticum  43

durum wheat  40
high-throughput phenotyping  43–44
mechanisms controlling salt signalling tolerance

exclusion of  Na+ from leaves  40–41
osmotic stress tolerance  41

phenotyping  43–44
physiological-trait and molecular breeding

biomass growth  45
genetic basis  45
growth maintenance  47
molecular markers  47
Na+ toxicity in wheat  45
proposed traits and measure of  salinity  

tolerance, correlations between  45
QTLs and genes mapped  46
quantitative trait loci (QTLs)  47
target environment  44–45
traditional crop improvement  44

strategies and techniques for production of  
salt-tolerant wheat cultivars  45

salt stress
glycophytes  9
halophytes  9
molecular regulation of  salinity tolerance  13
Na+ entry and response in plants

cyclic nucleotide-gated channels 
(CNGCs)  11

glutamate receptors (GLRs)  11–12
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mechanosensitive ion channels 
(MSCCs)  12

non-selective cation channels (NSCCs)  11
plant adaptation strategies to internal  

Na+ pools  12–14
soil salinity phases

ionic  9, 11
osmotic  9

SARC-1 42
Savannah cultivar  102
sea barley grass  102
second messengers  1–2
selfing generations  216
Shakti  362
shoot fly  509
short-statured sorghums  508
shovelomics method  352
shuttle-breeding procedure  216, 507
simple sequence repeats (SSRs) markers  26, 29, 

240–241
cadmium tolerance in sorghum  468
drought tolerance in sorghum  424
micronutrient content increase in  

sorghum  484–485
sorghum adaptation to temperate climatic  

regions  446
single-nucleotide polymorphisms (SNPs)  29, 236, 365

cadmium tolerance in sorghum  468
cold tolerance in maize  287
drought stress tolerance in maize  274
markers  56, 130, 424, 446, 453–454
micronutrient content increase in  

sorghum  485–486
slowly digestible starch (SDS)  367
small ubiquitinlike modifier (SUMO) proteins  9
SNAC genes  7
soil salinity phases

ionic  9, 11
osmotic  9

soil texture  92
Sorghum Conversion Program  447, 507
specific-locus amplified fragments (SLAF)  

markers  454
speed breeding  217
stage-specific data recording  270
stress susceptibility index (SSI)  52, 61
SUMOylation  9, 14
sustainable development goals (SDGs)  360, 477
sweet sorghum  510–511
sweet sorghum panel (SSP)  481
systems modelling  206

targeting induced local lesion in genomes  
(TILLING)  455

temperate climatic adaptation of  sorghum  444–445, 
455–456

breeding goals  448
juvenile chilling tolerance  449–451
reproductive chilling tolerance  451–452

breeding methods
heterosis  452–453
hybrid breeding  452–453

genetic transformation  455
high-throughput genotyping tools  453–454
history  446–447
juvenile chilling tolerance

CSDP1 gene  450
NAM  450
QTL  450–451
recombinant inbred line (RIL)  

population  450
variation and early vigour  449, 449–450

molecular tools to enhance abiotic stress  
tolerance  445–446

next-generation-sequencing genotyping  
techniques  454

origin and genetic diversity of  sorghum  445
potential of  sorghum  447–448
reproductive chilling tolerance

juvenile chilling tolerance vs. 452
male sterility  451
meiosis in mother-spore cells  451
variation  451

TILLING  455
transcriptome analysis  454–455

teosinte  310
TILLING strategies  206
tools for transforming wheat breeding

breeding data management  217–218
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