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Foreword by Farooq A. Zaki

Strawberry is a delicious fruit with a special economic position in the fruit industry 
because of its post-harvest processing and antioxidant functional value. There are a 
large number of cultivars grown worldwide, encompassing major regions distributed 
across all six continents. Despite its importance, I have come across only a few books 
dedicated exclusively to the subject of the strawberry. This book provides a broad, 
well-structured review of strawberries and their cultivation under current environmen-
tal conditions.

Methods of strawberry cultivation have undergone many improvements, and this book 
covers aspects from plant propagation, architecture, genetic resources, breeding, abiotic 
stresses and climate change to evolving diseases and their control. The book is aimed at 
those involved in strawberry research and development, and also to those who are inter-
ested in cultivation of strawberry for commercial gain.

The first chapter gives a general introduction to strawberry with some important stat-
istics. It is followed by Section 1 on Genetics, Breeding and Omics, which contains five 
chapters. Chapters 2 and 3 discuss modern aspects related to available genetic resources 
and breeding for yield, quality and disease traits. The scope of metabolomics is discussed 
with special reference to white strawberry in Chapter 4. Chapter 5 is an interesting study 
on the transcriptomic profile of some key genes in relation to systemic acquired resistance, 
while Chapter 6 discusses different aspects of genetic transformation in strawberry. Section 2 
on Cultivation Systems and Propagation contains three chapters. These chapters discuss 
at length the plant growth, flowering, root growth and architecture, replant problems and 
plant propagation techniques. Section 3 on Disease and Stress Management contains six 
chapters dealing with biotic and abiotic stresses of strawberry. The first four chapters dis-
cuss traditional and emerging fungal diseases, their diagnosis and modern biointensive 
management strategies. Chapters 14 and 15 deal with the emerging challenges posed due to 
climate change and its impact on the changing magnitude and dimensions of abiotic stresses 
on strawberry.

This book is different on many accounts from the available compilations. It is up to 
date, containing the latest information available on the subject and is quite comprehen-
sive. Each chapter is on a specialized theme, contributed by leading researchers across 
the globe. Figures and tables are included to make the subject comprehensible and 
informative. The book also provides an insight into the different aspects of emerging 
challenges.
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Overall, this is a job well done by the authors and editors. I am confident that re-
searchers, teachers, students and commercial growers will find this book useful, interesting 
and informative.

I congratulate the authors on their endeavour and wish them success.

Dr Farooq Ahmad Zaki
Dean

Faculty of Horticulture
Sher-e-kashmir University of Agricultural Sciences and Technology of Kashmir

India

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



� xix

Strawberry is a fruit of immense significance in temperate and subtropical regions of the 
world. It generally fetches a high price in the market if supplied fresh. It is in demand in 
large quantities, both fresh as well as its products like juices, jams, jellies, ice creams, choc-
olates, pies, syrups and milkshakes. Artificial strawberry flavourings and aromas are also 
widely used in many products like candies, sanitizers, perfumes, lip sticks etc. Straw-
berries are rich in nutrients like vitamin C, potassium, folic acid and fibre. These are of 
medicinal importance. Quercetin, a flavonoid contained in them, has been shown to reduce 
the risk of atherosclerosis and to provide protection against the damage caused by 
low-density lipoprotein cholesterol. The high polyphenol content in them may be helpful 
in reducing the risk of cardiovascular diseases. Due to their high potassium content, straw-
berries are recommended to people with high blood pressure as it helps to counter the ef-
fects of sodium in the body. Furthermore, their low glycaemic index and high fibre content 
may help in regulating blood sugar and hence they are a smart choice for diabetics.

There are some challenges to strawberry cultivation. Scientists have been successful in 
making headway in addressing some of these challenges. The most common issues pertain 
to strawberry improvement for traits that help improve shelf-life as well as increased toler-
ance against diseases and pests.

This book is an excellent contribution by a group of international strawberry experts. 
I congratulate CABI and Drs Amjad M. Husaini and Davide Neri for their painstaking efforts 
in bringing forth such an up-to-date book relevant to strawberry researchers, academics, 
growers and industry. I am happy to recommend this book to all those interested in strawberry 
and believe they would find it useful.

Prof. Nazeer Ahmed
Vice-Chancellor

Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir
India

Foreword by Nazeer Ahmed
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Abbreviations

1,3-D 1,3-dichloropropene
2,4-D 2,4-dichlorophenoxyacetic acid
ABA abscisic acid
AFLP amplified fragment length polymorphism
AMF arbuscular mycorrhizae fungi
APS American Phytopathological Society
APX ascorbate peroxidase
ASA ascorbate
ASD anaerobic soil disinfestation
Avr avirulence
BA benzyladenine
BCA biological control agent
BTH benzothiadiazole S-methyl ester
CAT catalase
CGIAR Consultative Group on International Agricultural Research
CML calmodulin-like
DAMP damage-associated molecular pattern
DGGE denaturing gradient gel electrophoresis
DMDS dimethyl disulphide
DPPH 1,1-diphenyl-2-picrylhydrazyl
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EMBL European Molecular Biology Laboratory
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EST expressed sequence tag
ETI effector-triggered immunity
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FAO United Nations Food and Agriculture Organization
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GSH glutathione
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ITC isothiocyanate
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JA jasmonic acid
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MeBr methyl bromide
MS/MS tandem mass spectrometry
NAA 1-naphthaleneacetic acid
NAM non-AMF-inoculated
O2

•− superoxide anion
p.t. post-treatment
PA phytic acid
PAL phenylalanine ammonia-lyase
PAMP pathogen-associated molecular pattern
PCR polymerase chain reaction
PCR-DGGE polymerase chain reaction with denaturing gradient gel electrophoresis
PEG polyethylene glycol
PGPB plant growth-promoting bacteria
PGPR plant growth-promoting rhizobacteria
PR pathogenesis-related
PRD partial root zone drying
ProCa prohexadione-calcium
PRR pattern-recognition receptor
PRX peroxidase
PTI PAMP-triggered immunity
Q-3-Gluc quercetin 3-O-glucuronide
RAPD random amplified polymorphic DNA
Rf retardation factor
RFLP restriction fragment length polymorphism
ROS reactive oxygen species
rRNA ribosomal RNA
RT reverse transcription
SA salicylic acid
SAR systemic acquired resistance
SCAR sequence characterized amplified region
SOD superoxide dismutase
SSR simple sequence repeat
TDZ thidiazuron
TIF totally impermeable film
USDA US Department of Agriculture
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VCG vegetative compatibility group
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1.1.  Origin and History of Strawberry 
Cultivation

The genus Fragaria belongs to the family 
Rosaceae. Recorded history of the Fragas 
dates back to 23–79  ad in the writings of 
Pliny (Darrow, 1966). Early colonists in 
North America cultivated the native straw-
berry, Fragaria virginiana, which was a 
hardy plant with the ability to withstand 
cold temperature and drought. In the early 
1600s, F. virginiana was imported to Europe 
from North America. In the 1700s, explorers 
found a wild strawberry in Chile, Fragaria 
chiloensis, which grew large fruit but was 
not well suited to a wide range of climates. 
Northern Europe, including France, culti-
vated the woodland strawberry, Fragaria 
vesca (L.), as early as 1300. It was appreci-
ated as much for its flowers as for the fruit. 

Additionally, musky strawberries, Fragaria 
moschata, were also cultivated in Europe 
and Russia for centuries. Musky straw-
berries are light red to purple, and have a 
strong vinous flavour like Muscat grapes.

In 1714, the most important event in 
the history of the modern strawberry took 
place (Darrow, 1966). Amédée-Francois 
Frézier, a member of the French army, re-
turned from duty in Peru and Chile with 
some plants of F. chiloensis. When he arrived, 
he distributed his plants. One of them was 
interplanted alongside F. virginiana in Brest, 
France (Hancock and Luby, 1995). A natural 
hybrid comprising a hardy plant with large 
fruit developed by natural crossing and was 
therefore noticed. This natural hybrid was 
called Fragaria × ananassa Duch., and many 
former species have been supplanted by its 
cultivation ever since.
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1.2.  Taxonomy and Biology

The French botanist Antoine Nicolas Duchesne 
is credited with identification of the natural 
hybrid Fragaria × ananassa. The cultivated 
strawberry F. × ananassa Duch. is a member 
of the family Rosaceae, subfamily Rosoideae, 
along with blackberries and raspberries. 
There are about 34 species of Fragaria found 
in Asia, America (North and South) and Europe, 
of which two are cultivated commercially for 
their fruit: F. moschata, the musky or Hautboy 
strawberry, and F. vesca, the woodland or 
alpine strawberry. These species were culti-
vated for centuries, but there is very little 
production of them today, due to the success 
of F. × ananassa.

The F.  ×  ananassa is a perennial and 
arises from a crown of meristematic tissue or 
compressed stem tissue. The leaves, stems, 
runners, axillary crowns, inflorescences and 
roots all arise from the crown. The plant has 
trifoliate leaves that spiral around the crown, 
with buds in the leaf axils giving rise to the 
runners. The runners have two nodes, with a 
plant produced at the distal node. Straw-
berry blossoms contain many pistils, each 
with its own style and stigma attached to the 
receptacle. Botanically, the strawberry fruit 
is an ‘accessory fruit’ and is not a true berry. 
When fertilization occurs, the receptacle de-
velops into a fleshy fruit. The flesh consists 
of the greatly enlarged flower receptacle and 
is embedded with the many true fruits, or 
achenes, which are popularly called seeds. 
These seeds are arranged on the outside of 
the receptacle tissue. The growth of the re-
ceptacle is dependent on successful fertiliza-
tion of the ovules, with its size and shape 

dependent on the number of achenes formed 
(Darnell, 2003).

Strawberries can be diploid, tetraploid, 
hexaploid, octoploid and even decaploid. 
The woodland strawberry, F. vesca, and most 
of the native species around the world are 
diploid. They range from dioecious to herm-
aphroditic and self-fertile to self-incompatible. 
Three known tetraploids are Fragaria moupin-
ensis, Fragaria orientalis, and Fragaria corym-
bosa. F. moschata is a hexaploid strawberry 
and is known for its musky flavour. F. chilo-
ensis and F. virginiana are both octoploid, 
with their flowers mostly being dioecious  
although some are hermaphroditic (Hancock 
et al., 1996). This polyploidy of the Fragaria 
spp. makes selection of desirable traits via 
traditional breeding using cross-pollination 
of the flowering plants tedious and time con-
suming (Husaini et al., 2011).

1.3.  Area, Production and Yield

Strawberry is a highly popular crop and is 
in great demand for fresh markets as well as 
in the fruit processing industry for prepar-
ing jams and other products (Husaini and 
Abdin, 2008). Its popularity can be judged 
from the fact that the production of straw-
berries has increased considerably in recent 
years (Table 1.1, Figs 1.1–1.3).

The figures clearly show that worldwide 
strawberry production has shown a remarkable 
increase of about 53.5% and an expansion in 
area of about 12% in the period between 2003 
and 2013. The steepest increase has been ob-
served in Africa, where the production in-
creased by 125.9% and area increased by 70.7% 

Table 1.1.  Total area and production of strawberry across major regions.

Production (t) Area (ha)

Region 2003 2013 2003 2013

World 5,041,331 7,739,622 320,990 361,662
Europe 1,224,692 1,484,987 162,543 162,315
Asia 2,334,869 3,845,553 113,121 143,036
USA 977,945 1,360,869 19,587 23,549
Africa 184,582 417,135 6,250 10,671

Source: http://faostat.fao.org/.
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Fig. 1.1.  Trend in strawberry area harvested across major regions. K, thousand.
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Fig. 1.2.  Trend in strawberry yield across major regions. K, thousand.

in this decade. Next in rank comes Asia, 
where there has been 64.7% increase in pro-
duction and 26.4% increase in area. The pro-
duction and area in USA have increased by 
39.1 and 20.2%, respectively. Europe has re-
corded an increase of 21.2% in production, 
despite a small decrease of 0.1% in the area 
under cultivation. Overall, the figures are 
encouraging, revealing the profitability and 
popularity of this glamour fruit across all 
major regions of the world.

There are hundreds of different straw-
berry cultivars. These have been produced 

by plant breeders to fit particular environmental 
or marketing niches, and generally no single 
cultivar is grown worldwide or even nation-
wide. Each cultivar performs differently, de-
pending on the climate and conditions in 
which it is grown. Octoploid strawberry 
accessions are extremely variable in morph-
ology, photoperiod sensitivity and fruit qual-
ity (Husaini, 2010). To maximize strawberry 
production, it is important to choose a suit-
able strawberry cultivar that is well suited to 
a growing region. A good source of this infor-
mation can be found on websites such as 
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Strawberry Plants.org (http://strawberryplants. 
org/2010/05/strawberry-varieties/). Due to 
the difficulties imposed by the complicated 
octoploid genome on conventional breeding 
strategies, manipulation through recombin-
ant DNA technology, Golden Gate cloning 
and CRISPR (clustered regularly interspaced 
short palindromic repeats)/Cas systems are 
favourable options in strawberry improve-
ment. The problem of strawberry fruit soft-
ening is a classic example of this kind of 
intervention by biotechnological tools. Gen-
etic transformation has also improved straw-
berries for many traits that confer adaptive 
advantage to these plants such as the chal-
lenges imposed by climate change (Husaini 
et al., 2012) (see Chapter 14, this volume).

1.4.  Health-promoting Properties

In the past few years, the antioxidant power of 
fruit has been considered an indicator of the 
beneficial bioactive compounds present in 
foodstuffs and therefore of their healthfulness. 
Indeed, strawberry phenolics are best known 
for their antioxidant and anti-inflammatory 
action, and possess direct and indirect anti-
microbial, anti-allergy, and anti-hypertensive 
properties, as well as the capacity for inhibit-
ing the activities of some physiological en-
zymes and receptors, preventing oxidative 

stress-related diseases (Wang et al., 1996). The 
major class of strawberry polyphenols is fla-
vonoids, mainly anthocyanins. The most 
quantitatively important phenolic compounds 
present in strawberries are in the form of pel-
argonidin and cyanidin derivatives (Giampieri 
et al., 2012, 2013, 2014).

There is consolidated evidence to clas-
sify strawberries as a functional food with 
several preventive and therapeutic health 
benefits (Basu et al., 2014). Strawberries 
possess anticarcinogenic, antioxidative and 
genoprotective properties against multiple 
human and mouse cancer cell types both  
in vitro (Wang et al., 2005; Zhang et al., 
2008) and in vivo in animal models (Carlton 
et al., 2001; Stoner et al., 2007), but human 
studies are still rare, and investigations 
particularly focused on patients with pre- 
cancerous conditions are strongly advisable. 
Strawberry phenolics are able to: (i) detox-
ify free radicals, blocking their production; 
(ii) modulate the expression of genes in-
volved in metabolism, cell proliferation and 
antioxidant defence; and (iii) protect and 
repair DNA damage. Several polyphenolic 
compounds such as anthocyanins, kaemp-
ferol, quercetin, fisetin, ellagitannins and el-
lagic acid have been reported in strawberries 
(Giampieri et al., 2012, 2013, 2014). Fisetin 
possesses antioxidant, anti-inflammatory and 
anti-proliferative effects in a wide variety  
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of cancers (Ravichandran et al., 2011). Most 
of the studies have been performed in vivo, 
in particular in lung cancer (Ravichandran 
et al., 2011; Touil et al., 2011), prostate can-
cer (Khan et al., 2008), teratocarcinoma 
(Tripathi et al., 2011) and skin cancer (Syed 
et al., 2011).

A highly prevalent problem affecting 
nearly 21% of the world population is de-
pression, and its prevalence has increased 
significantly by 6% during the past two 
decades. According to the World Health  
Organization, depression will become the 
second leading cause of disease-related dis-
ability by the year 2020. The antidepressant 
potential of fisetin has been investigated in 
two classical mouse models of despair 
tasks: tail suspension and forced swimming 
tests. Fisetin application (10 and 20 mg kg–1, 
per os) inhibited the immobility time in 
both behavioural tests in a dose-dependent 
way, while the doses that affected the im-
mobile response did not affect locomotor 
activity. In addition, neurochemical assays 
showed that fisetin produced an increase  
in serotonin and noradrenaline levels in 
the frontal cortex and hippocampus (Zhen 
et al., 2012). These findings indicate that 
fisetin could serve as a novel natural anti-
depressant agent.

Anticarcinogenic effects of strawberries 
are mediated mainly through the detoxifi-
cation of carcinogens, scavenging of react-
ive oxygen species, the decrease in oxidative 
DNA damage (Xue et al., 2001; Stoner  
et al., 2008), the reduction of cancer cell 
proliferation through apoptosis (Seeram 
et  al., 2006) and cell-cycle arrest (Stoner 
et  al., 2007), downregulation of activator 
protein 1 and nuclear factor-kB, inhibition 
of Wnt signalling, tumour necrosis factor-a 

(Zhang et al., 2008) and angiogenesis (Atalay 
et al., 2003; Duthie, 2007).

Strawberries (F. × ananassa Duch.) are 
a rich source of a wide variety of nutritive 
compounds such as sugars, vitamins and 
minerals, as well as non-nutritive, bioactive 
compounds such as flavonoids, anthocya-
nins and phenolic acids. The most abun-
dant class of phytochemicals in strawberries 
is ellagitannins (i.e. sanguiin-H-6), followed 
by flavonols (i.e. quercetin and kaempferol- 
3-malonyl glucoside), flavanols (i.e. cate-
chins and procyanidins), and phenolic 
acids (i.e. caffeic and hydroxybenzoic acid 
derivatives) (Wang et al., 1996; Giampieri  
et al., 2012, 2013, 2014). All of these com-
pounds exert a synergistic and cumulative 
effect on human health promotion and in 
disease prevention. Of its many positive 
characteristics, the nutritional value of 
strawberries is nearly perfect (Table 1.2). 
Eight medium strawberries contain more 
vitamin C than an orange, 20% of the re-
commended daily allowance for folic acid, 
no fat and no cholesterol, and are con-
sidered high in fibre. Another significant 
nutritional feature is the concentration of 
folate (24 μg per 100 g of fresh fruit): among 
fruit, strawberries are one of the richest nat-
ural sources of this indispensable micronu-
trient, which represents an essential factor 
in health promotion and disease prevention 
(Tulipani et al., 2008, 2009). Strawberries 
are also a notable source of manganese, and 
a good source of iodine, magnesium, cop-
per, iron and phosphorus. Moreover, both 
their dietary fibre and fructose contents may 
contribute to regulating blood sugar levels 
by slowing digestion, while the fibre con-
tent may control calorie intake by its satiat-
ing effect.
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Table 1.2.  Nutritional composition of strawberry (Fragaria × ananassa Duch.). (From US Department of Agriculture: http://ndb.nal.usda.gov/ndb/search/
list?qlookup=09316&format=Full.)

Component Per 100 g Standard error Component Per 100 g Standard error

Nutrient Lipids
Water (g) 90.95 0.214 Fatty acids, total saturated (g) 0.015 –
Energy (kcal) 32 – 16:00 (g) 0.012 –
Energy (kJ) 136 – 18:00 (g) 0.003 –
Protein (g) 0.67 0.026 Fatty acids, total monounsaturated (g) 0.043 –
Total lipid (fat) (g) 0.3 0.047 16:1 undifferentiated (g) 0.001 –
Ash (g) 0.4 0.021 18:1 undifferentiated (g) 0.042 –
Carbohydrate, by difference (g) 7.68 – Fatty acids, total polyunsaturated (g) 0.155 –
Fibre, total dietary (g) 2 0.152 18:2 undifferentiated (g) 0.09 –
Sugars, total (g) 4.89 – 18:3 undifferentiated (g) 0.065 –
Sucrose (g) 0.47 0.328 18:4 (g) 0 –
Glucose (dextrose) (g) 1.99 0.194 20:4 undifferentiated (g) 0 –
Fructose (g) 2.44 0.198 20:5 n-3 (EPA) (g) 0 –
Lactose (g) 0 0 22:5 n-3 (DPA) (g) 0 –
Maltose (g) 0 0 22:6 n-3 (DHA) (g) 0 –
Galactose (g) 0 0 Cholesterol (mg) 0 –
Starch (g) 0.04 0.029 Phytosterols (mg) 12 –
Vitamins Amino acids
Vitamin C, total ascorbic acid (mg) 58.8 2.473 Tryptophan (g) 0.008 –
Thiamin (mg) 0.024 0.003 Threonine (g) 0.02 –
Riboflavin (mg) 0.022 0.008 Isoleucine (g) 0.016 –
Niacin (mg) 0.386 0.037 Leucine (g) 0.034 –
Pantothenic acid (mg) 0.125 0.003 Lysine (g) 0.026 –
Vitamin B-6 (mg) 0.047 0.012 Methionine (g) 0.002 –
Folate, total (μg) 24 5.465 Cystine (g) 0.006 –
Folic acid (μg) 0 – Phenylalanine (g) 0.019 –
Folate, food (μg) 24 5.465 Tyrosine (g) 0.022 –
Folate, DFE (μg) 24 – Valine (g) 0.019 –
Choline, total (mg) 5.7 – Arginine (g) 0.028 –
Betaine (mg) 0.2 – Histidine (g) 0.012 –
Vitamin B-12 (μg) 0 – Alanine (g) 0.033 –
Vitamin B-12, added (μg) 0 – Aspartic acid (g) 0.149 –
Vitamin A, RAE (μg) 1 0.031 Glutamic acid (g) 0.098 –
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Retinol (μg) 0 – Glycine (g) 0.026 –
Carotene, b (μg) 7 0.22 Proline (g) 0.02 –
Carotene, a (μg) 0 0 Serine (g) 0.025 –
Cryptoxanthin, b (μg) 0 0 Minerals
Vitamin A, (IU) 12 0.625 Calcium (Ca) (mg) 16 0.562
Lycopene (μg) 0 0 Iron (Fe) (mg) 0.41 0.026
Lutein + zeaxanthin (μg) 26 8.04 Magnesium (Mg) (mg) 13 0.222
Vitamin E (a-tocopherol) (μg) 0.29 0.024 Phosphorus (P) (mg) 24 0.72
Vitamin E, added (mg) 0 – Potassium (K) (mg) 153 4.073
Tocopherol, b (mg) 0.01 0.002 Sodium (Na) (mg) 1 0.1
Tocopherol, g (mg) 0.08 0.01 Zinc (Zn) (mg) 0.14 0.013
Tocopherol, d (mg) 0.01 0.005 Copper (Cu) (mg) 0.048 0.004
Vitamin D (D2 + D3) (μg) 0 – Manganese (Mn) (mg) 0.386 0.018
Vitamin D (IU) 0 – Selenium (Se) (μg) 0.4 –
Vitamin K (phylloquinone) (μg) 2.2 0.29 Fluoride (F) (μg) 4.4 0.4
Anthocyanidins Flavonols
Petunidin (mg) 0.1 0.1 Isorhamnetin (mg) 0 –
Delphinidin (mg) 0.3 0.28 Kaempferol (mg) 0.5 0.01
Malvidin (mg) 0 0.01 Myricetin (mg) 0 0.04
Pelargonidin (mg) 24.8 0.69 Quercetin (mg) 1.1 0.04
Peonidin (mg) 0 0.05 Isoflavones
Cyanidin (mg) 1.7 0.05 Daidzein (mg) 0 0
Flavan-3-ols Genistein (mg) 0 0
(+)-Catechin (mg) 3.1 0.19 Glycitein (mg) 0 –
(–)-Epigallocatechin (mg) 0.8 0.35 Total isoflavones (mg) 0 0.005
(–)-Epicatechin (mg) 0.4 0.13 Formononetin (mg) 0 –
(–)-Epicatechin 3-gallate (mg) 0.2 0.02 Coumestrol (mg) 0 –
(–)-Epigallocatechin 3-gallate (mg) 0.1 0.06 Proanthocyanidin
(+)-Gallocatechin (mg) 0 0.005 Proanthocyanidin monomers (mg) 3.7 0.8
Flavanones Proanthocyanidin dimers (mg) 5.3 1.89
Hesperetin (mg) 0 0 Proanthocyanidin trimers (mg) 4.9 2.27
Naringenin (mg) 0.2 0.25 Proanthocyanidin 4–6mers (mg) 28.1 6.47
Flavones Proanthocyanidin 7–10mers (mg) 23.9 3.47
Apigenin (mg) 0 0 Proanthocyanidin polymers (>10mers) (mg) 75.8 13.36
Luteolin (mg) 0 0.001
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2.1.  Historical Background and Botanical 
Classification of the Genus Fragaria

The history of the strawberry dates back to 
Roman times, and perhaps even to Greek 
times; however, it is difficult to find ancient 
references to this species. Darrow (1966), in 
his book The Strawberry: History, Breeding, 
and Physiology, discusses a large part of 
the early history of the strawberry, through 
which it is possible to establish the origins 
of this species. For example, Darrow refers to 
Natural History, Book 21, of Pliny (23–79 ad), 
which mentions the use of the strawberry as 
a natural product in Italy. There are other 
references, especially in medical documents, 

as therapeutic properties were attributed to 
this plant. However, the strawberry was not 
grown in Europe until 1300 ad. The first ref-
erences mention the use of Fragaria vesca 
as ground cover in French gardens. Initially, 
the strawberry was used as an ornamental 
plant, although interest in its fruit increased 
over time. Wilhelm and Sagen (1974) men-
tion the species description in the Latin 
Herbarius, published in Mainz, Germany, in 
1484, in which one of the first drawings of 
the plant appeared under its botanical name, 
Fragaria, which comes from the Latin fragans, 
meaning fragrance.

In 1500, three European species of straw-
berry were described: F. vesca, Fragaria 
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moschata and Fragaria viridis. The most com-
mon was F. vesca, of which two subspecies 
were cited, one with white fruits and the 
other with red fruits. The species Fragaria 
sylvestris semperflorens, which blossoms 
and fructifies throughout the entire growing 
season, was later described (Darrow, 1966). 
Historically, the most significant event re-
garding the cultivated strawberry occurred 
in 1714, when the French explorer Amédée-
François Frézier, commissioned by Louis XIV, 
collected Fragaria chiloensis plants on the 
shores of Concepción, in southern Chile. 
Although Frézier was an engineer, and the 
expedition’s objective was to study the 
Spanish fortifications, he had a great interest 
in botany and natural science. Frézier was 
attracted by a strawberry species (F. chilo-
ensis) that had unusually large fruits and 
was cultivated by local communities. On 
his trip back to France, he carefully kept 
five plants on the ship’s deck during the 
6-month voyage. When Frézier arrived in 
France, he gave one of the plants as a pre-
sent to the Director of the Royal Garden in 
Paris, who placed it together with plants of 
Fragaria virginiana. Frézier’s plant had only 
female flowers, whereas the Fragaria virgin-
iana specimens had only male flowers, which 
favoured the spontaneous cross between both 
species. The progeny of this cross exhibited 
exceptional characteristics in terms of fruit 
size, shape and colour. This was the begin-
ning of the dynamic and fruitful improve-
ment process of the cultivated strawberry, 
Fragaria × ananassa Duch. (Darrow, 1966).

In contrast, the background of the intro-
duction of F. virginiana into Europe is not 
known precisely. In 1623, nearly a century 
before Frézier’s expedition, in a book about 
native and exotic plants grown in Parisian 
gardens, J. Robin and V. Robin mention an 
American Fragaria, which would correspond 
to F. virginiana (Staudt, 1999). This species 
was supposedly collected in the early 16th 
century in eastern North America by colon-
ists and explorers, and was soon introduced 
into Europe. In 1629, Perkinson referred to 
‘Virginia strawberry’, noting that, even though 
its plants had abundant flowers each year, it 
had not been possible to harvest even a 
single fruit in seven seasons (Staudt, 1999). 

In all likelihood, Perkinson’s plants com-
prised only one sex, as we now know that 
F. virginiana is a trioecious species.

In 1766, Duchesne was the first to pro-
vide a complete description of American 
strawberries in a monograph on the genus 
Fragaria, although the nomenclature codes 
he used did not follow accepted taxonomic 
standards. In 1768, Miller published the 
correct names of the species F. chiloensis and 
F. virginiana in the Gardener’s Dictionary 
(Staudt, 1999). Although, as mentioned above, 
most of the strawberry plants cultivated 
today correspond to the hybrid Fragaria  × 
ananassa, whose parents are of American 
origin, the genus Fragaria includes more 
than 150 species widely distributed in cold, 
temperate and subtropical regions. If we 
take into account only the most important 
species, this number can be reduced to 20 
(Hancock, 1999; Staudt, 1999), which are 
grouped according to the number of chromo-
somes into diploid, tetraploid, hexaploid 
and octoploid species, with a basic haploid 
number of seven chromosomes (Table 2.1).

These 20 species and their geographical 
distribution are represented in the map 
shown in Fig. 2.1, as proposed by Rous-
seau-Gueutin et al. (2009) and adapted ac-
cording to information compiled from other 
publications (Hancock and Luby, 1993; 
Staudt, 1999).

As shown in Fig. 2.1, diploid species 
are distributed throughout Eurasia, although 
one species, F. vesca, has a wider distribu-
tion, and may also be found in America. 
Tetraploid species, on the other hand, are 
restricted to East Asia, while the only 
hexaploid species, F. moschata, is found in 
Europe. F. chiloensis grows along the en-
tire Pacific coast of America, from southern 
Chile to Alaska (Staudt, 1999). Fragaria 
iturupensis was described by Staudt (1973) 
as the only Asian octoploid species. How-
ever, Hummer et al. (2009) postulated it is a 
decaploid species. It should be noted that 
F.  iturupensis ploidy is not completely re-
solved, so it is generally considered as a 
species with varying ploidy (octoploid and 
decaploid). F. iturupensis can be found in 
north Pacific islands, specifically the Kuril 
Islands.
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The possible origins and evolutionary 
processes of this genus can be understood 
by analysing the distribution map of species 
from the genus Fragaria. These are complex 
processes that involve mainly the species that 
currently grow spontaneously in America.

2.2.  Evolution and Origin of  
the Genome

There is no certainty yet about the origin 
of the genome of Fragaria, nor about the 
key species that are present in the hybrid 
F.  ×  ananassa. Compatibility studies have 
been carried out through interspecific crosses, 
chromosomal analysis and, more recently, 
molecular studies with the aim of clarifying 
genome evolution in the genus Fragaria.

2.2.1.  Diploid species

Most diploid species of the genus Fragaria 
can cross normally, and meiosis of hybrids 
occurs regularly. Nevertheless, in some cases 
sterile hybrids are produced, suggesting that 
among these species there are genomes with 
hidden structural differences. According to 
compatibility characteristics and molecular 
analyses, there would be three affinity groups 

of diploid species (Bors and Sullivan, 1998; 
Potter et al., 2000; Rousseau-Gueutin et al., 
2009; Njuguna et al., 2013). Table 2.2 shows 
the composition of these three groups ac-
cording to analyses conducted by various 
authors, using different methodologies.

In a first approach, and as a result of 
interspecific crosses between nine diploid 
species of the genus Fragaria, Bors and Sulli-
van (1998) proposed three affinity groups, 
which overlapped with each other (Table 2.2a). 
The authors also pointed out that F. vesca 
would be the common ancestor of all dip-
loid species, as there is a strong affinity be-
tween this species and most diploid species 
described, even with F. nilgerrensis, which 
is sexually isolated from the rest of the spe-
cies studied. Geographical distribution areas 
also overlap with each other (Fig. 2.1).

Thanks to the development of various 
molecular techniques, in the last decade 
there has been great progress in the genetic 
study of the genus Fragaria. Potter et al. 
(2000) conducted a phylogenetic study that 
included 43 accessions, based on variations 
of DNA non-coding region sequences in 
chloroplasts and in the nucleus (Table 2.2b). 
They determined that diploid species could 
be classified into three groups. The species 
F. iinumae, from western Japan, would form 
a monophyletic group, independent of the 
other diploid species studied. Furthermore, 

Table 2.1.  Main species of the genus Fragaria and their ploidy.

Ploidy Species Ploidy Species

Diploids (2x)a F. vesca Tetraploids (4x) F. corymbosa
F. viridis F. orientalis
F. nilgerrensis F. moupinensis
F. daltoniana Penta and hexaploids  

(5x and 6x)
F. bringhurstii

F. nubicola Hexaploids (6x) F. moschata
F. innumae Octoploids (8x) F. chiloensis
F. yesoensis F. virginiana
F. mandshurica F. iturupensisb

F. nipponica F. × ananassa
F. gracilis Decaploids (10x) F. iturupensisb

F. pentaphylla

ax, Basic chromosome number in the haploid genome (x=7).
bThere is no complete clarity on the ploidy of F. iturupensis; apparently, some accessions are octoploid, while others are 
decaploid.
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Fig. 2.1.  World distribution of Fragaria spp.
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they established that F. vesca and F. nubicola, 
which belong to a second group, would be 
the closest diploid species to the octoploid 
F. chiloensis and F. virginiana. F. pentaphylla, 
F. nipponica, F. daltonian, F. gracilis and 
F. nilgerrensis would form a third group of 
diploid species. Later, Rousseau-Gueutin et al. 
(2009) studied the evolution of ploidy in the 
species of the genus through phylogenetic 
analyses of nuclear genes, also giving rise to 
three affinity groups (Table 2.2c). They pro-
posed that F. iinumae stands apart from the 
other diploid species studied. In a second 
group, F. vesca and F. mandshurica would 
have greater genetic proximity, in contrast 
to F. viridis. In this case, the third group 
would be composed of six diploid species, 
including F. nilgerrensis, although this spe-
cies had a higher genetic distance with re-
spect to the rest of group III.

In a recent study conducted by Njuguna 
et al. (2013), in which phylogenetic analysis 
of chloroplast genome sequences was car-
ried out, it was determined that the diploid 
species studied could be classified in three 
groups similar to those described by 
Rousseau-Gueutin et al. (2009) (Table 2.2d). 
In this study, the location of F. viridis and 
F. nilgerrensis remains uncertain; however, 
there is a strong relationship between 
F. viridis and group II, in accordance with 

what was suggested by Rousseau-Gueutin 
et al. (2009).

To sum up, the information available to 
date indicates there are three affinity groups 
among diploid species. Different authors 
have made progress regarding the compos-
ition of each group, although some contra-
dictions remain. New studies are needed to 
move forward, which should include vari-
ous accessions of the different diploid spe-
cies, in conjunction with species from other 
ploidies in order to establish the genomic 
components of octoploid species with greater 
certainty.

2.2.2.  Tetraploid species

Among tetraploid species, F. orientalis has 
been one of the most studied, and two hy-
potheses have been proposed about its ori-
gin. The first states that this species is an 
autotetraploid, with F. vesca or F. mandshurica 
being the parental species. According to the 
second hypothesis, F. orientalis has an allo-
tetraploid origin, where the species F. vesca 
and F. mandshurica correspond to the pa-
rentals (Rousseau-Gueutin et al., 2009). 
With respect to other tetraploid species, the 
same authors established that F. corymbosa, 
F. gracilis, F. moupinensis and F. tibetica 

Table 2.2.  Classification of diploid species of the genus Fragaria.

Group Methodology

(a) Interspecific crosses  
(Bors and Sullivan, 1998)

(b) Phylogenetic  
(Potter et al., 2000)a

(c) Phylogenetic 
(Rousseau-Gueutin 
et al., 2009)b

(d) Phylogenetic 
(Njuguna et al., 
2013)c

I F. vesca, F. pentaphylla, 
F. viridis, F. nubicola

F. iinumae F. iinumae F. iinumae

II F. vesca, F. pentaphylla,  
F. daltoniana,  
F. nilgerrensis

F. vesca,  
F. nubicola

F. vesca,  
F. mandshurica,  
F. viridis

F. vesca,  
F. mandshurica,  
F. bucharica

III F. pentaphylla,  
F. nipponica,  
F. iinumae,  
F. gracilis

F. pentaphylla,  
F. nipponica,  
F. daltoniana,  
F. gracilis,  
F. nilgerrensis

F. pentaphylla,  
F. nipponica,  
F. daltoniana,  
F. nubicola,  
F. nilgerrensis,  
F. yezoensis

F. pentaphylla,  
F. nipponica,  
F. daltoniana,  
F. chinensis

aNuclear internal transcribed spacer region and a region of the chloroplast genome.
bNuclear genes GBSSI-2 and DHAR.
cChloroplast genome sequencing.
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would be genetically related to the diploid 
species F. nipponica, F. nubicola, F. penta-
phylla and F. yezoensis, but were unable to 
clearly determine the parental relationships 
between them.

2.2.3.  Hexaploid species

In the case of F. moschata, although the 
chromosomes have high affinity during 
meiosis, they have been suggested to have 
different origins. Staudt (1959) suggested 
that possible diploid ancestors of this species 
would be F. nubicola, F. viridis or F. vesca. 
Results obtained by Potter et al. (2000) are 
consistent with the hypothesis proposed by 
Staudt (1959), suggesting that F. moschata 
would be a hybrid between F.  vesca and 
F. nubicola. Meanwhile, Rousseau-Gueutin 
et al. (2009) suggested that F. moschata would 
come from a natural cross between the dip-
loid species F. vesca and F. viridis, with the 
latter probably being the maternal donor. 
They also proposed that unreduced gametes 
from one of the parents would provide two 
sets of haploid chromosomes and that du-
plication of the resulting triploids would 
follow.

2.2.4.  The genome of octoploid species

Compatibility studies based on crosses be-
tween species and data obtained through 
molecular techniques both confirm the par-
ticipation of different genomes in configur-
ing the ancestors of F. × ananassa.

Polyploidy in the genus Fragaria is 
probably due to the union of 2n gametes, as 
several authors have pointed out that non-
disjunction is very common in the different 
strawberry species (Hancock, 1999). A study 
on natural populations of F. chiloensis and 
F. vesca showed that approximately 1% of 
pollen grains corresponded to unreduced 
gametes, and that more than 10% of natural 
hybrids between these species arose from 
the union of these gametes (Bringhurst and 
Senanayake, 1966).

According to analyses performed by 
Rousseau-Gueutin et al. (2009), there is 

evidence of the allopolyploid origin of the 
octoploid species F. chiloensis, F. iturupensis 
and F. virginiana. It is proposed that these 
three species are the result of hybridization 
events that combined the genomes of the 
group formed by the diploid species F. vesca 
and F. mandshurica, and the group repre-
sented by the diploid species F. iinumae. 
It is suggested that the first group is the ma-
ternal genome donor and the second is the 
paternal genome donor. In all likelihood, 
the octoploid F. iturupensis, the common 
ancestor, migrated from East Asia into North 
America through the Bering Strait. Subse-
quently, the two octoploid species differ-
entiated themselves, and extended their 
distribution range towards the south as 
F. chiloensis, and towards the east as F. vir-
giniana (Potter et al., 2000; Rousseau-Gueutin 
et al., 2009).

Inheritance studies have shown that oc-
toploid species would have a diploidized 
genome, as well as the presence of a large 
number of bivalents in the meiosis of 
F. × ananassa (Bringhurst, 1990). Molecular 
markers confirmed the genome’s diploid be-
haviour in the octoploid F. × ananassa. Us-
ing CAPS (cleavage amplified polymorphic 
sequence) markers, it was determined that 
most loci of the cultivated strawberry are 
transmitted to the progeny according to 
Mendelian laws of inheritance, and present 
a disomic inheritance (Kunihisa et al., 2005). 
Afterwards, through comparative genetic 
mapping, a prevalence of linkage groups in 
the coupling/repulsion phase was observed 
in the progeny from crosses of one diploid and 
one octoploid species (F. vesca × F. bucharica), 
also demonstrating disomic behaviour during 
meiosis of cultivated strawberry (Rousseau-
Gueutin et al., 2008).

Despite the advanced molecular tech-
niques currently available, the composition 
of the octoploid genome of F. × ananassa is 
still under discussion. Initially, and based 
on cytological comparison studies, it was 
thought that the octoploid genome of F.  × 
ananassa was composed of the structure 
AA A′A′ BB BB (Senanayake and Bring-
hurst, 1967). However, the most widely ac-
cepted theory is that proposed by Bringhurst 
(1990), who suggested that the genomic 
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structure of F.  ×  ananassa corresponds to 
the polyploid composition AA A′A′ BB 
B′B′. While both hypotheses indicate that 
cultivated strawberry corresponds to a poly-
ploid species with multiple independent 
genomes, Bringhurst’s approach is consist-
ent with the thesis that the octoploid gen-
ome of F.  ×  ananassa has undergone 
diploidization, and that its inheritance be-
haves in a predominantly disomic manner. 
Figure 2.2 shows an adaptation of the dia-
gram proposed by Bringhurst (1990) with 
respect to the origin of octoploid genotypes 
of the genus Fragaria, generated by combin-
ing Bringhurst’s hypothesis with the theory 
proposed by Rousseau-Gueutin et al. (2009), 
who suggested that the genome of octoploid 
species would be composed of species of 
group I (A and A′) and group II (B), while 
the B genome would come from a single 
diploid, F. iinumae.

2.3.  Breeding Programmes Involving 
Native Germplasm

Over the past half century, strawberry 
breeding programmes have expanded rap-
idly. This is one of the fruit species in which 
many more varieties have been registered: 

up to 92 registrations per year (UPOV, 2013). 
Nevertheless, it has been determined that 
the genetic basis of modern varieties is sur-
prisingly narrow. Until 1990, most varieties 
had originated just from ten parental geno-
types (Dale and Sjulin, 1990). Despite this, 
harmful effects of this situation are not par-
ticularly evident, due to the fact that this 
species is an octoploid, which has allowed 
preservation of a large percentage of vari-
ability in the genome copies. RAPD (ran-
domly amplified polymorphic DNA) markers 
applied to a large number of commercial 
cultivars have shown that there is sufficient 
variability among cultivated octoploid geno
types (Gambardella et al., 2005). Other au-
thors have corroborated these results, noting 
that 200 years of breeding have produced a 
slight reduction in the genetic variability of 
the cultivated strawberry (Gil-Ariza et al., 
2009).

Another factor that contributes to main-
taining genetic variability is the use of wild 
germplasm. Bringhurst and Voth (1984) 
found that only three generations of back-
crosses were required to recover the size 
of the fruit in varieties of F.  ×  ananassa 
after the cross with F. virginiana, and that 
autofertility was strongly restored in the 
same three generations. In general, the 
introduction of wild genes is a strategy used 
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Fig. 2.2.  Diagram of the origin of polyploidy in Fragaria spp. (Adapted from Bringhurst, 1990.)
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by very few breeders. In most cases, it is in 
public programmes where introgression with 
wild genes has been carried out, as these 
programmes normally have greater access 
to germplasm banks with long-term stable 
funding, ensuring long periods of crosses, 
backcrosses and selection. However, it must 
be considered that, in recent years, straw-
berry genetic breeding activity has shifted 
to the private sector. Fruit marketing com-
panies and plant nurseries increasingly de-
velop their own programmes, associating 
their varieties with business strategies. In 
the coming years, therefore, there will be a 
greater probability of narrowing the genetic 
basis among commercial varieties of straw-
berries. Such a narrow genetic base should 
be a cause for concern due to the possibility 
of harmful inbreeding effects.

The cultivation of strawberries world-
wide also faces multiple challenges that 
could not be addressed if it were not for the 
search for new genes among wild popula-
tions. Fruit quality characteristics, such as 
better flavour and aroma, as well as a higher 
content of dietary substances that benefit 
human health (e.g. high levels of antioxi-
dants), are the qualities required by the mod-
ern consumer. The need to minimize the use 
of pesticides in order to make agriculture 
environmentally sustainable requires the 
continual introduction of plant pest- and 
disease-resistant genes in new varieties. 
Furthermore, the need to expand cultivation 
areas and to face changing climates require 
the presence of abiotic stress resistance genes. 
These are some of the goals of modern gen-
etic breeding for this species.

Octoploid species, especially F. chiloensis 
and F. virginiana, have been the species most 
used as sources of genetic variability becasue, 
as species of the same ploidy level, they can 
easily be crossed. These species also grow 
in a wide geographical distribution area and 
are subject to selection pressures in extreme 
environments, where biotic and abiotic 
stress resistance genes are present. When 
analysing the history of the main varieties 
developed in the USA, it is worth noting the 
work performed by Albert Etter in the early 
20th century (1903–1920) in California, who 
obtained more than 50 strawberry cultivars 

by crossing plants of F.  ×  ananassa with 
wild accessions of F. chiloensis. Later, C.L. 
Powers and A.C. Hildreth, from the Depart-
ment of Agriculture (USDA), used F. virgin-
iana subsp. glauca in the programmes they 
conducted between 1930 and 1940. R.S. 
Bringhurst and V. Voth, from the University 
of California, used F. virginiana to produce 
day-neutral varieties. They also used F. chilo-
ensis, primarily to increase fruit size in short-
day cultivars (Hancock and Luby, 1993).

Recent studies have shown that an 
interesting breeding strategy is the independ-
ent selection of wild genotypes of F. virgin-
iana and F. chiloensis, which are then used 
to rebuild the hybrid F. × annanassa from 
outstanding clones. In this way, it is pos-
sible to reduce the presence of unfavourable 
genes, which are often closely linked to 
genes of agronomic interest (Hancock et al., 
2001a, 2003, 2010). Some interesting char-
acteristics have also been found in other 
species, such as F. vesca, F. moschata and 
F. viridis. However, given the wide distribu-
tion range of the species F. chiloensis and 
F. virginiana, it is likely that there is still a 
large amount of genetic resources in natural 
populations of these two parental species, 
as well as in natural populations of the hy-
brid between the two.

2.3.1.  Fragaria chiloensis

From the point of view of its botanical clas-
sification, Staudt (1962, 1999) identified two 
forms of this species: F. chiloensis subsp. 
chiloensis, chiloensis form, and F. chiloensis 
subsp. chiloensis, patagonica form.

The chiloensis form corresponds to the 
cultivated Chilean strawberry, which was 
domesticated by pre-Columbian inhabitants 
in southern Chile. It is distinguished by its 
vigorous growth habit, thick stems, strong 
runners and thick, greyish-green, densely 
hairy leaves. The calyx of the flower is large, 
with female and hermaphrodite flowers, 
which always have more than five (five to 
nine) white petals. Fruits are large (about 
35 mm long) and are pale red, pink or white 
in colour, with large, dark-coloured achenes. 
These are the most salient characteristics, 
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giving it an exotic feature. The fruits are 
also very aromatic and with great sweetness, 
albeit with low firmness (Fig. 2.3a, b).

The patagonica form, on the other 
hand, designated as the wild Chilean straw-
berry, is characterized by being smaller than 
the chiloensis form, being about 21 cm high. 
Its leaves are thick, coriaceous, dark green 
and shiny. The plants are usually dioecious 
or trioecious (female, male and hermaphro-
dite) with more than five flower petals (five 
to seven) in most cases. The red fruits are 
significantly smaller, 22  mm long on aver-
age, with a rounded conical shape (Fig. 2.3c, d).

In the south of Chile, F. chiloensis 
grows spontaneously under diverse envir-
onmental conditions, from coastal areas, 
directly on the sand near the breakwater, to 
foothill areas, often associated with native 
undergrowth in volcanic soils. This species 
is also found under cultivation in small 
family gardens where propagation material 

has been preserved from generation to gen-
eration.

In surveys conducted in southern Chile 
by a group of breeders between 1996, 1998 
and 1999 (Gambardella et al., 2000a,b, 2005), 
different phenotypic forms were observed, 
which could not be restricted to only two bo-
tanical forms as proposed by Staudt. Charac-
terization of material collected in terms of 
growth habit and the morphological charac-
teristics of leaves, flowers and fruits enabled 
researchers to distinguish four different types, 
which varied according to the type of habitat 
in which they were collected. The four mor-
phological types of F. chiloensis were charac-
terized morphologically and molecularly.

Another important collection was made 
in the southern region of the North American 
range from California to British Columbia. 
This collection was compared for morpho-
logical characteristics, yield component and 
isozyme traits (Hancock and Bringhurst, 1988).

Fig. 2.3.  Morphological types of F. chiloensis. (a, b) F. chiloensis subsp. chiloensis f. chiloensis. (c, d) 
F. chiloensis subsp. chiloensis f. patagonica.
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2.3.2.  Fragaria virginiana

This species also grows under a wide range 
of ecological conditions. It can be found in 
open forests and wetland meadows, as well 
as on dry rocky slopes. The plants are thin 
and very tall, with many stolons, and their 
leaves are bushy and dark green, with highly 
toothed margins. They are dioecious plants, 
with large imperfect flowers. Staminate 
flowers are larger than pistillate ones. The 
fruit is soft, with many seeds, rounded, bright 
red, and with a white pulp and an acid and 
aromatic flavour (Staudt, 1999).

Four subspecies of F. virginiana have 
been described: subsp. virginiana, glauca, 
platypetala and grayana. However, the most 
studied are F. virginiana subsp. virginiana 
and F. virginiana subsp. glauca. F. virginiana 
subsp. virginiana is found throughout the 
eastern area of North America, from the 
boreal forests in Ontario, Quebec and New-
foundland, bounded in the north by the 
subarctic open forest, to the deciduous for-
ests in the Appalachian Mountains and the 
Piedmont Plateau in the south (Staudt, 1999).

F. virginiana subsp. glauca is character-
ized by its macroscopically glabrous peti-
oles, peduncles, pedicels and runners. Its 
habits are similar to those of F. virginiana 
subsp. virginiana, and it grows from Alaska 
to New Mexico, Iowa and New York. It is 
common in the Yukon Territory and the 
Rocky Mountains in British Columbia. Un-
like subsp. virginiana, subsp. glauca grows 
on the Pacific coast, at the Fraser River’s 
mouth (Staudt, 1999).

Exploration of F. virginiana germplasm 
has intensified in recent years, in part 
stimulated by the successful incorporation 
of the day-neutrality gene. Two collections 
sponsored by the USDA have concentrated 
on F. virginiana subsp. glauca. These collec-
tions are composed of seed and clonal 
accessions, collected from 23 sites in the 
Cascade, Olympic, Siskiyou and Coast 
mountains in Washington State and Oregon, 
in 1985. Luby and Hancock collected al-
most 1000 clones from the northern Rocky 
Mountains in 1989 (Luby et al., 1991). 
These collections were variable in terms of 
fruit size, shape, firmness, skin colour and 

flavour. The species occurred over a broad 
range of habitats, inclusding dry ponderosa 
and lodgepole pine forests, mesic subalpine 
forests, high wet mountain meadows, and 
bogs and openings in dense rain forests. The 
plants appeared to tolerate well the drought 
prevailing at the time of collection.

2.4.  Sources of Genes of Agronomic 
Interest in Native Germplasm

Regarding genetic improvement, it is not al-
ways possible to find the desired character-
istics in commercial varieties of the hybrid 
F. × ananassa; therefore, searches and char-
acterization of wild genotypes are required. 
While interspecific crosses have been car-
ried out in some breeding programmes, 
overall the introduction of wild germplasm 
is unusual and there is a risk of excessively 
reducing the genetic base of commercial 
varieties.

It is possible to find works in the litera-
ture aimed at finding genes of agronomic 
interest in wild plants, mainly from F. chilo-
ensis, F. virginiana and F. vesca. However, 
more information is still needed regarding a 
detailed characterization of collections in 
germplasm banks and the study of heredi-
tary mechanisms involved in each charac-
teristic, as well as the interactions between 
them. There is also a need to know the cap-
acity of wild genotypes to transfer favour-
able characteristics to commercial varieties.

One of the most interesting examples is 
the introduction of the day-neutral charac-
teristic, led by Bringhurst and Voth (1984). 
These breeders used the genotype F. virgin-
iana subsp. glauca, collected from the 
Wasatch Mountains in Utah, as the genetic 
source of this characteristic (Hancock and 
Luby, 1993). The mode of inheritance has 
not been fully elucidated; most studies indi-
cate that it is governed by a dominant locus 
and that it is also affected by some minor 
genes (Ahmadi et al., 1990; Shaw and Fam-
ula, 2005). Other authors suggest it would 
be a quantitative character, i.e. polygenic 
inheritance (Serçe and Hancock, 2005b; 
Weebadde et al., 2008). Nevertheless, the 
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diversity of responses to photoperiod, and 
interaction with other environmental and 
epigenetic factors make the analysis diffi-
cult. Moreover, classification normally used 
to describe the response of flowering to 
photoperiod – consisting of short-day, long-day, 
infra-day and day-neutral cultivars – seems 
too rigid, and it is not always possible to 
clearly identify the expression of the geno-
type. Depending on the objectives of the 
study and the amplitude of the response 
observed in the progeny, classification as 
remontant and not remontant is often 
preferred.

Another aspect indicated by Hancock 
et al. (2002) is that there would be different 
remontancy genes coming from various 
sources, mainly from natural mutations in 
clones of F.  ×  ananassa and F. virginiana. 
The same authors noted that it is relatively 
easy to use germplasm of F. virginiana to 
introduce the day-neutral character through 
breeding. Recently, wild accessions of F. vir-
giniana have been described, with varying 
degrees of photoperiod insensitivity or con-
tinuous flowering, although more informa-
tion and crosses are needed to incorporate 
these new sources into commercial varieties 
(Hancock et al., 2001a; Serçe and Hancock, 
2005a,b).

Thanks to the availability of F. vesca 
genomic information, and to the amenabil-
ity of this species to genetic manipulation 
techniques, it has been possible to identify 
and characterize the gene that inhibits 
photoperiod sensitivity, FvTFL1, as well as 
to develop molecular markers for assisted 
selection (Koskela et al., 2012). Results ob-
tained through this molecular approach re-
inforce the suggestion that it is a mainly 
monogenic character or that only a few genes 
are involved. However, it will be necessary 
to make further progress in the study of this 
complex characteristic, which is becoming 
increasingly important in the modern 
breeding of this species.

It is worth noting, moreover, that the 
flowering habit of the strawberry is directly 
related to temperature, and strongly inter-
acts with photoperiod. This factor affects 
induction, initiation and differentiation of 
flower buds. It has been shown that cool 

summer temperatures (17°C) allow induction 
to occur under long photoperiods, even in 
short-day varieties. This means that some 
cultivars considered as short-day types be-
have as remontants in cool climates. High 
temperatures inhibit flowering under any 
conditions regarding photoperiod or var-
iety, although it has been observed that the 
critical temperature is higher in day-neutral 
cultivars (Manakasem and Goodwin, 2001; 
Stewart and Folta, 2010). It would be desir-
able to find genotypes that are able to 
bloom under high-temperature conditions, 
although apparently there is no information 
on wild material with this characteristic.

In relation to pest and disease resistance 
genes, various authors agree that F. vesca 
would be a natural source of resistance to 
important diseases affecting the crop, such 
as powdery mildew, Verticillium wilt, and 
root and crown rot (Gooding et al., 1981; 
Hancock and Luby, 1993; Korbin, 2011). 
Powdery mildew immunity in F. moschata, 
and red stele, powdery mildew and leaf spot 
resistance in clones of F. chiloensis have 
also been described (Hancock et al., 1989).

Furthermore, a collection of native ger-
mplasm from the species F. virginiana and 
F. chiloensis, which is kept at the US Clonal 
Germplasm Repository in Corvallis, Ore-
gon, has been characterized with respect to 
the response to several foliar diseases affect-
ing the crop, resistance to black root rot and 
resistance to northern root-knot nematode 
(Meloidogyne hapla) and root-lesion nema-
tode (Pratylenchus penetrans). These stud-
ies were able to identify various genotypes 
resistant to a number of important of patho-
gens (Hancock et al., 2003).

Extensive studies carried out within the 
USDA programme at Beltsville, Maryland, 
have found various sources of resistance to 
different pathogens. For example, they found 
resistance to Xanthomonas fragariae in a 
clone of F. virginiana from Minnesota, and 
in a hybrid between F. virginiana and F. × 
ananassa (Maas et al., 2000). This programme 
deals with the selection of germplasm toler-
ant or resistant to the main fungal diseases: 
red stele (Phytophthora fragariae), Verticil-
lium wilt, leaf spot (Mycosphaerella fragar-
iae), leaf scorch (Diplocarpon earlianum 
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(Ellis & Everh) F.A. Wolf), leaf blight (Pho-
mopsis obscurans (Ellis & Everh) Sutton), 
powdery mildew (Sphaerotheca macularis 
f.sp. fragariae), fruit rot or ‘grey mould’ (Bo-
trytis cinerea) and crown rot. This is one of 
the most complete programmes for search-
ing disease resistance (Galletta et al., 1997).

The chilling requirement, i.e. the accu-
mulation of chilling hours between 0 and 
7°C, is another factor affecting reproductive 
and vegetative growth in strawberry plants. 
This vernalization period is required to 
break bud dormancy and is highly depend-
ent on genotype. It is a mechanism intended 
to prevent plants from developing (budding 
and flourishing) early in the season, when 
spring frost probability is still high. There-
fore, in areas with springs that are too cold, 
cultivars with a high chilling requirement 
should be chosen. In Norway, in a popula-
tion of F. vesca called ‘Alta’, a much delayed 
budding and flowering was observed, attrib-
utable to a high winter chilling requirement, 
compared with other studied populations of 
the same species. However, most informa-
tion on this characteristic is reported for 
cultivars of the hybrid F. × ananassa (Heide 
and Sønsteby, 2007).

In most cases, genotypes collected in 
cold environments tend to show greater 
hardiness and are usually more tolerant to 
spring frost damage during flowering. In a 
study that compared accessions of native 
American octoploid genotypes, it was deter-
mined that those of F. virginiana, regardless 
of their origin, had a greater resistance to 
cold weather than those of F. chiloensis. 
Within the latter, clones collected in North 
America were more resistant than those col-
lected in South America (Hancock et al., 
2001b). In another study, which described a 
wider collection of germplasm of F. chiloensis 
and F. virginiana, a high degree of cold re-
sistance was found in clone PI 552091 of 
F. chiloensis, collected in Chile at an eleva-
tion of 1900 m (Hancock et al., 2001a).

Another factor determining the degree 
of a plant’s hardiness is its ability to adapt  
to extreme drought or salinity conditions. In 
this context, the harmful effect of salinity  
on growth, yield, and fruit quality is widely 
known, mainly because it affects photosynthetic  

capacity. Several studies have aimed to de-
tect significant differences between geno-
types related to the ability of accumulating 
chloride ions (Cl–) in different organs. An 
individual that accumulates this ion in its 
roots and crowns has a better performance 
against salinity than one that accumulates 
Cl– in its petioles and leaves (Saied et  al., 
2005). Hancock et al. (2001a) pointed out 
that individuals of F. chiloensis have been 
collected in extremely arid zones, even 
growing on sand in coastal regions of Chile 
or the USA (clones PI 602567, PI 612317, PI 
551728 and PI 612490); thus, they would be 
highly tolerant to salt and drought, and 
would be an important source of tolerance 
to water stress for modern cultivars.

Through characterization of various 
genotypes of F. chiloensis and F. virginiana 
under five different environmental condi-
tions, it was determined that F. chiloensis is 
usually superior to F. virginiana in param-
eters such as the number of crowns, fruit 
size, soluble solid content and number of 
seeds. In turn, F. virginiana was superior to 
F. chiloensis in the production of stolons, 
peduncle length, the number of fruits, and 
external and internal colour. F. chiloensis 
has an earlier budding (Hancock et al., 
2003). Some of these differences may relate 
to the fact that F. chiloensis was subjected 
to a process of domestication by the pre-
Columbian population of southern Chile, 
and therefore yield and fruit size param-
eters were improved empirically. In recent 
years, the trend has been to consume fruit 
with beneficial health features, especially 
with anticancer properties and the ability 
to prevent cardiovascular diseases (Wang 
et al., 2007; Zafra-Stone et al., 2007). These 
benefits are attributed mainly to the total 
antioxidant capacity, which is determined 
by a set of bioactive compounds present in 
the fruit. In general, the strawberry is con-
sidered a species with a high level of anti-
oxidants, and it has been observed that this 
characteristic is strongly determined by 
both the genotype and its interaction with 
environmental conditions (Capocasa et al., 
2008). Regarding this characteristic, the strat-
egy of introducing greater genetic variability 
through interspecific crosses of Fragaria 
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wild material seems to be the most reason-
able alternative; therefore, studies aimed at 
characterizing available germplasm are being 
developed.

In a comparison of 19 strawberry acces-
sions of the species F. virginiana, F. chilo-
ensis and F. × ananassa, it was determined 
that F. virginiana had higher antioxidant 
activity compared with the rest of the geno-
types studied (Wang and Lewers, 2007). 
Other studies have characterized the dif-
ferent antioxidant compounds present in 
F.  chiloensis genotypes native to South 
America, and have compared them with 
those of F. vesca and F. × ananassa ‘Chandler’. 
Significant differences were found between 
species in the types of antioxidant com-
pounds and their location in various fruit 

tissues (Cheel et al., 2007; Simirgiotis 
et al., 2009).

Finally, it is necessary to mention an 
interesting study carried out ​by Luby et al. 
(1991), who aimed to raise awareness of the 
Fragaria germplasm base in North America 
in the 21st century and the strategies to in-
crease genetic diversity of the genus. They 
outlined the geographical distribution and 
the economically important traits of 15 wild 
Fragaria spp. (Table 2.3).

2.5.  Germplasm Collections

Great part of strawberry germplasm is 
maintained in the collections belonging 
to the major breeding programs. Often 

Table 2.3.  Agronomic interest traits and geographic distribution of wild Fragaria species. (Data from Luby et al., 
1991; Hancock, 1999.)

Fragaria species Distribution Traits

Diploid
F. vesca L. Northern hemisphere Wide adaptation, aroma
F. viridis Duch. Europe, Asia Firmness, high pH, cold tolerance
F. nilgerensis Schlect. South-east Asia Fruit size
F. daltoniana J. Gay Himalayas Fruit size, cold tolerance
F. nubicola Lind1. ex Lac. Himalayas Unknown
F. iinumae Makino Japan Complete dormancy
F. yezoensis Hara Japan Complete dormancy
F. nipponica Makino Japan Cold tolerance
F. mandshurica Staudt Manchuria Cold tolerance

Tetraploid
F. orientalis Losinsk Western Asia Cold and drought tolerance
F. moupinensis (Fr.) Card. South-west China Cold tolerance

Hexaploid
F. moschata Duch. Northern Europe Aroma, uniform ripening, cold tolerance

Octoploid
F. iterupensis Staudt Juril Island
F. virginiana Duch. North America Disease resistance (red stele, Verticillium wilt, 

powdery mildew, leaf spot, scorch, leaf blight, 
root knot nematode, root-lesion nematode), 
stress tolerance (waterlogged soil, heat, drought, 
high soil pH, cold, frost), aroma, photosynthetic 
efficiency at high temperatures

F. chiloensis (L.) Duch. North and  
South America

Disease resistance (red stele, Verticillium wilt, 
powdery mildew, leaf blight, viruses, root-lesion 
nematode), pest resistance (two-spotted mite, 
strawberry weevil, black vine weevil), stress 
tolerance (drought, high soil pH, salinity, cold), 
low chilling, fruit firmness, fruit size, high 
photosynthesis level
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resources to maintain and characterize 
collections are not available, since the 
work is slow, requires a high degree of spe-
cialization and high costs are involved. 
Thus, much of the genetic diversity is lost 
or not available. Part of the variability pre-
sent in wild species has been incorporated 
into modern cultivars, but there are many 
traits of interest in wild germplasm that 
could be used to improve crop characteris-
tics. In order to accomplish this, it is neces-
sary to describe, collect and maintain the 

genotypes of interest and it is the job of 
breeders to take advantage of available gen-
etic resources. Usually there are very few 
examples of official germplasm collections, 
centralized and dependent on public insti-
tutions.

FAO made a compilation of such gene 
banks worldwide, this compilation along 
with information obtained from the USDA 
and the latest strawberry symposium, has 
combined to give rise to a list of the largest 
public germplasm banks (Table 2.4).

Table 2.4.  Major germplasm collections. (Data from FAO, 2010; Jiajun et al., 2012; USDA 2015.)

Institution Country Accessions (n)

National Germplasm Repository, Corvallis USA 1807
Vavilov Research Institute of Plant Industry Russia 940
National Institute of Agrobiological Sciences Japan 912
Julius Kühn Institute, Federal Research Centre for Cultivated Plants Germany 622
National Strawberry Germplasm Repository, Beijing China 580
Centro Regional de Investigación, Instituto de Investigaciones 

Agropecuarias, Quilamapu
Chile 500

East Malling Research United Kingdom 329
Consiglio per la Ricerca e la Sperimentazione in Agricoltura,  

Unità di Ricerca per la Frutticoltura
Italy 220

Fruit Growing Research Institute Maracineni-Arges Romania 201
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3.1.  Introduction

The strawberry (Fragaria × ananassa) is an 
octoploid species derived from the hybrid-
ization of two wild octoploid species, 
Fragaria chiloensis and Fragaria virginiana, 
in the middle of the 1700s in a botanical 
garden of Versailles in France. The few 
plants born from this interspecific cross 
showed a large-sized fruit, larger than either 
of the parental fruits. Antoine Nicolas 
Duchesne, working at the Court of France at 
that time, was the first botanist to describe 
the hybrid F. × ananassa in his Histoire Na-
turelle des Frasiers in 1766. These first 
plants were the ‘ancestors’ of all current 
cultivars now cultivated in many areas of 

the world, from the coldest to the warmest 
regions. The high level of ploidy and im-
portant interactions with the environment 
still allow a large phenotypic variability. 
Since the early 19th century, a strong breed-
ing programme aimed at creating new culti-
vars with innovative and improving charac-
teristics of plants, and particularly of fruits, 
has been carried out.

3.2.  Historical Breeding

The first breeding activities were carried out 
in the UK in the 19th century by Michael 
Keens and Andrew Knight. Keens had a more 
practical approach and, in 1821, released the 
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strawberry cultivar ‘Keens’ Seedling’, which 
was then grown successfully for about a cen-
tury. This cultivar also became a common 
parent in the pedigrees of the cultivars that 
followed.

In the early 19th century, Knight, a 
founding member of the Royal Horticultural 
Society, with a more scientific and aca-
demic approach, bred two important straw-
berry cultivars (‘Downton’ and ‘Elton’) in 
the UK, both of which were cultivated 
largely by the English growers of that time. 
‘Laxton Noble’ (1887), and especially ‘Royal 
Sovereign’ (1898), the latest cultivars ori-
ginating from a ‘Laxton Nobl’  ×  ‘King of 
Earliest’ cross, can be considered the first 
important cultivars at a European level. 
‘Royal Sovereign’ has been widely culti-
vated starting from the early 20th century in 
France, Germany, the UK and Holland.

In France, Duchesne’s studies did not 
improve on the breeding activity. For several 
years, selections of the original F. × ananassa 
hybrid were cultivated; later, the French 
growers cultivated ‘Keens’ Seedling’. The 
first successful French cultivar was probably 
‘Vicomtesse Héricart de Thury’ obtained by 
J.L. Jamin in 1849 from a random pollination 
of ‘Keens’ Seedling’. Other important culti-
vars were ‘Duc de Malakoff’ (1854), ‘Docteur 
Morère’ (1867) and ‘Madame Moutot’ (1906), 
the latter bringing about an important improve-
ment in fruit size. ‘Madame Moutot’, obtained 
from a ‘Royal Sovereign’  ×  ‘Docteur Morère’ 
cross, had wide success across Europe. Until the 
1960s, it was considered the first strawberry cul-
tivar to be cultivated at an ‘industrial’ level.

Some successful cultivars were ob-
tained in Germany, starting from the early 
20th century: ‘Deutsch Evern’ (1902), ‘Königen 
Luise’ (1905), ‘Osterfee’ (1917), ‘Oberschlesien’ 
(1919) and ‘Frau Mieze Schindler’ (1933). 
These cultivars bred in different countries, 
together with ‘Lucida Perfecta’, ‘Johannes Mül-
ler’, ‘Markee’, ‘Sieger’, ‘Deutsch Evern’, ‘Tardiva 
di Leopoldo’, ‘Surprise des Halles’, ‘Surprise de 
Campentras’, ‘Ville de Paris’, ‘Macherauch 
Spaternte D.P. Wallbaum’, ‘Regina’, ‘Cambridge 
Favourite’, ‘Senga Precosana’, ‘Souvenir de 
Charles Machiroux’, ‘Senga Sengana’ and 
‘Belrubi’, now represent an important heritage 
of the old European cultivar germplasm.

In the USA, breeding activity was started 
by C.M. Hovey who bred cross combinations 
among clones of F. virginiana and F. chiloen-
sis and the English cultivar ‘Keens’ Seed-
ling’. With the first US cultivar, obtained in 
1834 and named ‘Hovey’, the first US straw-
berry cultures started in the Atlantic coast 
(Boston area). In the mid-1850s, James Wil-
son obtained the cultivar ‘Wilson’, character-
ized by a larger fruit than ‘Hovey’, which 
contributed to extend strawberry culture be-
yond the Atlantic coast (in 1850–1860 about 
1000 ha was cultivated). The strawberry cul-
tivar ‘Dunlap’ (1890) was later released and 
cultivated for more than 70 years.

At the end of the 19th century, Arthur 
Howard started another breeding pro-
gramme leading to the release of ‘Howard 
17’ (1907), a parent now present in the pedi-
gree of many modern cultivars. At the be-
ginning of the 20th century, Albert Etter se-
lected new cultivars using some clones of F. 
chiloensis in his breeding programme. He 
obtained ‘Ettesburgh 80’, known as ‘Huxley’ 
in Europe and widely cultivated in the UK. 
In the USA, the success of ‘Marshall’ was 
also remarkable: this cultivar, characterized 
by high yield and high adaptability to many 
different cultural areas, was obtained in 
1890 by F. Marshall and cultivated until 
1930–1940.

3.3.  Modern Breeding

In the 20th century, strawberry breeding ac-
tivity expanded further around the world 
(Rosati, 1993). Initially, programmes were 
carried out at public research institutes, 
universities in particular, but many private 
programmes were also then started as a re-
sult of the sale of plant propagation and 
commercialization rights. The programmes 
have become so numerous that a recent sur-
vey registered that more than 900 new culti-
vars were obtained from 1982 to 2008 
worldwide (Della Strada and Fideghelli, 
2011). The USA topped the list, with more 
than 190 cultivars, followed by Italy (74), 
France (70), Japan (65), the UK (56), Canada 
(51) and other countries (33).
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The number of cultivars has increased 
gradually, especially starting from the early 
1990s, and has stabilized from 2000 (40–50 
new cultivars per year). The number of cul-
tivars obtained by private breeding pro-
grammes has increased progressively, 
reaching, in 2008, more than 50% of the 
number of cultivars released by public pro-
grammes. The cultivars introduced up until 
1999 were developed by 79 public research 
institutes and by 32 private companies. 
This production of new cultivars derived 
from the development of breeding pro-
grammes currently present in more than 40 
countries (Faedi et al., 2002).

Most of the cultivars that have been 
introduced belong to the octoploid species 
F.  ×  ananassa, but there also exist culti-
vars with diploid (Fragaria vesca), hexa-
ploid (Fragaria moschata) and decaploid 
(Fragaria  ×  vescana) chromosomes. Some 
Fragaria  ×  Potentilla intergeneric hybrids 
have also been obtained. All breeding pro-
grammes generally aim to increase the 
plant yield, as well as an increase in fruit 
size, fruit organoleptic quality and resist-
ance/tolerance to pests and diseases, and 
extension of the ripening calendar. Some 
studies have quantified the results ob-
tained in terms of yield, fruit size and flesh 
firmness (Faedi et al., 1997; Shaw and Lar-
son, 2008). In California, during 50 years of 
breeding activity at the University of Cali-
fornia, large increases in plant yield, aver-
age fruit weight and flesh firmness were 
obtained (Table 3.1). Similar results were 
obtained during more than 30 years of ac-
tivity by the Italian breeding programme 
carried out in the Po Valley, Italy.

3.3.1.  Yield

The high yield of the plant continues to be a 
characteristic of key importance in straw-
berry breeding. Yield depends on the com-
bination of a series of characteristics includ-
ing the number of flowers, and consequently 
of fruits, their size, the plant crown number, 
hardiness and resistance to disease (Han-
cock, 1999). The results obtained by some 
programmes questioned whether it would be 
possible to increase plant yield further, espe-
cially as it has a negative effect on fruit sugar 
content. However, in some areas (especially 
those with temperate climate and fresh sum-
mers, such as southern Canada and central 
and northern Europe), the day-neutrality 
characteristic was used to increase the plant 
yield. This trait allows an extended harvest 
calendar (3–4  months or more) and allows 
the production of a larger number of inflores-
cences per plant (Dale, 2005).

3.3.2.  Harvesting time and fruiting habit

Most breeding programmes aim to extend 
the harvest calendar of the June-bearing 
(short-day) cultivars to both early and late 
seasons. This has becoming increasingly 
important to achieve a culture deseasonali-
zation and better management of farm la-
bour. Earliness is a very important charac-
teristic in breeding programmes carried out 
in warm winter areas (e.g. California, Flor-
ida, Spain, Israel, southern Italy), search-
ing for genotypes with low winter chilling 
requirements; in areas that use bare-root 

Table 3.1.  Results obtained in the breeding programmes carried out in California, USA, and Po Valley, Italy. 
(From Shaw and Larson, 2008.)

Location Yield (g per plant) Fruit size (g) Firmness (N)

Californiaa 1945–1966 595 14.9 0.245
1993–2004 1.429 24.9 0.456

Italyb 1970–1980 768 16.5 0.389
2000–2010 1.390 26.1 0.572

aAverage data from the two cultural techniques of winter planting and summer planting of the reference varieties.
bAverage data from the five best advanced selections (summer planting).
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plants (winter planting system), the harvest 
time is further extended compared with cold-
stored plants (summer planting). In areas 
with particularly warm winters (subtropical 
areas), low winter chilling requirement culti-
vars are able to fruit in winter time.

Despite the early ripening time, a late 
harvest time is particularly important in 
countries with colder temperatures, espe-
cially in winter. New genotypes have been 
obtained recently that have a very late 
ripening season, being able to postpone 
the blooming and harvesting time of trad-
itional cultivars for more than a month, 
due to the characteristic of extended dor-
mancy present in the European cultivars 
‘Malwina’ and ‘Judibell’ (Simpson et al., 
2009). Many programmes aim to extend 
harvest time using the ‘ever-bearing’ charac-
teristic. One of the best-known and com-
mon criteria of cultivar classification is 
fruiting habit (June-bearing and ever-
bearing), which depends on the reaction of 
the plant to photoperiod. The June-bearing 
cultivars bloom only once in a year follow-
ing differentiation and require a daily photo-
period of 14  h and temperatures higher 
than 15°C for flower induction. The ever-
bearing cultivars are divided into two 
branches depending on their reaction to 
photoperiod: long-day and day-neutral plants. 
However, classification of the ever-bearing 
genotypes into one of the two categories is 
not always easy (Nicoll and Galletta, 1987). 
Various authors have described different 
possible origins of the ever-bearing charac-
teristic, which have been summarized by 
Hancock (1999):

	1.  The ever-bearing long-day characteristic 
present in the spontaneous diploid F. vesca 
in Europe could have been transferred in 

the first octoploid accessions introduced 
into Europe in the 19th century; an ex-
ample is ‘Climax’, one of the first ever-bear-
ing cultivars grown in Europe, which can 
rebloom although with difficulty when 
summer temperatures are too high – typical 
behaviour of the long-day ever-bearing 
type.
	2.  The ever-bearing characteristic present 
in the cultivar ‘PanAmerican’ (which can 
be considered the first ever-bearing culti-
var having an American origin) could have 
originated from a mutation of ‘Bismark’ dis-
covered at the end of the 19th century.
	3.  The ever-bearing, day-neutral characteris-
tic is present in F. virginiana subsp. glauca 
growing spontaneously in the Rocky Moun-
tains; some clones have been used in crosses 
with the cultivar ‘PanAmerican,’ obtaining 
ever-bearing genotypes but with intermediate 
characteristics between the long-day and 
day-neutral types; a single clone of F. virginiana 
subsp. glauca, found in 1955 by R. Bringhurst 
in the mountains of Utah near Salt Lake City, 
had remarkable success in strawberry breeding. 
Through backcrosses with the best June-bear-
ing accessions of F. × ananassa, breeders at the 
University of California introduced this charac-
teristic, which is now present in almost all of 
the main ever-bearing cultivars cultivated 
worldwide.

The first day-neutral cultivars, which 
were introduced commercially in 1979 
(‘Aptos’, ‘Brighton’ and ‘Hecker’), were de-
rived from the third generation of back-
crosses where a single clone of F. virginiana 
subsp. glauca was used as the first pollinat-
ing parent, i.e. the donor of the day-neutral 
characteristic. Figure 3.1 shows the pedigree 
of the Californian ever-bearing day-neutral  
cultivar, ‘Brighton’.

Brighton*

Tufs CA 58.45-11*

CA 65.65-01*

CA 59.41-1*

CA 39.117-4

CA 55.32-1*

Shasta

F. virginiana 
subsp. glauca*

Fig. 3.1.  Pedigree of the Californian ever-bearing day-neutral cultivar ‘Brighton’. *, Day-neutral genotype.
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Following the release of ‘Brighton’, the 
University of California introduced the culti-
vars ‘Selva’ (1893), ‘Seascape’ (1991), ‘Diamante’ 
(1997), ‘Albio’ (2004) and more recently ‘Mon-
terey’, ‘Portola’ and ‘San Andreas’ (2008).

High summer temperatures negatively 
affect flower bud formation in most day-
neutral types (Durner, 1984); however, this 
aspect has improved remarkably in the cul-
tivars obtained recently from breeding pro-
grammes carried out mainly in Europe; the 
problem of the limited production of run-
ners by day-neutral types (Simpson and Sharp, 
1988) has also partly been resolved, with 
the most recent cultivars generally not show-
ing this problem.

The genetics underlying the ever-bearing 
trait are still not clear. Initially, it was thought 
that this characteristic was controlled by a 
single dominant gene (Bringhurst et al., 1989). 
However, recent studies have demonstrated 
polygenic control (Shaw and Famula, 2005). 
There exists great variability in the expression 
of this characteristic depending on both geno-
type and environmental factors, especially 
temperature (Faedi et al., 1994; Maltoni et al., 
1996).

Most breeding programmes aim to cre-
ate both ‘June-bearing short-day’ and ‘ever-
bearing day-neutral’ cultivars. Currently, the 
Californian strawberry industry is domin-
ated by day-neutral cultivars, and in Europe 
the new ever-bearing cultivars will play an 
increasingly important role, especially in 
the strawberry industry of northern Europe 
where the climate is temperate (fairly cool 
summer) and the harvest could last four or 
five summer/autumn months using cold-stored 
plants planted from the middle of March to 
early April.

Some June-bearing cultivars, in specific 
environmental conditions, can have a second 
flowering after the main bloom caused by a 
second period of differentiation, taking place 
in spring when there are the right tempera-
ture and photoperiod conditions (before the 
end of March in the northern hemisphere). 
This trait is common in southern areas, but 
happens occasionally in northern areas, most 
frequently only in protected culture. In the 
Po Valley in Italy, some crossed combinations 
between very productive short-day genotypes 

and day-neutral ones have produced weak 
day-neutral selections that perform like 
short-day plants (Faedi et al., 2002).

3.3.3.  Average fruit weight

In the past, many programmes had the spe-
cific objective of increasing fruit size in 
order to improve plant production and re-
duce harvest costs. In Italy in particular, the 
constant increase in labour costs acceler-
ated the research, aiming to improve this 
characteristic in order to limit the costs of 
production. The increase in average fruit 
weight has certainly improved the har-
vested yield per hour, leading to remarkable 
savings in labour. In Italy, in 1985, a study 
carried out by researchers at the University 
of Bologna showed that a 1  g increase in 
average fruit weight allowed savings of  
1 million Lire (about 500 Euros) per hectare 
to get the best harvested yield per hour, in-
creasing from 11–13 kg/h with the cultivar 
‘Gorella’ to 18–19 kg/h with the ‘Addie’ 
(Malagoli and Pirazzoli, 1986). A similar 
study carried out in 1998 with ‘Onda’ 
fruits showed a further increase in the har-
vest output of about 4 kg/h – from 19.6 to 
23.4 kg/h – obtained by increasing the 
average fruit weight (Baruzzi, 1998). This 
trend of increasing fruit size can, however, 
lead to some problems in commercializing 
fruits, especially in packaging.

In order to reduce picking costs, long 
fruit stems (pedicels) is a sought-after char-
acteristic, particularly in southern areas 
where fresh plants (winter planting system) 
are used, as they have limited plant devel-
opment during the coldest months.

3.3.4.  Organoleptic quality of fruit

Combining high yield and high fruit quality 
has always been a main objective in breed-
ing programmes but is difficult to achieve. 
In some programmes, the fruit quality has 
been considered for a long time as a ‘sec-
ondary objective’, with the preference being 
to obtain large fruits to improve the yield 
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(Faedi et al., 2002). A remarkable genetic 
variability has been recorded for all of the 
main fruit quality traits, all of which are 
quantitatively controlled: flesh firmness 
and skin resistance (correlated positively) 
(Ourecky and Bourne, 1968), fruit sweet-
ness, skin and flesh colour (slightly correl-
ated) (Shaw, 1991), acidity and vitamin C 
content, and flavour.

The negative correlation between yield 
and sugar level (measured on the Brix scale) 
(Wenzel, 1980) makes it difficult to select 
new genetic material with both high plant 
yield and very sweet fruits. The levels of 
aromatic substances and of flesh firmness 
are also negatively correlated with in-
creased size, so the trend to improve flesh 
firmness results in a progressive loss in fruit 
aroma (Ulrich et al., 2014). However, an in-
crease in both flesh firmness and skin resist-
ance allows a lower rot susceptibility to be 
obtained, resulting in a longer shelf-life.

The nutritional parameters (antioxidant 
compounds and phenolic content) seem to be 
the most innovative characteristics on which 
research is focusing its attention due to their 
benefits on human health. The variability be-
tween the existing germplasms is remarkable, 
and these can be used to improve these param-
eters in specific breeding programmes (Wang 
and Lewers, 2007; Capocasa et al., 2008b; Batti-
no et al., 2009; Olbricht et al., 2011; Giampieri 
et al., 2012). Some specific breeding pro-
grammes have already been started, aiming to 
improve these characteristics using clones of 
wild species (in particular of F. virginiana subsp. 
glauca) as parents (Capocasa et al., 2008a).

3.3.5.  Pest and disease resistance

Disease resistance is a primary objective for 
all the main breeding programmes and will 
be even more important in the future with 
the increasing quest for sustainable agricul-
ture. The pathogens causing problems to 
strawberries have different levels of import-
ance in different cultural areas. For this rea-
son, breeding programmes focus on different 
pathogens depending on their importance in 
the area where the programme is carried out.

One of the first goals pursued was re-
sistance to Phytophthora fragariae (red 
core or red stele), which has caused serious 
damage in strawberry fields of northern Eur-
ope and the USA since the mid-1950s. In the 
middle of the 20th century, two programmes 
were specifically finalized to combat this 
pathogen; one of these programmes was car-
ried out in Scotland, UK, and the other one at 
USDA, Maryland, USA. ‘Auchincruive Cli-
max’ (released in 1947); ‘Stelemaster’ (1954) 
and ‘Surecrop’ (1956) were the first cultivars 
resistant to Phytophthora fragariae released 
in Europe and northern America. Later, pro-
grammes aimed at resistance against other 
important pathogens: Colletotrichum acu-
tatum (anthracnose), Phytophthora cacto-
rum (crown rot), Verticillium dahliae (wilt), 
Fusarium oxysporum (wilt), Sphaerotheca 
macularis (mildew), Mycosphaerella fragari-
ae (leaf spot), Diplocarpon earliana (scorch), 
Botrytis cinerea (grey mould) and Xantho-
monas fragariae (angular leaf spot). How-
ever, many successful cultivars do not show 
complete or specific resistance to a particular 
disease. Breeding has focused more on ob-
taining cultivars that are tolerant, or at least 
less susceptible, to more pathogens at the same 
time, rather than to a particular pathogen.

The phase-out of methyl bromide in 
soil fumigation has added incentive to the 
search to identify genotypes able to give 
good results in non-fumigated, old and or-
ganic soils. From the mid-1990s, many in-
stitutions started the selection of genetic 
material in non-fumigated soils. The screen-
ing of Californian genetic material carried 
out in the mid-1990s on non-fumigated soils 
showed a high susceptibility of all tested 
genotypes to soilborne pathogens (Larson 
and Shaw, 1995). However, in other breeding 
programmes, similar studies showed geno-
types being able to adapt to non-fumigated 
soils, registering a high performance both in 
fumigated and non-fumigated soils (Baruzzi 
et al., 2009).

3.4.  Future Breeding Programmes

In future, breeding programmes are likely to 
be carried out more frequently by private 
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organizations only or in collaboration with 
public organizations. The private organiza-
tions, especially growers’ associations, will 
be increasingly involved in the final evalu-
ation of new genetic material. The primary 
goals are likely to remain yield, extension 
of the harvest period (especially with 
day-neutral genotypes), fruit quality (nutra-
ceutical aspects) and, in particular, re-
search on plant resistance to reduce the use 
of pesticides, especially soil fumigants, 
which will undergo further restrictions.

An increasingly important aim will be 
to reduce the labour necessary for the har-
vest through the selection of new genotypes 
adapted to a faster harvest (easy-to-pick 
fruits, compact plant habits and long-stem 
fruits). Breeding programmes will need to 
consider the climate changes in progress, es-
pecially the progressive increases and the 
sudden change in temperatures. The geno-
types with a low winter chilling require-
ment traditionally grown in temperate areas 
could be interesting in the future in northern 
areas, especially for the earliest productions. 
However, the resistance to spring cold tem-
peratures (causing frost damage during 
blooming) resulting in serious damage to 
flowers also needs to be considered. It will be 
important to select genetic material charac-
terized by a small interval between blooming 
and harvest in order to have a late blooming 
and a medium to early ripening. Moreover, 
the increase in temperatures in summer 
causes a loss of flesh consistency in some 
genotypes (e.g. in European 60-day cultures 
of the cultivar ‘Elsanta’) with serious conse-
quences at a commercial level. Some geno-
types have been shown to be tolerant to high 
summer temperatures than others, maintain-
ing high flesh firmness and skin resistance.

It will be necessary to take into account 
the continuous evolution of cultural tech-
niques. For example, the increasingly im-
portant programmed cultures (60-day cul-
tures) in central and northern Europe have 
led to the development of a breeding pro-
gramme aiming to select genotypes fully 
adapted to this type of cultural technique 
(Whitehouse et al., 2009).

The classic strawberry breeding method, 
which has been well summarized by Chandler 

et al. (2012), based on crossing, selecting 
the obtained seedlings and then evaluating 
the selected seedlings, will continue to be 
used, but it will be increasingly combined 
with the use of genetic maps and molecular 
markers, which will speed up the selection 
times. Currently, strawberry molecular 
markers are used mainly for analysis of gen-
etic diversity, in particular for cultivar iden-
tification (fingerprinting), which is import-
ant for the nursery industry and patent 
protection, but it is reasonable to think that 
in the future it will be possible to use the 
marker-assisted selection for the most im-
portant agronomic and quality traits. It will 
be possible to make a first selection in the 
laboratory by the identification of genotypes 
presenting one or more molecular markers 
(quantitative trait loci) associated with the 
characteristic of interest (e.g. fruit quality 
and plant resistance). In this way, during 
the selection phase in the field, it will be 
possible to focus only on material having 
the specific traits required by the breeder. 
Continual refinement of these markers will 
improve their use in genome mapping. 
Some molecular markers associated with 
important traits such as anthracnose resist-
ance and photoperiodic flowering have al-
ready been identified and even used in 
breeding (Whitaker, 2011). However, their 
application in selection work in breeding 
programmes is still limited to few research 
centres.

The recent completion of the genome 
sequence of the diploid wild strawberry 
will be important to determining the identi-
fication of new markers and also new genes 
of interest (Shulaev et al., 2011). Some link-
age maps of F. × ananassa are already avail-
able (Lerceteau-Köhler et al., 2003; Sargent 
et al., 2009, 2012; Spigler et al., 2010; Isobe 
et al., 2013).

This new knowledge will improve the 
further application of the gene transfer (re-
sulting in genetically modified organisms 
(GMOs)) and the validation of genes con-
trolling important characters (e.g. resist-
ance, quality and nutritional characteris-
tics). Some genes have already been 
identified and transferred to strawberry (e.g. 
for the synthesis of anthocyanins), showing 
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the possibilities available to improve the 
nutritional quality of fruits without modify-
ing the other cultivar characteristics. It is 
already known that the limit of GMO tech-
nology in strawberry, as for other crops, re-
mains the lack of acceptance by the con-
sumers of many countries.

3.5.  The Main Breeding Programmes and 
Released Cultivars Worldwide

There are currently more than 40 active 
breeding programmes worldwide, with 
most being located in North America and 
Europe (Chandler et al., 2012), although the 
number of programmes being carried out in 
other areas, especially China, has increased 
recently. Many breeding programmes have 
had much success and their activities have 
led to the release of cultivars adapted to 
various cultural areas.

One of the most successful programmes 
has been that carried out by the University 
of California, which released in the past 
some successful low winter chilling re-
quirement cultivars such as ‘Tioga’ (1963), 
‘Aliso’ (1967), ‘Sequoia’ (1968), ‘Toro’ 
(1975), ‘Pajaro’ (1979), ‘Douglas’ (1979), 
‘Chandler’ (1983), ‘Camarosa’ (1992), 
‘Ventana’ (1997), ‘Albion’ (2004), Monterey, 

Portola and San Andreas (2008). The last 
four cultivars are day-neutral plants, with 
‘Albion’ and ‘San Andreas’ currently being 
predominant in California (Table 3.2). The 
latest released cultivars are ‘Benicia’ and 
‘Mojave’, both June-bearing, representing 
the current main objectives of the Califor-
nian programme: early season harvest, easy 
cultivation, high-quality fruit and limited 
plant development to reduce harvest costs.

There are some important Californian 
private breeding programmes. Proprietary 
cultivars developed by these private pro-
grammes represent now 42% of the esti-
mated 16,500 total acreage of plantings 
(Table 3.2). The most active private pro-
grammes are carried out by Driscoll Straw-
berry Associates and Plant Sciences (and its 
affiliated company, Berry Genetics). Dri-
scoll’s headquarters are located in Watson-
ville, California, but it selects cultivars 
adapted to specific growing regions through-
out the world. Proprietary cultivars are 
grown only in associated farms (club sys-
tem) in some of the world’s growing regions 
in northern and southern America, Europe, 
Africa and Australia. To date, several culti-
vars, both June-bearing and ever-bearing, 
have been released and the main cultivars 
are ‘Alafia’, ‘Amado’, ‘Del Ray’, ‘El Dorado’, 
‘Pasadena’, ‘Pilgrim’ and ‘San Juan’.

Table 3.2.  Evolution of the Californian strawberry cultivar standard from 2008 to 2013. (From California 
Strawberry Commission: http://www.calstrawberry.com.)

Dominant cultivars within California (%)

Cultivar 2008 2009 2010 2011 2012 2013

‘Albion’ 34.7 39.5 34.6 33.8 30.7 21.8
‘Benicia’ – – – 0.2 2.7 3.4
‘Camarosa’ 6.8 3.3 1.6 0.9 0.1 0.3
‘Camino Real’ 3.5 4.9 4.0 2.1 0.4 0.2
‘Chandler’ 0.4 0.4 0.2 0.3 0.5 0.2
‘Monterey’ – 0.3 0.9 2.4 3.0 6.9
‘Palomar’ 0.1 1.1 1.6 1.8 1.3 0.4
‘Portola’ 0.8 0.5 0.7 1.7 3.2 5.1
Proprietary cultivars 39.6 36.0 39.4 40.1 40.9 42.9
‘Radiance’ – – – 0.1 0.5 1.1
‘San Andreas’ 0.1 3.3 8.1 11.6 13.8 15.0
‘Ventana’ 12.4 10.6 8.5 4.8 2.7 2.4
Others 1.6 0.1 0.4 0.2 0.2 0.3
Total state acreage (ha) 14,779 15,634 15,220 15,109 15,529 16,518
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Since the mid-1980s, Plant Science Inc. 
of Watsonville has been carrying out a pro-
gramme to select new early cultivars char-
acterized by low chilling requirements and 
adapted to mild climate conditions. Cur-
rently, the most important cultivars are 
‘Promise’, ‘Splendor’, ‘Valor’ and ‘Virtue’. 
‘Splendor’ has also rapidly spread in Spain 
(Huelva area) where in 2013 it represented 
the main cultivar (25%; Table 3.3).

In Florida, there is an active breeding 
programme aiming to select very low chill-
ing requirement cultivars that are able to 
produce fruits in the winter time in the cen-
tral to western areas of the country. Its main 
goal is to obtain cultivars producing very 
regular-shaped fruits in the difficult winter 
weather conditions (low temperatures and 
frequent rainfall). In 2000, this programme 
released the cultivar ‘Florida Festival’, 
which is gaining in importance in many 
strawberry areas throughout the world. 
‘Florida Radiance’ (marketed as ‘Florida 
Fortuna’ in Europe), released in 2009, has 
become popular in Spain and in other Medi-
terranean areas (e.g. Sicily) due to its very 
early ripening season.

In Australia, the University of Queens-
land and the Horticulture and Forestry Sci-
ence are carrying out a breeding programme 
focused on subtropical areas. The most recent 
cultivar is ‘Kalinda’ (day-neutral). Another 
Australian breeding programme is being  

carried out at the Department of Primary 
Industries in Victoria. It has been breeding 
strawberries that are better adapted to con-
ditions in southern Australia.

In Spain, a public-private breeding pro-
gramme is being carried out by the Institute 
of Agricultural Research and Training (IF-
APA). It is supported by private partners 
representing most of the growers in Huelva 
and on Spanish nursery farms, and aims to 
select improved early cultivars adapted to 
the winter planting culture of the Huelva 
area. The cultivar ‘Amiga’, released in 2006, 
represents now a small share of the cultivar 
standard of the important Spanish straw-
berry industry. The most recent cultivars are 
‘Santaclara’ and ‘Fontanilla’ (Domínguez et al., 
2012). The Spanish private company Fresas 
Nuevos Materiales (FNM) – as well as co-fi-
nancing the Spanish public project IFAPA – 
has been carrying out its own private breed-
ing programme since 1999. ‘Antilla’, ‘Primoris’ 
and ‘Niebla’ are the most recent commer-
cially diffused cultivars (Refoyo and Arenas, 
2009). ‘Antilla’ is a medium to late cultivar 
similar to the cultivar ‘Sabrosa’, and is be-
coming widespread in the Huelva area 
(Table 3.3). Another private programme in 
Spain is being conducted by Planasa, 
which is successful mostly for its cultivar 
‘Sabrosa’, currently dominating in some 
Mediterranean areas (e.g. southern Italy), 
although in Spain its production is now 

Table 3.3.  Dominant cultivars in the Huelva area (%). (Data from Institute of Agricultural Research and Training 
(IFAPA), https://www.researchgate.net/institution/Institute_of_Agricultural_Research_and_Training_IFAPA.)

Cultivar 2009 2010 2011 2012 2013

‘Amiga’ 1 1
‘Antilla’ 2 3
‘Benicia’ 3 4
‘Camarosa’ 45 35 22 16 4
‘Festival’ 10 4 3 1 1
‘Fortuna’ 9 5 13 17
‘Primoris’ 4 4 5
‘Sabrina’ 7 23
‘Sabrosa’ 35 35 40 26 10
‘San Andreas’ 2 3
‘Splendor’ 3 15 22 22 25
‘Ventana’ 2 1 2 2 2
‘Virtue’ 1
Others 5 1 2 1 1
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strongly reduced. ‘Sabrina’, which fruits earl-
ier than ‘Sabrosa’, has already fully established 
itself in Spain where it represents, together 
with ‘Splendor’, half of the strawberry plant-
ings. The latest released cultivars are ‘Sa-
hara’ and ‘Safari’, both June fruit bearers, and 
the ever-bearing day-neutral ‘Cristal’.

The private programme of Darbonne 
(France) has recently joined the programme 
of Planasa (Spain) to select improved geno-
types with a medium to high chilling require-
ment. ‘Darselect’ released in 1996 is largely 
grown in central to northern Europe. ‘Dream’, 
‘Deluxe’ and ‘Starlette’ (June-bearing) and 
‘Amandine’ (day-neutral) are the latest dif-
fused cultivars. Another successful private 
programme in France has been carried out by 
Marionnet. The most interesting result was 
the release of the ever-bearing cultivar ‘Mara 
des Bois’ characterized by an excellent or-
ganoleptic quality of the fruit. Recently, two 
new cultivars were released: ‘Mariguette’ 
(ever-bearing) and ‘Magnum’ (June-bearing), 
both having a similar aroma to ‘Mara des 
Bois’. The French programme of Creation de 
Variétés Fraises et Fruits Rouges (CIREF) 
aims to select cultivars, both short-day and 
ever-bearing (day-neutral), with excellent 
fruit characteristics, similar to the old culti-
vars ‘Gariguette’ (Roudeillac and Markocic, 
1997). Recently, the project has released the 
cultivar ‘Rubis Des Jardin’.

In the UK, the historical programme 
based at East Malling Research Station 
aimed to create both June-bearing and 
ever-bearing cultivars. Since 2008, the 
breeding programme has been supported fi-
nancially by the East Malling Strawberry 
Breeding Club and the Department for En-
vironment, Food and Rural Affairs (DEFRA). 
During this period, three new cultivars have 
been released; two short-day types, ‘Seren-
ity’ and ‘Malling Centenary’, and the ever-
bearing ‘Buddy’. ‘Serenity’ (2012) is a soma-
clonal variant of the late season cultivar 
‘Florence’. ‘Malling Centenary’ (2013) is an 
early to mid-season cultivar with outstand-
ing fruit quality, particularly in terms of its 
flavour and appearance. ‘Buddy’ (2012) pro-
duces fruit during the summer but concen-
trates its harvest earlier than ‘Everest’ – the 
reference cultivar for UK strawberry areas.

The UK private programme of Edward 
Vinson Plants aims mainly to obtain ever-
bearing cultivars. The most successful culti-
vars are ‘Everest’ and ‘Evie 2’, which are 
now grown in many European areas. The 
most recently released cultivars are ‘Sweet 
Eve’, ‘Velvet’ and ‘Verity’. The June-bearing 
cultivar ‘Viva Patricia’, adapted to southern 
areas, has been recently released.

The Dutch cultivar ‘Elsanta’, released 
in 1981 in the framework of the historical 
public breeding programme from the Uni-
versity of Wageningen, The Netherlands, is 
still largely cultivated in northern European 
areas. In the past, the same programme re-
leased the cultivar ‘Gorella’ (1960), which 
met success in several European strawberry 
areas. Currently, the cultivar ‘Sonata’ (2002) 
is partly replacing ‘Elsanta’. This pro-
gramme has been renamed Fresh Forward, 
and involves the participation of both pub-
lic and private groups. The programme recently 
released the cultivars ‘Vivaldi’, ‘Musica’ 
and ‘Jive’. In the Netherlands, at least two 
other private programmes are now in pro-
gress. One, carried out by Vissers, recently re-
leased the cultivar ‘Elianny’, while the 
other, carried out by Goossens Flevoplants, 
has most recently released the cultivars ‘Fe-
licita’, ‘Florin Florentina’, ‘Favori’, ‘Pink 
Extra’, ‘Sussette’ and ‘Fleurette’.

In Poland, a breeding programme is being 
carried out at the Research Institute of Horti-
culture of Skierniewice. A new medium to 
early season cultivar named ‘Grandarosa’ has 
been released recently (Masny et al., 2015).

In Finland, since 1991, the breeding 
programme of the Maa-ja elintarviket-
alouden tutkimuskeskus (MTT) Agrifood 
Research Finland in Piikkio has as its main 
purpose the creation of cultivars adapted 
to polyannual cultures, resistant to low 
winter temperatures and to powdery mil-
dew. The most recent cultivars are ‘Suve-
tar’, ‘Valotar’ and ‘Lumotar’ (Hietaranta and 
Karhu, 2014).

In Norway, the public programme was 
recently fully privatized and named Grami-
nor Breeding Ltd. It aims to obtain cultivars 
adapted to extreme weather conditions, such 
as very cold and dry winters, often without 
snow. Two medium to late season cultivars, 
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resistant to powdery mildew, have recently 
been released: ‘Gudleif’ and ‘Blink’, which 
are adapted to the industrial transformation 
(Alsheikh and Sween, 2012).

In Italy, the private organization Con-
sorzio Italiano Vivaisti (CIV) in Ferrara is 
carrying out breeding programmes that have 
released some very popular cultivars in 
both Italy and Europe (‘Marmolada’ and 
‘Clery’). The programme aims to select new 
improved cultivars adapted to central and 
northern European areas and to southern 
Mediterranean areas. CIV has recently re-
leased many new cultivars, both June-bear-
ing and day-neutral (day-neutral: ‘Murano’, 
‘Spargi’, ‘Lipari’, ‘Vivara’, ‘Gavi’, ‘Ischia’, 
‘Linosa’ and ‘Capri’, all adapted to northern 
areas; June-bearing: ‘Dely’ and ‘Joly’ for nor-
thern areas, ‘Nabila’, ‘Kami’ and ‘Rania’ for 
the Mediterranean areas, and ‘Rubinociv’ 
and ‘DipRed’ for processing use. In the Po 
Valley (Italy), the private company New-
Fruits in Cesena has released in the past 
very successful June-bearing cultivars such 
as ‘Alba’ and ‘Roxan’, which have spread 
widely in the Po Valley and in central and 
northern Europe. Recently, NewFruits re-
leased the June-bearing cultivar ‘Alina’ and 
the day-neutral cultivars ‘Thelma’ and ‘Lou-
ise’. The Department of Agricultural, Food 
and Environmental Sciences of the Univer-
sità Politecnica delle Marche is carrying out 
its own breeding programme in Agugliano, 
Ancona, which has led to the release of two 
new June-bearing cultivars, ‘Romina’ and 
‘Cristina’. The CRA Unità di Ricerca per la 
Frutticoltura in Forlì coordinates many 
public/private breeding programmes car-
ried out in a number of Italian cultural 
areas. In the past, some very successful cul-
tivars have been released in Italy (‘Eva’ is 
the main cultivar of the Verona and Po Val-
ley areas). Two new cultivars have recently 
been released for southern areas (‘Pircinque’ 
and ‘Jonica’) and two for northern areas 
(‘Garda’ and ‘Brilla’) (Faedi et al., 2014).

In China, interest in strawberries has 
constantly increased, confirmed by the 
high number of public institutes carrying 
out breeding programmes aiming to obtain 
cultivars adapted to cropping areas often 
characterized by very different weather 

conditions. Some breeding programmes are 
currently in progress in various areas of 
China. One has been conducted since 2003 
in Zhejiang area, where the harvest takes 
place from November to May in protected 
culture, and this programme has recently 
released two new cultivars, ‘Yuezhu’ and 
‘Yueli’, obtained from crosses among Japan-
ese cultivars. They are both early-season 
cultivars, with light-coloured fruits that are 
very sweet with little acid taste, typical of 
the cultivars of Japanese origin. Another 
breeding programme is being carried out in 
the province of Hebei by the Baoding 
Strawberry Research Institute and focuses 
on the protected cultures of northern China 
(Duan et al., 2012). ‘Baotong’ is the most re-
cent cultivar obtained from a Japanese cul-
tivar (‘Benihomalei’). In the province of 
Shanxi, a programme is being carried out 
by the Pomology Institute. The selection 
CM05-1-2 has recently been obtained and 
released. At the Jiangsu Academy of Agri-
cultural Science, another breeding pro-
gramme focusing on the warmest areas is 
being carried out (Wang et al., 2012). 
‘Ningyu’ is the most recent released culti-
var obtained, also from Japanese cultivars 
(‘Sachinoka’ ×  ‘Akihime’). ‘Shimei-7’ is a 
new cultivar released in the framework of 
a programme conducted by the Shijiaz-
huang Pomology Institute (Yang et al., 
2014). Obtained from a cross with the Jap-
anese cultivar ‘Tochiotome’, which has a 
low winter chilling requirement, it is well 
adapted to forced cultures. The breeding 
programme conducted at the University of 
Shenyang works on ornamental cultivars 
characterized by violet-coloured flowers 
(Xue et al., 2014). ‘Pink Beauty’ and ‘Pretty 
Beauty’ are two recently released cultivars 
obtained through crosses made with ‘Pink 
Panda’, a pink-flowered cultivar released 
in the UK in 1971. Another programme 
being carried out in Chengdu in the pro-
vince of Sichuan at the Academy of Agri-
cultural Science is aiming to obtain new 
genetic material by carrying out crosses 
between commercial cultivars and native 
clones of the species Fragaria nilgerrensis, 
which is particularly interesting for its 
fruit aroma (Li et al., 2012).
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A strong breeding programme is being 
carried out in Japan. In northern Japan 
(Hokkaido and Tohoku districts), two breed-
ing programmes for late June-bearers (in 
cold regions: Hokkaido, Akita and Yamaga-
ta Prefectures) and early June-bearers (in 
warm regions: the Pacific coast of Aomori, 
Miyagi and Fukushima Prefectures) have 
been conducted (Takahashi et al., 2009; 
Morishita, 2012). Many cultivars were re-
leased in the framework of these pro-
grammes. The programme aim to release a 
decaploid interspecific hybrid is particu-
larly interesting. ‘Karume’, obtained from a 
cross between an octoploid cultivar and a 
diploid wild species (F. nilgerrensis) (Nogu-
chi et al., 2009), presents a strong peach-
like sweet fragrance. The cultivar ‘Tokun’ 
was released recently (Noguchi et al., 2011).

Many breeding programmes are con-
ducted in North America, although compared 
with the past they have been considerably 
reduced (Hancock, 1999; Hancock et al., 
2008). Most programmes to produce new 
cultivars are carried out through collabor-
ations among many research institutes. 
The programme carried out at the US 
Department of Agriculture/Agricultural 
Research Service (USDA-ARS) in Beltsville 
(Maryland) and Corvallis (Oregon) is cer-
tainly the longest running worldwide, and 
stands out for having released many culti-
vars characterized by resistance to soilborne 
pathogens. Some recently released cultivars 
are ‘Valley Red’, ‘Charm’ and ‘Sweet Bliss’, 
all short-day cultivars adapted to the north-
western Pacific area (Finn et al., 2013). 

Other programmes are now in progress at 
Washington State University (latest cultivar 
released: ‘Puget Crimson’) and North Caro-
lina State University (latest cultivar released: 
‘Galletta’).

In Canada, many breeding programmes 
are now in progress, often working in col-
laboration with US institutions. In British 
Columbia, a breeding programme is being 
carried out at the Pacific Agri-Food Re-
search Centre, Agassiz, part of Agriculture 
and Agri-Food Canada. ‘Nisgaa’ and ‘Stolo’ 
are the two most recently released 
June-bearing cultivars, and ‘Puget Crimson’ 
(short-day) was commercially released in 
collaboration with Washington State Uni-
versity and USDA-ARS, Corvallis, confirm-
ing the large collaboration among different 
breeding programmes in northern America. 
In Kentville, Nova Scotia, the Atlantic Food 
and Horticulture Research Centre of Agri-
culture and Agri-Food Canada recently re-
leased ‘Valley Sunset’ (2009) and ‘ACC 
Lila’ (2013). In Ontario, at the Ottawa East-
ern Cereal and Oilseed Research Centre of 
Agriculture and Agri-Food Canada, some 
selections (LL0210-60, LL0311-43 and 
LL0312-23) were released. In Quebec, a 
breeding programme carried out at the 
Horticultural Research and Development 
Center is now in progress. As well as some 
cultivars (e.g. ‘Stolo’) released in collabor-
ation with other research centres, this pro-
gramme releases also ornamental cultivars 
such as ‘Roseberry’ (day-neutral) with at-
tractive pink blooms and aromatic fruits 
(Kempler et al., 2011).
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4.1.  Introduction

The white Chilean strawberry, Fragaria chilo-
ensis subsp. chiloensis (L.) Mill. f. chiloensis 
(Rosaceae), is becoming an interesting crop 
in the coastal range of Chile. The plant was 
selected and kept by small farmers and 
peasants due to its colour, aroma and excel-
lent taste, and is now cultivated in a small 
area in central Chile, between the latitudes 
35 and 39°S. (Fig. 4.1) (Retamales et al., 2005). 
The chemistry of this native berry has shown 
differences compared with the red-coloured 
commercial strawberry (Fragaria × ananassa), 
as well as with other Fragaria spp. (Cheel et al., 
2005, 2007; Simirgiotis et al., 2009b). Recent 

studies have aimed to disclose the molecular 
basis of the F. chiloensis response under dif-
ferent stress conditions (González et al., 
2009, 2013), as well as the genes involved 
in the fruit colour (Saud et al., 2009; Salvat-
ierra et al., 2010, 2013) and softening (Opazo 
et al., 2010). However, less is known about 
the chemical response of the plant under 
biotic and abiotic stress. Research done by 
Saud et al. (2009) and Salvatierra et al. (2010, 
2013) has demonstrated the potential of 
combining information on plant genomics 
with that on some of the phenolic plant con-
stituents responsible for the fruit colour. 
Therefore, both genomic and metabolomic 
approaches to the Chilean white strawberry 
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(b)(a)

(c)

Fig. 4.1.  (a) White strawberry culture in Contulmo, Región del Bio-Bio, Chile. (b) Infected plant. (c) Com-
mercialization of white and red strawberry at the Putu market, Región del Maule, Chile. (a, b) From Rudi 
Montenegro (Universidad Austral de Chile, Chile); (c) from Cristina Theoduloz (Universidad de Talca, Chile).
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are relevant for its development as an in-
dustrial crop.

Metabolomics is the large-scale chemical 
analysis of plants, cells or tissues, and in-
cludes metabolite target analysis, metabolic 
profiling and metabolic fingerprinting. The 
compounds that constitute the metabolome 
are the end products of gene expression and 
are related to the chemical phenotype of the 
living organisms (Sumner et al., 2003). Several 
responses in living organisms that involve al-
tered gene expression, such as those arising 
from environmental stimuli in plants, result in 
qualitative changes in the secondary metab-
olite pools. Metabolomics requires selected 
chemical profiling technologies that allow fast 
and replicable separation of complex mixtures 
and a fast, reliable characterization of the 
individual constituents using databases. The 
chemical profiles are compared to disclose dif-
ferences in gene expression that are associated 
with changes in the secondary metabolite 
pool. Due to the chemical complexity of the 
metabolome, the inherent biological variabil-
ity in organisms of the same species and the 
limitations of the instrumental approaches, a 
comprehensive profiling of the complete me-
tabolome is not possible. At present, there is 
no single analytical technique able to profile 
all of the metabolome.

From an application point of view, me-
tabolomics focuses on high-throughput 
characterization of selected groups of small-
sized metabolites (<1500  Da) in biological 
matrices. Following this definition, Wishart 
(2008) referred to it as ‘the collection of all 
small molecule metabolites or chemicals that 
can be found in a cell, organ or organisms’. 
These selected compounds can, for instance, 
be phenolics, terpenes or alkaloids. Metabo-
lomics is also known as metabolic profiling, 
and requires systems for fast separation of 
compounds, mixtures and instruments for 
the spectrometric or spectroscopic charac-
terization of the compounds in the sample. 
If required, selected compounds can be iso-
lated from the mixture for further identifica-
tion using standard methods.

Polyphenols are one of the principal 
compounds related to the benefits of fruits, 
vegetables, wine and herbal teas consumed 
in the diet because of their antioxidant prop-
erties and other biological activities. Several 

analytical methods have been proposed for 
analysis of phenolic compounds in agricul-
tural products, differing in the extraction, 
separation and quantification techniques. 
A rapid dereplication of constituents in 
complex mixtures is desirable to establish 
similarities and differences that can be used 
to assess metabolomic changes in the target 
organism. High-performance liquid chroma-
tography with diode array detection coupled 
with tandem mass spectrometry (HPLC-DAD-
MS/MS) is the method of choice for fast 
dereplication of complex mixtures, using low 
amounts of samples. The technique has been 
applied successfully for fast characterization 
of phenolics in berries (Määttä et al., 2003; 
Määttä-Riihinen et al., 2004), including straw-
berries (Seeram et al., 2006; Simirgiotis and 
Schmeda-Hirschmann, 2010a; Schmeda-
Hirschmann et al., 2011), edible fruits (Simir-
giotis et al., 2009a,b, 2013a,b,c), herbal teas 
(Simirgiotis and Schmeda-Hirschmann, 2010b; 
Quispe et al., 2012; Simirgiotis et al., 2012), 
propolis (Agüero et al., 2010) and spices 
(Viveros-Valdez et al., 2008).

This chapter reviews all relevant infor-
mation that will be relevant to set up a data-
base of phenolic constituents of the white 
Chilean strawberry for metabolomic studies.

4.2.  Phenolic Profile of Cultivated 
Chilean White Strawberry

The plant samples were taken from com-
mercial plantations at Contulmo, Región del 
Bio-Bio, Chile, and can be considered repre-
sentative of the white strawberry plants re-
garded as healthy by producers. No visible 
damage was observed for the botanical ma-
terial employed as the baseline for compari-
son purposes. The plants were taken to the 
laboratory, separated into fruits, leaves, 
flowers and rhizomes, washed with tap water 
and immediately extracted three times with 
methanol:formic acid (99:1) in a 1 g sample:20 ml 
solvent ratio. The extracts were filtered and 
taken to dryness for HPLC and HPLC-DAD-
MS/MS analysis. Plants presenting leaf 
damage associated with a fungal pathogen 
were collected and processed as described 
above for comparison purposes (Fig. 4.1b).
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Different organs from the cultivated 
Chilean white strawberry were analysed 
separately for phenolic compounds using 
HPLC-DAD-MS/MS. The HPLC system was 
Merck-Hitachi equipment (LaChrom, Tokyo, 
Japan) consisting of an L-7100 pump, an 
L-7455 UV diode array detector and a D-7000 
chromatointegrator. A 250 mm × 4.60 mm 
internal diameter, 5 μm Kromasil 100-5C18 
column (Eka Chemicals, Brewster, NY) 
maintained at 25°C was used. The HPLC 
analysis was performed using a linear gradi-
ent solvent system consisting of 1% formic 
acid (A) and acetonitrile (B) as follows: 90 
to 75% A over 30 min, followed by 75 to 40% 
A from 30 to 45 min at a flow rate of 1 ml min–1. 
The extracts were dissolved in methanol:H2O 
(1:1, v/v) (final concentration ~5 mg ml–1), 
filtered through a 0.45 μm PTFE filter (Waters, 
Milford, MA) and submitted to HPLC-DAD 
and HPLC-electrospray ionization (ESI)-MS 
analysis. The volume injected was 20 μl. 
The compounds were monitored at 250 nm, 
and UV spectra were recorded at 200–600 nm 
for peak characterization.

HPLC coupled to MS was performed 
using a Squire 4000 plus ion trap spectrom-
eter fitted with ESI (Bruker Daltonics, Biller-
ica, MA). The capillary voltage was 4000 V. 
Nitrogen was used as nebulizer gas at 350°C 
at a flow of 8.0 l min–1, and the nebulizer 
pressure was 27.5 psi. Spectra were recorded 
between m/z 150 and 2000 in positive-ion 
mode. Collision-induced dissociation spectra 
were obtained with a fragmentation ampli-
tude of 1.00 V (MS/MS) using helium as the 
collision gas.

Analysis of the constituents of the dif-
ferent organs was carried out under the same 
experimental conditions to allow comparison 
of the ‘baseline’ plants (i.e. plants considered 
healthy) with those presenting phytopathogen-
induced damage. While the first approach 
renders information on the main constitu-
ents and fingerprinting of different organs, 
comparison with diseased plants might con-
firm whether the method is suitable for the 
detection of a chemical response, measured 
as changes in the qualitative and/or quanti-
tative composition of the plant phenolics.

Comparison of phenolics in leaves was 
preferred for obvious reasons, as correlation 

with damage and the pathogen can both be 
carried out using chemical markers or molecu-
lar biology tools. The HPLC chromatograms of 
the different plant parts are shown in Fig. 4.2, 
while the distribution of phenolic compounds 
in the different plant parts is summarized in 
Table 4.1.

4.2.1.  HPLC analysis of white  
strawberry leaves

The profiles of the leaves showed mainly 
tannins and quercetin 3-O-glucuronide (Q-3-
Gluc), with kaempferol coumaroyl hexo-
sides as minor constituents (Table 4.2). The 
main compounds were ellagic acid, quer-
cetin 3-O-glucuronide and ellagitannins. 
The ellagitannins with an [M+1]+ ion at m/z 
785 and 769 were tentatively assigned to 
platycaryanin D or pedunculagin, and as a 
balanophotannin (Jiang et al., 2005), re-
spectively. Ellagic acid sulphate conjugate 
(Souleman et al., 1998) was also present. 
Quercetin and kaempferol coumaroyl hexo-
side were described in the leaves of the 
wild-growing red-coloured form, F. chiloen-
sis var. chiloensis (Simirgiotis et al., 2009b).

4.2.2.  HPLC analysis of white  
strawberry flowers

The phenolic constituents of the white 
strawberry flowers were described for the 
first time, showing ellagic acid derivatives 
and flavonoids as the main compounds. The 
flavonoids included quercetin and kaemp-
ferol glycosides, with glucuronic acid as the 
sugar moieties in both flavonoids.

4.2.3.  HPLC analysis of white  
strawberry rhizomes

The rhizomes contained mainly condensed 
and hydrolysable tannins (Table 4.2) with 
dimers and trimers based on catechin/epi-
catechin, in agreement with data in the lit-
erature (Yoshida et al., 1987; Nonaka et al., 
1989; Terashima et al., 1990; de Souza et al., 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Chilean White Strawberry	 45

Fig. 4.2.  High-performance liquid chromatography (HPLC) with diode array detection chromatograms at 
250 nm of flowers (a), ripe fruits (b), rhizomes (c), healthy leaves (d) and infected leaves (e) of Fragaria 
chiloensis subsp. chiloensis f. chiloensis. See Table 4.2 for a description of the peak labels.
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2008; Appeldoorn et al., 2009). Three trimers 
and two dimers were tentatively identified, 
while two additional related compounds re-
mained unidentified. The same trend was 
observed for the rhizomes of F. chiloensis 
f. patagonica, where tannins were the pre-
dominant compounds.

4.2.4.  HPLC analysis of white strawberry fruits

The HPLC pattern of the ripe white straw-
berry fruits showed caffeoylquinic acid and 

several procyanidin trimers as minor com-
pounds. The main constituents were quer-
cetin derivatives, including quercetin-3-O- 
glucuronide and ellagic acid pentoside 
(Table 4.1).

4.3.  The Plant Response under  
Fungal Infection

The main phenolics detected in healthy 
leaves of the cultivated white strawberry 
were a hydrolysable tannin of molecular 
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Table 4.1.  Phenolic compound distribution in leaves, flowers, rhizomes and fruit of cultivated Chilean 
white strawberry.

Plant part

Molecular weight Tentative compounds identification L Fl Rh F

354 Caffeoylquinic acid/chlorogenic acid F
354 Caffeoylquinic acid/chlorogenic acid F

224 Sinapinic acid F
620 Hydroxybenzoic acid derivative F

578 Procyanidin dimer isomer 1 Rh
578 Procyanidin dimer isomer 2 Rh
864 Procyanidin trimer isomer Rh
866 Procyanidin trimer isomer 1 Rh
866 Procyanidin trimer isomer 1 F
866 Procyanidin trimer isomer 2 F
866 Procyanidin trimer isomer 3 F
866 Procyanidin trimer isomer 4 F
866 Procyanidin trimer isomer Rh

302 Ellagic acida L
396 Methyl ellagic acid sulphate L
434 Ellagic acid pentoside F
478 Digalloylshikimic acid L
628 Ellagic acid hexoside Fl
656 Ellagic acid derivative Fl
766 Ellagitannin L
768 Balanophotannin L
784 Platycaryanin D or pedunculagin L

566 K derivative F
594 K 3-O-coumaroyl hexoside isomer 1 L
594 K 3-O-coumaroyl hexoside isomer 2 L
624 K 3-O-glucuronide-hexoside Fl
478 Q 3-O-glucuronidea L Fl F
576 Q derivative F
578 Q hexose + unknown moiety F
866 Q derivative F
926 Taxifolin derivative F

380 Unknown L
684 Unknown Rh
704 Unknown Rh

L, leaves; Fl, flowers; Rh, rhizomes; F, fruit; Q, quercetin; K, kaempferol.
aIdentified by spiking experiment with standard phenolic compound.

weight 784 Da (platycaryanin D or pedun-
culagin, peak 4, Rt 17.01 min), free ellagic 
acid (as the main constituent, with Rt of 
21.52  min) and quercetin 3-O-glucuronide 
(Rt 23.84  min). After infection, the main 
changes in the chromatogram were a de-
crease in the peak area of the tannin and an 
increase in the ellagic acid content of the 
sample. The biological significance of the 
findings should be investigated further to 
determine whether the modifications in 

the phenolic pattern are specific to the 
phytopathogenic organism (fungus, bacter-
ium or virus) or whether this is a general 
chemical response of the plant under mi-
crobial challenge. The role of ellagitannins 
in human health has been reviewed re-
cently by Landete (2011). Ellagic acid is re-
leased from tannins after hydrolysis and 
plays several relevant biological roles as an 
antioxidant as well as in modulating the 
cell response.
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Table 4.2.  High-performance liquid chromatography with diode array detection coupled with tandem mass spectrometry data of extracts from flower, fruit, rhizome 
and leaf of white Chilean strawberry plants.

Peak Part Rt (min) UV max [M+H]+ and MSn ions M Tentative identification

α Flower 22.64 364, 295 sh, 252 657, 397, 303 656 EA derivative
β Flower 22.93 260 sh, 238 629, 465, 447, 303 628 EA hexose
γ Flower 24.69 352, 295 sh, 265 sh, 255 479, 303 478 Q 3-O-glucuronidea

δ Flower 29.17 344, 295 sh, 265 625, 463, 287 624 K 3-O-glucuronide-hexoside

1 Fruit 2.59 276, 240 355, 183, 163, 85 354 CQ/chlorogenic acid isomer 1
2 Fruit 3.57 273, 235 355, 171, 153, 136 354 CQ/chlorogenic acid isomer 2
3 Fruit 9.23 nd 867, 579, 427, 409, 289 866 P-trimer isomer 1
4 Fruit 9.95 nd 867, 579, 427, 409, 289 866 P-trimer isomer 2
5 Fruit 13.44 nd 867, 579, 409, 287, 271 866 P-trimer isomer 3
6 Fruit 14.16 nd 867, 579, 437, 287, 271 866 P-trimer isomer 4
7 Fruit 18.19 350, 290 sh, 251 579, 303 578 Q hexose+unknown moiety
8 Fruit 19.25 358, 290 sh, 251 867, 579, 303 866 Q derivative
9 Fruit 20.64 364, 290 sh, 251 577, 303, 289, 98 576 Q derivative
10 Fruit 22.05 nd 379, 333, 131, 103 378
11 Fruit 22.32 352, 285 sh, 254 479, 303 478 Q 3-O-glucuronidea

12 Fruit 23.47 nd 927, 895, 459, 437, 305, 259, 231 926 Taxifolin derivative
13 Fruit 24.88 nd 621, 379, 333, 311, 149, 131 620 Hydroxybenzoic acid derivative
14 Fruit 26.16 280, 228 435, 303, 131, 103 434 EA pentoside
15 Fruit 36.48 nd 567, 287, 131 566 K derivative
16 Fruit 40.91 nd 225, 143, 100, 83 224 Sinapinic acid (C11H12O5)
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I Rhizome 2.64 278, 242 685, 523, 505, 381, 343, 325, 163 684 Unknown
II Rhizome 7.47 278, 237 865, 632, 579, 409, 291 864 P-trimer
III Rhizome 9.04 278, 240 867, 631, 579, 427, 409, 301, 289 866 P-trimer isomer 1
IV Rhizome 10.69 278, 239 579, 409, 344, 291, 207, 139 578 P-dimer isomer 1
V Rhizome 22.59 278, 239 867, 579, 289 866 P-trimer isomer 2
VI Rhizome 38.13 278, 239 579, 409, 303 578 P-dimer isomer 2
VII Rhizome 46.19 278, 239 703, 423, 303, 240 704 Unknown

a Leaf 2.62 235 381, 325, 163, 145, 127 380 Unknown
b Leaf 3.57 236 479, 381, 187, 146 478 Digalloylshikimic acid
c Leaf 7.12 276, 216 767, 465, 187, 146 766 Ellagitannin
d Leaf 17.01 237, 260 sh 785, 617, 447, 303, 187 784 Platycaryanin D or Pedunculagin
e Leaf 19.33 276 769, 599, 465, 303, 187, 146 768 Balanophotannin
f Leaf 21.52 238, 260 sh 303, 187, 146 302 Ellagic acida

g Leaf 22.37 251, 363 397, 303, 187, 146 396 Methyl EA sulphate
h Leaf 23.84 255, 305 sh, 352 479, 303 478 Q 3-O-glucuronidea

i Leaf 38.43 238, 265, 313, 350 595, 309, 287, 187, 147 594 K 3-O- coumaroyl hexoside
j Leaf 39.17 265, 305, 350 595, 287, 187, 146 594 K 3-O- coumaroyl hexoside

Rt, retention time; M, molecular mass (Da); sh, shoulder; EA, ellagic acid; Q, quercetin; K, kaempferol; CQ, caffeoyl quinic acid; P, procyanidin; nd, not detected by UV–visible photodiode 
array detector, or compound showing a weak UV–visible spectrum.
aIdentified by spiking experiment with standard phenolic compound.
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4.4.  Future perspectives

This chapter has presented the first in-
sights into the phenolic compound com-
position of different plant organs from the 
cultivated Chilean white strawberry. The 
study was undertaken with plants showing 
no signs of disease, and the fingerprints ob-
tained were compared with plants that 
were naturally infected with fungi. The 
chemical profile of the leaves showed clear 
changes according to the plant health status. 
However, additional work should be carried 
out with virus-free plants as well as with in-
dividuals selectively inoculated with dif-
ferent fungal and bacterial infections to 
ascertain whether the changes observed in 
the phenolic profiles can be related to the 

infection source (virus, fungus or bacterium) 
or whether the response is non-specific. 
Quantitative studies measuring the indi-
vidual phenolic constituents content is 
required to obtain a more robust basis for 
a metabolomics study, giving support to a 
better association between the plant gen-
ome, biotic and abiotic responses, and the 
plant chemistry.
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5.1.  Introduction

Plants are constantly being challenged by 
potential pathogens; however, disease is a 
relatively rare event because they have 
evolved sophisticated defence mechanisms, 
which include preformed physical and 
chemical barriers, as well as inducible de-
fence mechanisms (Hammond-Kosack and 
Parker, 2003; Jones and Dangl, 2006). The 
induction of plant defence/plant immune 
system occurs at two levels in plant cells: 

membrane and cytosol. First, microbial or 
pathogen-associated molecular patterns 
(MAMPs or PAMPs) are recognized by trans-
membrane pattern-recognition receptors 
(PRRs) (Chisholm et al., 2006; He et al., 2007; 
Jones and Dangl, 2006). PAMPs are highly 
conserved motifs of structures that play an 
essential role in microbial lifestyle. Several 
PAMP-like proteins have been identified 
from phytopathogens, including flagellin 
and ‘harpins’ from bacteria, xylanase from 
fungi, invertase from yeast, and Pep13 and 
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elicitins from oomycetes, as well as necrosis 
and ethylene-inducing protein (NEP)-like 
proteins (Nürnberger et al., 2004). Plants 
can also recognize products generated from 
damaged tissues, usually produced after 
interaction with hydrolytic enzymes se-
creted by phytopathogens, which are known 
as damage-associated molecular patterns 
(DAMPs). Cell wall fragments released by 
microbial xylanases, pectate lyases and en-
dopolygalacturonases are classic examples 
of DAMPs (Darvill and Albersheim, 1984; 
Lotze et al., 2007; Boller and Felix, 2009). 
Chemically pure oligogalacturonides and 
cutin monomers can also act as endogenous 
elicitors (Galletti et al., 2008, 2011; Ferrari 
et al., 2013). If recognition of PAMPs or/and 
DAMPs occurs on the plant cell surface, 
PAMP-triggered immunity (PTI) is acti-
vated. Usually, PTI is sufficient to prevent 
the invasion of the plant. However, virulent 
strains of phytopathogens have evolved 
mechanisms to suppress PTI by interfering 
with the recognition at the plasma membrane 
or by secreting effector proteins into the plant 
cell cytosol, altering the defence signalling 
and leading to effector-triggered susceptibil-
ity (ETS) and therefore to disease (Jones and 
Dangl, 2006). None the less, plants can still 
resist by activating the second branch of the 
innate immunity, which occurs at the cyto-
sol, known as effector-triggered immunity 
(ETI). ETI is a yet more sophisticated mech-
anism that recognizes the effectors or its 
function by plant resistance (R) proteins, 
which in turn activate an R-protein-mediated 
resistance, suppressing the microbial growth 
(Jones and Dangl, 2006; Chisholm et al., 
2006). When a virulent effector is recognized 
by a plant R-protein, the former is known as 
an avirulence (Avr) factor.

The term elicitor is commonly applied 
to agents that can stimulate any type of de-
fence response in plants, resulting in an en-
hanced resistance towards the invading 
pathogen (Nürnberger and Brunner, 2002). 
Elicitors of diverse chemical nature have 
been characterized including (poly)pep-
tides, glycoproteins, lipids, glycolipids and 
oligosaccharides, which can all be derived 
from different phytopathogenic microbes 
(Jones and Dangl, 2006; Chalfoun et al., 

2011; Henry et al., 2012; Wiesel et al., 2014) 
or host plants (Bonas and Lahaye, 2002). 
The broad structural and functional diversity 
exhibited by elicitors validates the view that 
these molecules and the genes involved in 
their synthesis are the target of the evolution-
ary forces that drive the antagonistic interplay 
between pathogen and host (Kamoun, 2007).

Following PRR or R-protein-mediated 
recognition, a complex network of defence 
mechanisms is activated either locally or 
systemically, accompanied by many meta-
bolic changes. MAMPs are able to stimulate 
a rapid and transient defence response char-
acterized by ion fluxes (e.g. K+, Ca2+), the 
production of reactive oxygen species (ROS) 
(mainly H2O2 and O2

•–), mitogen-activated 
protein kinase signalling and the accumula-
tion of antimicrobial compounds (Jones and 
Dangl, 2006). After these early events, the 
response continues bringing about an in-
crease in the expression of defence-associated 
genes (i.e. NPR1) (Pieterse and van Loon, 
2004), pathogenesis-related (PR) genes (Tsuda 
et al., 2008; Vlot et al., 2009) and deposition 
of callose and lignin to reinforce the cell 
wall at sites of infection, all of which con-
tribute to hinder microbial growth (Nürn-
berger et al., 2004). On the other hand, if 
Avr proteins are involved, they usually trig-
ger a stronger defence reaction character-
ized primarily by rapid apoptotic cell death 
and local necrosis, known as a hypersensi-
tive response (HR). When the plant recog-
nizes an Avr protein and the reaction is 
enough to halt the pathogens intent to in-
vade the cell, the interaction is called in-
compatible, and the pathogen behaves as 
avirulent, and the plant cultivar behaves as 
resistant. In contrast, if the plant does not 
recognize the Avr protein, no defence reac-
tion takes place and the plant acquires the 
disease. In this case, the interaction is called 
compatible, and the pathogen behaves as 
virulent and the plant as a susceptible host 
(Chaturvedi and Shah, 2007).

The defence initial stimulus can subse-
quently be amplified by pathogen- or elici-
tor-induced secondary signal molecules 
synthesized by the plant, such as salicylic 
acid (SA), ethylene, and jasmonic acid (JA) 
and its derivatives. SA is a signal molecule 
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in plant defence responses effective against 
biotrophic and hemibiotrophic pathogens 
(Glazebrook, 2005; Pieterse and Dicke, 2007; 
Koornneef and Pieterse, 2008; Vlot et al., 2009). 
It is required for both local defence at the 
site of pathogen attack and for triggering a 
systemic response, known as systemic ac-
quired resistance (SAR) (Malamy et al., 1990; 
Métraux et al., 1990; Delaney et al., 
1994; Mauch-Mani and Métraux, 1998). SAR 
is a secondary defence response occurring 
at distal plant tissues but is activated by 
local defence responses. SAR is long lasting 
and effective against a broad spectrum of 
pathogens, including fungi, bacteria and 
viruses (Zhang et al., 2010). Finally, the 
plant can also activate different signalling 
pathways that include the synthesis of pro-
teins such as chitinase, glucanase and li-
pid-transfer proteins, and secondary metabol-
ites such as phytoalexins, with antimicrobial 
activity (Pieterse and Dicke, 2007). Two phy-
toanticipins present in strawberry leaves 
have been reported and were shown to ex-
hibit not only antimicrobial properties but 
also defence activation activity (Filippone 
et al., 1999; Mamaní et al., 2012).

Anthracnose disease, caused by fungal 
species of the genus Colletotrichum, repre-
sents one of the major fungal diseases of straw-
berry (Fragaria×ananassa Duch.), affecting all 
tissues of the plant: fruits, flowers, leaves, 
runners, roots and crowns (Howard et al., 
1992; Freeman and Katan, 1997). There are 
three principal Colletotrichum spp. involved 
in the disease: Colletotrichum acutatum 
J.H. Simmonds, Colletotrichum fragariae 
A.N. Brooks and Colletotrichum gloeospori-
oides (Penz.) Penz. & Sacc. (Smith and 
Black, 1990; Howard et al., 1992).

Chemical control of the disease relies 
on foliar application of fungicides. How-
ever, the use of fungicides often yields poor 
results when the weather conditions favour 
the disease development, or the treatment 
must be limited due to restrictions imposed 
on pesticide usage (Freeman et al., 1997). 
Therefore, elicitor-induced plant resistance 
represents one sustainable strategy to de-
velop new methods to control anthracnose. 
However, to achieve reliable results, it is 
necessary to understand the mechanisms 

activated in plants during the interaction 
with pathogens.

Using double infection experiments, it 
was reported that an avirulent isolate of  
C. fragarie (F7) provided strawberry plants 
of the cultivar ‘Pájaro’ with efficient protec-
tion against a virulent isolate of C. acutatum 
(M11); the protection was due to activation 
of a plant defence response (Salazar et al., 
2007). Later, it was demonstrated that the 
resistance acquired by strawberry plants 
treated with this avirulent isolate was of the 
SAR type and that it could be passed from 
mother to daughter plants through the run-
ners (Salazar et al., 2013). Recently, it was 
reported that this type of resistance could 
also be induced by other avirulent patho-
gens, namely: isolate M23 of C. fragariae 
(Chalfoun et al., 2011) and isolate SS71 of 
Acremonium strictum (Chalfoun et al., 
2013), suggesting that avirulent fungal 
pathogens may use a common mechanism 
of activation of the defence response.

To analyse further the mechanisms in-
volved in the establishment of a defence re-
sponse against fungal pathogens in straw-
berries, the efforts of our group have been 
directed towards studying the molecular 
and biochemical bases of the defence sig-
nalling and towards identifying putative 
elicitor molecules.

5.2.  Temporal accumulation of salicylic 
acid mediated by the avirulent strain 

M23 of C. fragariae in strawberry

As described above, it is well known that 
strawberry plants can induce defence mech-
anisms against pathogens; however, little is 
known about phytohormone signalling path-
ways. Some reports have demonstrated that 
application of benzothiadiazole S-methyl 
ester (BTH), an analogue of SA (Eikemo et al., 
2003; Hukkanen et al., 2007), or chitosan 
(Bhaskara Reddy et al., 2000) to strawberries 
could induce resistance against pathogens.

It was reported that the content of SA in 
strawberry plants of cultivar ‘Pájaro’ inocu-
lated with the avirulent isolate of C. fragariae 
(M23) increased by almost twofold with 
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respect to control non-treated plants at 48 h 
post-treatment (p.t.) and decreased afterwards 
(Fig. 5.1). These plants also showed an early 
accumulation of ROS. In contrast, plants in-
oculated with a virulent isolate of C. acu-
tatum (M11) did not exhibit an early accu-
mulation of ROS after infection, and their SA 
content did not change over the time interval 
studied (Grellet-Bournonville et al., 2012).

As no disease symptoms were observed 
in plants treated with the avirulent strain, it 
was suggested that an SA-mediated defence 
mechanism was taking place. This agrees 
with the results of studies in various other 
species, such as Arabidopsis, tobacco, cu-
cumber and barley (Malamy et al., 1990; 
Métraux et al., 1990; Rasmussen et al., 1991; 
Summermatter et al., 1995; Delaney, 1997; Shah 
et al., 1997; Vallelian-Bindschedler et al., 1998).

The association between SA accumula-
tion and activation of a defence response 
was confirmed indirectly with plants treat-
ed with the virulent isolate M11. In this 
case, plants that did not accumulate ROS 
and SA exhibited disease symptoms after 
72 h p.t. (Grellet-Bournonville et al., 2012).

5.2.1.  Expression analysis of the PR-1 gene

PR proteins have been defined as host  
proteins that are induced either local and 

systemically in response to an avirulent or 
virulent pathogen (van Loon and van Strien, 
1999). SA accumulation often parallels or 
precedes the increase in expression of PR 
genes (An and Mou, 2011). In particular, ex-
pression of the gene PR-1 is closely associ-
ated with SA accumulation in several plant 
species (Kawano et al., 2004; An and Mou, 
2011).

In strawberry plants, clear upregulation 
of the gene FaPR1 was observed during the 
first 48 h p.t. with the avirulent isolate M23 
but was abruptly downregulated after this 
time point. In contrast, the expression of 
FaPR1 in M11 (virulent strain)-treated plants 
showed an increasing downregulation over the 
period studied (Grellet-Bournonville et al., 
2012) (Fig. 5.2).

These results provide clear evidence 
that accumulation of SA in strawberry trig-
gers PR-1 expression, and both events are 
probably required for the full establishment 
of the defence response and for plant pro-
tection. Furthermore, these outcomes strongly 
suggest that M23 is responsible for the acti-
vation of an SA-dependent defence mech-
anism in plants of the cultivar ‘Pájaro’.

The fact that FaPR1 expression was also 
downregulated after 48 h p.t. with M23 sug-
gests that a time-dependent regulatory pro-
cess is taking place. It is well known that SA 
exerts an antagonistic effect on jasmonate and 
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Fig. 5.1.  Changes in salicylic acid (SA) content in 
strawberry plants of the cultivar ‘Pájaro’ inoculated 
with the fungal pathogen C. fragariae M23 (dark 
bars) or C. acutatum M11 (light bars) at different 
times post-treatment (h p.t.), relative to water-treated 
plants (control). Values represent the means ± 
standard deviation of three independent experimental 
replicates (n = 6).
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Fig. 5.2.  Expression of the FaPR1 gene at different 
times after treatment of plants with C. fragariae M23 
(avirulent; dark bars) or C. acutatum M11 (virulent; 
light bars). Results are expressed as the ratio of  
the level of expression of the FaPR1 gene in 
inoculated plants compared with control  
(water-treated) plants. Values represent the 
means ± standard deviation of four replicates and 
two independent experiments (n = 6).
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ethylene signalling pathways (Pieterse et al., 
2009; Verhage et al., 2010). Therefore, we may 
hypothesize that the activation of these sig-
nalling pathways could take place at 48 h p.t.

5.2.2.  Expression analysis of the PAL-3 gene

SA in plants can be generated via two dis-
tinct enzymatic pathways that require 
chorismate: the isochorismate synthase and 
the phenylalanine ammonia-lyase (PAL) 
pathways. Whereas the former is the main 
source of SA synthesis during SAR in 
plants, the latter is proposed to be respon-
sible for the rapid production of SA asso-
ciated with local cell death (Wildermuth 
et al., 2001). However, there is evidence 
that supports an important role of the PAL 
pathway in pathogen-induced SA forma-
tion in many plant species (Elkind et al., 
1990; Meuwly et al., 1995; Mauch-Mani 
and Slusarenko, 1996; Pallas et al., 1996; 
Coquoz et al., 1998; Huang et al., 2010). 
Therefore, both SA biosynthetic pathways 
appear to participate in basal and patho-
gen-induced SA production, and the im-
portance of PAL and isochorismate syn-
thase for SA biosynthesis relies on the 
intermediates generated in both pathways 
(An and Mou, 2011).

Grellet-Bournonville et al. (2012) re-
ported that the strawberry gene FaPAL3 in 
M23-treated plants shows a particular ex-
pression profile, exhibiting a discrete upreg-
ulation during the first 72 h p.t. but becom-
ing more widespread at 96 h p.t. (Fig. 5.3). 
They suggested that, although the first in-
duction of FaPAL3 could contribute to syn-
thesis of SA at a very early stage of the in-
duction, it is later downregulated by SA 
(Fig. 5.1); none the less, as soon as the con-
tent of SA decreases, the control over the 
PAL pathway is released.

A further explanation of this behaviour 
was proposed based on the fact that the M23 
isolate of C. fragariae is a hemibiotrophic 
pathogen. The authors speculated that M23 is 
making a switch from the biotrophic to the 
necrotrophic phase after 48 h p.t.; this event 
is perceived by the plant and, with the aim 

of protecting itself, it induces the phenyl-
propanoid pathway to strengthen cell wall 
components (e.g. callose, lignin). In con-
trast, plants challenged with the virulent 
isolate M11 do not exhibit significant 
changes in FaPAL3 expression over the 
period studied (Fig. 5.3). This hypothesis is 
also supported by the fact that FaPAL3 in-
duction at 96  h p.t. in M23-treated plants 
was almost fourfold that of plants infected 
with M11.

5.3.  Salicylic acid-induced protection

Previous reports have shown that applica-
tion of exogenous SA or BTH activates ex-
pression of PR genes and induces disease 
resistance against viral, bacterial, oomycete 
and fungal pathogens in a variety of plant 
species (An and Mou, 2011).

In agreement with results obtained in 
infection experiments, Grellet-Bournonville 
et al. (2012) observed a clear induction of 
the FaPR1 gene at 72 h p.t. when SA was 
applied exogenously (Fig. 5.4). In contrast, 
the FaPAL3 gene was not upregulated at any 
time point evaluated (Fig. 5.4), suggesting that 
it is regulated through an SA-independent 
signalling pathway or that SA can actu-
ally downregulate the PAL-dependent SA 
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Fig. 5.3.  Expression of the FaPAL3 gene at different 
times after treatment with M23 (dark bars) or M11 
(light bars). Values are expressed as the ratio of the 
level of expression of the FaPAL3 gene in inoculated 
plants compared with control  
(water-treated) plants. Values represent the 
means ± standard deviation of four replicates and 
two independent experiments (n = 6).
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pathway. However, the latter does not agree 
with previous reports showing that exogen-
ous SA application could restore disease re-
sistance in plant species in which the PAL 
gene was inhibited or mutated (Elkind et al., 
1990; Meuwly et al., 1995; Mauch-Mani and 
Slusarenko, 1996; Pallas et al., 1996; Coquoz 
et al., 1998; Nawrath and Métraux, 1999; 
Wildermuth et al., 2001; Nawrath et al., 2002).

The effect of the exogenous application 
of SA on plant resistance/protection was 
also tested (Grellet-Bournonville et al., 
2012). The results showed that SA exerted 
an induced protection on strawberry plants 
towards the virulent isolate M11 and that 
the level of protection increased with time 
(Fig. 5.5). Similar results were reported by 
Eikemo et al. (2003) when inducing straw-
berry resistance to the pathogens Phytoph-
thora cactorum and Phytophthora fragariae 
by BTH application; however, a gene ex-
pression study was not reported. An effect 
of time elapsed between plant treatment 
and challenge with the virulent pathogen 
was also observed by Salazar et al. (2007) 
when using an avirulent strain of C. fragari-
ae before infecting the plants with a viru-
lent strain of C. acutatum.

5.4.  The systemic acquired resistance 
response

As expression of the FaPR1 gene in straw-
berry plants treated with the avirulent iso-
late M23 was accompanied by accumulation 
of SA, Chalfoun et al. (2011) investigated the 
occurrence of SAR in strawberry plants of 
the cultivar ‘Pájaro’; plants were treated in 
one isolated leaf with M23, and 96 h later 
the whole plant was treated with the viru-
lent M11. The results showed that plants in-
fected with M23 activated a systemic resist-
ance, providing total protection against 
M11. The SAR was confirmed by analysing 
ROS, callose accumulation and the expres-
sion of FaPR1 in distal tissues. Similar re-
sults were also obtained when the avirulent 
isolate SS71 of the opportunist strawberry 
fungal pathogen A. strictum (Racedo et al., 
2013) was used as the inducer of the defence 
and M11 as the challenging pathogen. Inter-
estingly, these authors reported that conidial 
extracts of both avirulent isolates were also 
able to induce a systemic defence response 
and to grant protection against the virulent 
isolate M11 of C. acutatum (Chalfoun et al., 
2011, 2013).
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Fig. 5.4.  Relative expression of FaPR1 (dark bars) 
and FaPAL3 (light bars) genes at different times after 
treating with salicylic acid. Values are expressed as 
the ratio of the level of expression of the genes 
FaPR1 and FaPAL3 in treated compared with 
non-treated plants (controls). Results correspond to 
means ± standard deviation of four replicates and 
two independent experiments (n = 6).
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Fig. 5.5.  Protection mediated by the ectopic 
application of SA to strawberry plants (cultivar 
‘Pájaro’). Susceptibility was measured as disease 
severity rating (DSR) of plants treated or not (C, 
control) with SA (5 mM) at different times before 
inoculation with M11. Control plants were treated 
with 10% methanol. DSR was evaluated over 
30 days after inoculation with M11. Bars represent 
the means ± standard deviation of three independent 
experimental replicates (n = 6). Different lower-case 
letters above bars represent statistically different 
values (Fisher’s test, P < 0.05).
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The results presented in this section 
provide strong evidence that strawberry 
plants have an SA-signalling-associated de-
fence mechanism that can be activated by 
avirulent fungal pathogens, and that the 
defence response is effective against the 
C. acutatum anthracnose causal agent.

Further investigations will be required 
to elucidate the events that precede and fol-
low the accumulation of SA to explain and 
understand the behaviour of SA observed in 
plants challenged with avirulent pathogens.

5.5.  Transcriptional changes in  
strawberry leaves in response to  

A. strictum interaction

To investigate the genes involved in the 
plant defence response reported above, a 
differential display PCR technique was 
used to compare the expression profiles of 
strawberry leaves infected with the aviru-
lent isolate SS71 of A. strictum and the 
virulent isolate M11 of C. acutatum at 48 h 
p.t. (Agüero et al., 2003). This condition 
was chosen because infection assays had 
shown that, at this time point, plants treated 
previously with this isolate of A. strictum 
did not develop anthracnose disease symp-
toms, even when they were reinfected with 
a conidial suspension of the M11 isolate. By 
using a combination of arbitrary and an-
choring primers, many expressed sequence 
tags (ESTs) were isolated. Among these, 
only 13 showed clear and consistent differ-
ential expression in the incompatible inter-
action with SS71 compared with the com-
patible interaction with M11. Based on their 
homology to sequences included in the Na-
tional Center for Biotechnology Information 
protein database (http://www.ncbi.nlm.nih.
gov/protein), putative identification and 
function prediction was possible. The 13 
ESTs sequences encoded: a class tau gluta-
thione S-transferase (GST), with roles in 
cellular protection against stress (Dixon et al., 
2002); two calmodulin-like (CML) proteins 
involved in sensing the cytoplasmic Ca2+ 
concentration (McCormack and Braam, 
2003); a protein kinase HT1 that regulates 

stomatal movements in response to CO2 
(Hashimoto et al., 2006); a THI1 enzyme in-
volved in thiazole biosynthesis (Ribeiro et al., 
1996); an H+-ATPase from the plasma mem-
brane (Ohno et al., 2004); an asparagine-rich 
protein expressed in endoplasmic reticu-
lum stress (Ludwig and Tenhaken, 2001); a 
hybrid proline-rich protein from the cell 
walls (Dvořáková et al., 2007); a chloroplast 
DGEP5 protease involved in the degrad-
ation of damaged proteins (Sun et al., 2007); 
an enoyl-CoA hydratase-isomerase involved 
in defence against pathogens (Reumann et al., 
2007); a PR protein activated by BTH treat-
ment (Bovie et al., 2004); a chlorophyll 
a/b-binding protein (LHCII) involved in 
stress defence (Kerchev et al., 2011); and a 
uridine/cytidine monophosphate kinase 
(Zhou et al., 1998). Among these sequences, 
full-length cDNAs were obtained for the 
GST (FaGSTU1) and the two CML proteins 
(FaCML1 and FaCML2) were selected for 
further analysis.

GSTs are multifunctional proteins en-
coded by a large gene family involved in 
protecting cells from biotic and abiotic stress 
such as pathogen attack, heavy metal toxins, 
oxidative damage and ultraviolet radiation, 
and detoxification of xenobiotics (Frova, 
2003). In plants, GSTs are divided into seven 
classes: theta, zeta, tau, phi, lambda, dehy-
droascorbate reductase and tetrachlorohy-
droquinone dehalogenase (Lan et al., 2009). 
The proteins of the tau and phi classes are 
dimeric and catalyse the conjugation of en-
dogenous compounds and herbicides (Ed-
wards and Dixon, 2005). Each subunit consists 
of a conserved N-terminal glutathione-binding 
domain (G-site) and a variable C-terminal 
a-helical domain that contains the binding 
site for the hydrophobic substrate (H-site). 
The predicted FaGSTU1 subunit has 223 aa 
and shares 50% amino acid identity with 
LeGSTU3 from Lycopersicon esculentum. 
This protein was reported to be involved in 
the control of cell death induced by oxida-
tive stress (Kilili et al., 2004). The transcript 
level of FaGSTU1 showed clear upregula-
tion in the interaction with SS71, and was 
repressed during infection with the C. acu-
tatum M11 isolate (Tonello et al., 2013). In 
contrast, FaCML1 and FaCML2 exhibited 
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similar expression patterns in response to 
both fungal isolates; the level of transcripts 
increased in leaves treated with the aviru-
lent SS71 isolate, but was slightly downreg-
ulated when the infection was performed 
with the virulent M11 isolate (Tonello et al. 
2013) (Fig. 5.6).

Ca2+ has a fundamental role as a sec-
ondary messenger during pathogen- and 
elicitor-triggered immunity in plants (Le-
courieux et al., 2006; Kudla et al., 2010; 
Reddy et al., 2011; Stael et al., 2012). It has 
been reported that an increase in the cyto-
solic Ca2+ level is an essential signalling 
event during plant–pathogen interactions, 
and variations in its concentration are 
sensed by Ca2+-sensor proteins such as 
CMLs (Hashimoto and Kudla, 2011). In 
plants, CML proteins have a variable num-
ber of EF-hand motifs (Grabarek, 2006). The 
binding of Ca2+ induces a conformational 
change in the protein that promotes its 
interaction with downstream effectors (Per-
ochon et al., 2011). The deduced sequences 
of the FaCML1 and FaCML2 proteins con-
tained 125 and 157  aa and three and four 
EF-hand calcium-binding motifs, respect-
ively (Tonello and Díaz Ricci, 2015). The 
protein FaCML1 shares 79.6% amino acid 
identity with FaCML2, and the absence of 
the fourth EF-hand motif in FaCML1 was 

due to a deletion of 96 nt in the transcript 
(Tonello and Díaz Ricci, 2015). Addition-
ally, FaCML2 shares 65% amino acid iden-
tity with AtCML24 from Arabidopsis thalia-
na, with a role in the pathogen perception 
signalling network leading to innate im-
munity (Ma et al., 2008). The two tran-
scripts encoding members of the CML pro-
tein family, FaCML1 and FaCML2, were 
differentially expressed during the in-
compatible interaction of strawberry with 
A. strictum (Tonello and Díaz Ricci, 2015). 
Recent research has revealed the role of 
Ca2+, CML proteins and another signalling 
molecule as nitric oxide (NO) in the devel-
opment of HR in plants (Ma et al., 2008). 
A loss-of-function mutant of A. thaliana, 
Atcml24-4, inhibited pathogen-induced NO 
generation and HR, suggesting that Ca2+ in-
flux to the cytosol activates AtCML24, 
which in turn induces NO synthesis, lead-
ing to innate immunity in plants (Ma et al., 
2008).

These results revealed the participation 
of the FaGSTU1, FaCML1 and FaCML2 
genes in the strawberry defence response 
during the interaction with the SS71 isolate 
of A. strictum. The expression analysis con-
firmed that these genes are upregulated at 
lower levels in plants infected with the 
virulent M11 isolate of C. acutatum and at 
higher levels in plants infected with the 
avirulent SS71 isolate. The latter is in con-
cordance with the peak accumulation of SA 
and FaPR1 reported previously and shown 
above (Grellet-Bournonville et al., 2012). 
Taken together, these results strongly sug-
gest an active role for these genes in the re-
sistance to Colletrotrichum in strawberry. 
Plant GSTs are induced by diverse biotic 
and abiotic stimuli, and are important for 
protecting plants against oxidative damage. 
The upregulation of orthologous genes has 
been reported in several plant–pathogen 
interactions. A tomato GST, Bax-inhibitor 
(BI)-GST, has been identified as an inhibitor 
of Bax lethality in yeast, and also enhanced 
the resistance to ROS (Kilili et al., 2004).

A proteomic analysis in strawberry 
seedlings at different times after infection 
with a virulent strain of C. fragariae showed 
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Fig. 5.6.  Relative expression levels for the FaGST1, 
FaCML1 and FaCML2 genes in strawberry leaves of 
the cultivar ‘Pájaro’ at 48 h after treatment with the 
avirulent SS71 isolate of A. strictum (dark bars) and 
the virulent M11 isolate of C. acutatum (light bars) 
relative to control (water-treated) plants. Values 
represent the means ± standard deviation of four 
replicates and two independent experiments (n = 6).
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noticeable changes in plant metabolism and 
redox balance, suggesting that, although it 
was a compatible interaction, activation of a 
defence response took place (Fang et al., 
2012). Although many proteins were ana-
lysed, the authors did not observe expres-
sion of GSTs or CML proteins. A possible 
explanation of these observations is that, as 
the interaction was compatible, the expres-
sion level of GSTs and CML proteins may 
have been very low (and undetectable with 
the approach used), as observed in straw-
berry plants infected with the virulent M11 
isolate of C. acutatum (Fig. 5.6). Alterna-
tively, it might be explained because 
the  authors analysed protein levels rather 
than RNA synthesis. Nevertheless, a tran-
scriptomic analysis of the genes differen-
tially expressed in two strawberry cultivars 
infected with a virulent strain of C. acu-
tatum carried out by Casado-Díaz et al. 
(2006) did not report detection of either 
GSTs or CML proteins. These authors 
showed that, although many genes were up-
regulated (i.e. FaWRKY-1, FaLRRP-1, FaPR5-
1 and FaLPR10-1) or downregulated (i.e. 
FabGLN-1, FaPROX-1, FagTHIO-1 and Fa-
CHIT-1) in a complex manner, only one cor-
responded to a calcium-dependent protein 
kinase (GenBank accession no. AJ871791) 
and none corresponded to a GST (Casa-
do-Díaz et al., 2006). However, as these ex-
periments were performed with a virulent 
strain of C. acutatum, perhaps the level of 
transcription of GSTs and CML proteins did 
not display any difference with respect to 
non-infected plants (controls).

As expression of GSTs was not ob-
served in strawberry plants infected with 
virulent strains of Colletotrichum (Casa-
do-Díaz et al., 2006; Fang et al., 2012), we 
may conclude that GSTs participate more 
actively in an incompatible interaction by 
controlling the oxidative stress and indu-
cing plant defence mechanisms. The latter 
would include a plant cell death pro-
gramme, usually regarded as an HR, that 
would contribute to enhance the resistance 
against virulent biotrophic or hemibi-
otrophic pathogens, as is the case with the 
fungus Colletotrichum.

5.6.  Defence elicitor produced by  
A. strictum

The induction of a defence response medi-
ated by an avirulent pathogen results from 
recognition of elicitors, many of which have 
been identified, although only a few have 
been characterized biochemically (Nürn-
berger et al., 2004; Kamoun, 2007). Recently 
a new elicitor protein, designated AsES, 
produced by the avirulent SS71 isolate of 
A. strictum, was identified and character-
ized (Chalfoun et al., 2013). The protein 
corresponded to a subtilisin of 34 kDa and 
pI 8.8. Chalfoun et al. (2013) reported that 
the AsES protein not only induced a local 
defence response in treated leaf but also in-
duced systemic protection against the viru-
lent M11 isolate of C. acutatum, the causal 
agent of anthracnose (Fig. 5.7).

The complete cDNA sequence for the 
AsES protein was obtained, showing a gene 
of 1167 nt. The deduced protein sequence 
demonstrated a high amino acid similarity 
with other extracellular serine proteases 
produced by several fungal species, and be-
longed to the subfamily of proteinase K-like 
subtilisins (S8A) (Chalfoun et al., 2013). 
Subtilisin-like proteinases are considered to 
be important virulence factors in the infec-
tion process of entomopathogenic, nemato-
phagous and mycoparasitic fungi (Wang et al., 
2009; Yang et al., 2011), but little is known 
about those produced by phytopathogenic 
fungi. It has been reported that proteins of 
the family of subtilases exhibit the ability to 
activate the innate immune system in Arabi-
dopsis (Rautengarten et al., 2005; Ramírez 
et al., 2013).

Although the AsES protein exhibited 
high similarity with subtilisins of many micro-
organisms, it nevertheless showed a relatively 
low similarity (<45%) to two serine proteases 
previously reported for Acremonium spp. (Liu 
et al., 2007). These proteases, AS-E1 and AS-
E2, which are 34.4 and 32 kDa, respectively, 
were biochemically characterized, and it 
was shown that they were able to proteolytic-
ally activate prothrombin to meizothrombin 
(desF1)-like molecules and inhibit plasma 
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clotting (Liu et al., 2007). However, there was 
no mention of their ability to activate plant 
defences, and only their N-terminal regions 
were sequenced.

Bioinformatic analysis has suggested 
that AsES is synthesized as a 388 aa protein 
precursor, comprising a signal peptide of 
15 aa and two domains that are highly con-
served in precursors of subtilisin-like serine 
proteases: a peptidase inhibitor I9 domain, 
and a peptidase S8 domain (Fig. 5.8). Mat-
uration would involve two proteolytic 
steps: first, cleavage of the secretory signal 
peptide, which directs the protein to the 
extracellular medium, and secondly, re-
moval of the peptidase inhibitor I9 domain. 
In this way, the mature 283 aa active protein 
would be obtained, which, in addition to its 
plant defence-eliciting activity, retains its 
protease activity in vitro.

It has been reported that AsES can trig-
ger a strong defence reaction in strawberry 
plants, which is characterized by an early 
transient oxidative burst (see below), fol-
lowed by the accumulation of SA and the 
upregulation of defence-related genes such 
as FaPR1 and FaChi2-1 (an SA-dependent 
class II chitinase) (Chalfoun et al., 2013). The 
systemic characteristic of the resistance in-
duced by AsES was tested by inoculating a 
single isolated leaf of strawberry plants  

(cultivar ‘Pájaro’) and then challenging the 
whole plant with the virulent hemibiotrophic 
isolate M11 of C. acutatum or treating the 
same leaf with the virulent necrotrophic 
isolate B1 of Botrytis cinerea. The results 
showed that plants acquired a systemic re-
sistance against the former isolate (Fig. 5.7). 
Additional studies revealed that AsES can 
also confer protection to different straw-
berry cultivars against different virulent iso-
lates of C. acutatum (Chalfoun et al., 2013). 
The latter was further confirmed with plants 
of Arabidopsis treated with AsES, where ac-
cumulation of ROS (e.g. H2O2 and O2

•–) and 
callose was also observed, further suggesting 
that the protein may act as a PAMP elicitor.

Experiments with AsES-treated plants, 
when the elicitor was previously irreversibly 
inhibited with PMSF (phenylmethanesul-
phonyl fluoride), suggested that the protease 
activity of AsES would be required for the 
defence elicitation (Chalfoun et al., 2013). 
Thus, the question about whether other pro-
teases of the family would also exhibit a de-
fence-eliciting character was addressed in 
experiments with plants treated with a pro-
tease of the same family as the proteinase 
K. The results showed that the eliciting 
activity was exhibited only by AsES. These 
results disagree with previous experi-
ments carried out with an endoxylanase 
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Fig. 5.7.  Plant protection elicited by the protein AsES against anthracnose in strawberry plants of the cultivar 
‘Pájaro’. (a) Susceptibility was evaluated as disease severity rating (DSR) at 21 days p.t. on plants sprayed on 
one leaf with: AsES only (AsES), AsES and with the virulent isolate M11 of C. acutatum (AsES+M11), and 
with water followed by infection with M11 7 days later (W+M11). Bars represent the means ± standard 
deviation of three independent experimental replicates (n = 6). Different lower-case letters above bars 
represent statistically different values (Fisher’s test, P < 0.05). (b) Examples of strawberry plants treated as 
described in (a) at 21 days p.t.
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from Trichoderma viride, which stimulated 
HR, ethylene and phytoalexin production 
in tobacco and tomato (Sharon et al., 1993). 
The eliciting activity of the endoxylanase 
was independent of enzyme activity. In a 
few cases, the defence-eliciting activity was 
found to be determined by small fragments 
of the intact elicitor molecule of PAMP, sug-
gesting the recognition of ‘epitope’-like 
structures by receptors at the plant cell sur-
face (de Wit, 1997). Examples of the latter 
are: an 8 aa glycopeptide fragment derived 
from yeast invertase (gp 8c) (Basse et al., 
1993), and an internal peptide of 13 aa (Pep-
13) derived from the 42 kDa cell wall glyco-
protein of Phytophthora sojae, which ex-
hibits Ca2+-dependent transglutaminase 
activity (Sacks et al., 1995; Brunner et al., 
2002). In fungi, defence-inducing activity 
was detected in a single group of proteases 
(Chisholm et al., 2006). The cultivar-specific 
Avr-Pita gene from Magnaporthe oryzae en-
codes a secreted pre-protein with homology 
to fungal zinc-dependent neutral metallo-
proteases (Valent and Chumley, 1994), and 
point mutations in the putative protease 
catalytic residues resulted in gain of viru-
lence in rice cultivars carrying the cognate 
R gene Pi-ta, although direct biochemical 
evidence for the protease activity of Avr-Pita 
is still required (de Wit, 1997; Orbach et al., 
2000).

This scenario led Chalfoun et al. (2013) 
to propose that AsES may function by re-
leasing an active elicitor from a plant pre-
cursor molecule, rather than being an 
elicitor itself. The latter has been described 
for the gene avrD from Pseudomonas syrin-
gae pv. tomato, whose protein product is re-
sponsible for the generation of syringolide 
elicitors (Keen et al., 1990) and for some 
peptides such as systemin, hydroxypro-
line-containing glycopeptides and rapid al-
kalinization inducing factor, which appear 

to come from protein precursors constitu-
tively present in plant cell walls or the cyto-
plasm and are activated by proteases fol-
lowing cell injury, acting as elicitors of the 
DAMP type (Yamaguchi and Huffaker, 2011). 
As elicitor activity was found only in AsES 
from the A. strictum SS71 isolate and was 
not found in a homologous subtilisin, Chal-
foun et al. (2013) concluded that the proteo-
lytic activity is necessary but is not sufficient 
to induce defence, and suggested that AsES 
might induce defence by means of proteoly-
sis of one or multiple host proteins that are 
specific targets of this protease. Further ex-
periments using recombinant AsES protein, 
site-directed mutants or synthetic peptides 
derived from AsES are necessary to eluci-
date its defence activation mechanism.

AsES can be considered, therefore, a 
new member of the fungal protein elicitors, 
and its discovery is relevant, as it may con-
tribute to the development of possible strat-
egies for controlling diseases in the field.

5.7.  Early reactive oxygen species 
response of strawberry cells to  

the AsES elicitor protein

In plants, ROS are continuously produced 
as by-products of various metabolic path-
ways localized in different cellular com-
partments (Foyer et al., 1994), predomin-
antly in chloroplasts, mitochondria and 
peroxisomes (Apel and Hirt, 2004). One of 
the earliest events in the defence against 
pathogen attack is oxidative burst, charac-
terized by the production of ROS, mainly 
O2

•– and H2O2 (Apostol et al., 1989; Mittler 
et al., 2011). Whereas H2O2 can translocate 
through the cell membrane through aqua-
porins (Dynowski et al., 2008; Jang et al., 
2012), the superoxide anion O2

•– cannot 

I9 inhibitor

aa1 50 100 150 200 250 300 350 388

S8 peptidase

Fig. 5.8.  Scheme showing the structure of the protein AsES. The secretory signal peptide is indicated by an 
open square.
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because it is reactive in a hydrophobic en-
vironment such as the interior of the cell 
membrane. Although the effect of the oxi-
dative burst in plants can be dependent on 
tissue localization, timing and the level of 
ROS attained (Mittler, 2002; De Gara et al., 
2003), after the induction of a defence re-
sponse, O2

•– and H2O2 are found inside and 
outside of the cells. ROS can exert two op-
posite but not mutually exclusive effects: 
they can activate pathways aimed at pro-
tecting the cell from oxidative damage (Pas-
tore et al., 1999; Pastore et al., 2000; Di 
Cagno et al., 2001; Mittler, 2002; Vranová 
et al., 2002), and/or they can impair the 
cellular redox balance inducing pro-
grammed cell death (van Breusegem and 
Dat, 2006). Therefore, as ROS accumula-
tion is required for the onset of the defence 
responses, a tight control of ROS produc-
tion and scavengers is required to avoid 
unwanted effects on cell metabolism 
(Foyer et al., 1994).

As described above, Chalfoun et al. (2013) 
reported that strawberry plants treated with 
the elicitor AsES exhibited an early and tran-
sient ROS accumulation that was observed 
at 4 h p.t. measured as H2O2 using two differ-
ent dyes: diaminobenzidine and 2¢,7¢-dichlo- 
rodihydrofluorescein diacetate (H2DFFDA). 
The latter is interesting because, whereas 
diaminobenzidine detects intra- and extra-
cellular H2O2, the fluorescent probe H2DFFDA 
only detects intracellular H2O2 (Fig. 5.9). 
This result agrees with previous reports in-
dicating that strawberry plants treated with 
the avirulent Colletotrichum isolates F7 and 
M23, and with SS71 of A. strictum, also ex-
hibited a notorious accumulation of H2O2 

and O2
•– between 6 and 8 h p.t. (Salazar et al., 

2007; Grellet-Bournonville et al., 2012), but 
disagrees with others who proposed that a bi-
phasic production of apoplastic ROS is a 
hallmark of successful recognition of plant 
pathogens (Lamb and Dixon, 1997; Grant 
et al., 2000; Nürnberger et al., 2004).

To address this issue, and because in 
previous experiments the detection of ROS 
was performed histochemically in plant 
leaves (Fig. 5.9), analyses were conducted 
on disaggregated leaf tissue to evaluate with 
more precision the evolution of H2O2 in 
strawberry (cultivar ‘Pájaro’) cells treated 
with AsES (Martos et al., 2012). By using the 
fluorescent probe H2DFFDA, Martos et al. 
(2012) observed that when the cell suspen-
sion was treated with AsES, the accumula-
tion of H2O2 was biphasic, with a first peak 
at 2 h p.t., and another at 7 h p.t. (Fig. 5.10). 
This outcome thus supports the proposed 
hallmark of a successful plant–pathogen 
interaction described above (Lamb and 
Dixon, 1997; Grant et al., 2000; Nürnberger 
et al., 2004), although in plant leaves a sin-
gle event of oxidative burst was detected, as 
reported also by Ponce de León and Monte-
sano (2013), and Iakimova et al. (2013) in 
Physcomitrella patens and Malus domestica 
leaves, respectively.

5.8.  Conclusions and future perspective

The development of alternative strategies 
for the biocontrol of diseases requires an 
understanding of the mechanisms induced 
in plants during their interaction with 
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Fig. 5.9.  H2O2 detected with diaminobenzidine (DAB) and the fluorescent probe 2¢,7¢-dichlorodihydrofluorescein 
diacetate (H2DFFDA) (excitation wavelength 485 nm) in strawberry leaves of cultivar ‘Pájaro’ treated with AsES at 
different times post-treament.
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pathogens. In this chapter, we have re-
viewed the advances obtained by our group 
regarding the induction of the defence re-
sponse and SAR in strawberry plants medi-
ated by two avirulent fungal isolates of 
C. fragariae and A. strictum. Evaluation of 
plant susceptibility showed that plants 
treated with both isolates acquired a strong 
resistance against the virulent M11 isolate 
of C. acutatum, the causal agent of anthrac-
nose disease. Plants treated with the aviru-
lent strains exhibited an early oxidative 
burst, detected as the accumulation of H2O2 
and O2

• –, which was followed by an accu-
mulation of SA, callose and lignin. The up-
regulation of two genes related to SAR: 
FaPR1, an SA-regulated PR protein, and 
FaPAL3, an enzyme involved in the phenyl-
propanoid pathway and the synthesis of 
many defence-related secondary metabol-
ites including SA, was observed. Upregula-
tion of the FaPR1 gene during the first 48 h 
p.t. was correlated with the increase in SA 
in the phloem sap of infected plants. At 
48 h p.t. upregulation of the transcripts of 

two CML genes (FaCML1 and FaCML2) and 
a GST gene (FaGST), which are critical 
regulators of defence responses, were also 
observed. Finally, characterization of the 
fungal elicitor AsES obtained from cul-
tures of A. strictum is reported. Plants 
treated with this elicitor exhibited a simi-
lar behaviour to those treated with the 
avirulent isolates.

The results presented in this chapter 
confirm that strawberry plants exposed to 
avirulent pathogens induce an efficient de-
fence mechanism that endows plants not 
only with a suitable artillery to cope with 
the stress provoked by the attack of a viru-
lent pathogen but also, and most import-
antly, with an effective protection against it. 
The time course analysis reported revealed 
that the defence response activated by the 
avirulent pathogens takes place in at least 
two stages: a first stage in which the SA 
level is high, and a second stage in which 
the SA level is low; and that the switch 
takes place precisely when the SA level de-
creases. This scenario provides a new mode 
to interpret how the defence response pro-
ceeds when strawberry plants are chal-
lenged with an avirulent fungal pathogen. 
The latter suggests therefore that the signal-
ling pathway activating the defence re-
sponse can change with time according to 
the level of SA attained.

Although these outcomes contribute to 
our understanding of how strawberry plants 
defend themselves against pathogens, they 
represent only a small step forward in the 
more extensive issue of plant defence re-
sponses. Hence, more work is needed to ar-
ticulate the valuable but disperse biochem-
ical and molecular data available. We also 
expect that the availability of a plant de-
fence elicitor such as the AsES protein, ob-
tained from an avirulent fungus, will help 
us to understand the early events involved 
in plant–pathogen interactions and the acti-
vation of the defence response.
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Fig. 5.10.  Evolution of intracellular H2O2 detected 
in strawberry cell suspensions (cultivar ‘Pájaro’) 
treated with the protein AsES, using the H2DFFDA 
fluorescent probe (lex = 485 nm, lem = 525 nm). 
Values are expressed as the ratio of the fluorescence 
intensity of cells treated with AsES with respect to 
the fluorescence produced by untreated cells, at 
different times. Mean values ± standard deviation of 
two independent experiments (n = 6) are presented.
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6.1.  Introduction

Cultivated strawberry (Fragaria × ananassa 
Duch.) is an economically important berry 
crop with immense demand for its fresh fruit, 
as well as in the fruit-processing industry, 
while its wild relative, the woodland straw-
berry (Fragaria vesca L.), is of scientific im-
portance due to its small genome size and 
sequencing of its genome (Shulaev et  al., 
2008). F. vesca is diploid (2n = 2x = 14) and 
has a small genome (240 Mb) (Shulaev et al., 
2011), while F. × ananassa has a complicated 
octoploid (2n = 8x = 56) genome and, due to 
genetic limitations associated with high het-
erozygosity and polyploidy, it has limited 
potential for improvement using traditional 
breeding methods. The application of plant tis-
sue culture and genetic engineering has there-
fore been of special significance for strawberry 

improvement (Husaini and Srivastava, 2006a). 
Octoploid strawberry accessions are ex-
tremely variable from genotype to genotype, 
and hence the variation in transformation 
and regeneration abilities is as wide as the 
agromorphological characters (Folta and 
Dhingra, 2006). The response to factors affect-
ing genotype-specific regeneration makes stand-
ardization of an efficient regeneration system 
for each strawberry genotype an indispensable 
prerequisite for the successful development 
of transgenic plants using Agrobacterium-
mediated transformation (Li and Tang, 2006; 
Husaini et al., 2008).

Transgenic technology allows plants with 
specific qualities to be developed in a much 
shorter period of time than when using con-
ventional plant breeding, and also makes 
possible the introduction of characteristics 
that cannot be achieved through plant breeding 
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alone. With its extensive host range, Agro-
bacterium is the favoured tool for plant 
genetic engineering and is used extensively 
for transformation of several crops. Over 
more than three decades of Agrobacterium 
biotechnology research, numerous genetic 
transformation protocols have been estab-
lished for various plant species, and a wide 
range of Agrobacterium-related patents 
have been claimed. Agrobacterium-mediat-
ed transformation is a single-cell transform-
ation system, avoiding the production of 
mosaic plants. Replacing its bacterial 
T-DNA genes with genes of interest does not 
affect the transformation process and is the 
molecular basis for almost all Agrobacteri-
um-mediated genetic transformation proto-
cols. As the Agrobacterium transformation 
process involves many stages, different pre- 
and post-agroinfection strategies have been 
employed by workers to achieve maximum 
transformation efficiency. In this chapter, 
we will discuss these strategies in the con-
text of strawberry transformation.

6.2.  Factors Affecting Transformation 
and Regeneration of Transformants

6.2.1.  Robust in vitro regeneration protocol

Establishment of a regeneration system for 
efficient recovery of transformed cells fol-
lowing agroinfection is of foremost import-
ance in Agrobacterium-mediated transform-
ation of strawberry (Husaini and Srivastava, 
2006b; Debnath and Teixeira da Silva, 2007; 
Husaini et al., 2008). Use of a high-efficien-
cy regeneration system greatly enhances the 
induction of shoot organogenesis from the 
transformed cells. The better the regener-
ation system, the greater are the chances of 
successful recovery of transgenic plants 
(Husaini, 2010).

In vitro regeneration is a complex pro-
cess and is influenced by a number of gen-
etic and environmental factors. As every 
species seems to have its own specific re-
quirements, there are a number of reports 
about the substances and conditions that 
help cells to differentiate (Guha-Mukher-
jeem, 2002; Liu et al., 2011). Regeneration 

via shoot organogenesis has been described 
in different cultivars of strawberry, and 
many workers have investigated various 
factors influencing organogenesis. These 
studies have demonstrated the importance 
of various factors including the balance of 
plant growth regulators, incubation culture 
conditions, genotype and explant type on 
successful plant regeneration (Liu and San-
ford, 1988; Nehra et  al., 1989, 1990c; Sor-
vari et al., 1993; Flores et al., 1998; Schaart 
et al., 2002; Passey et al., 2003; Zhao et al., 
2004; Qin et al., 2005a; Husaini and Abdin, 
2007; Husaini et  al., 2008; Zhang et  al., 
2010; Liu et al., 2011). Likewise, the import-
ance of plant growth regulators and growth 
media in achieving regeneration via somatic 
embryogenesis is well established (Wang et al., 
1984; Lis, 1987; Donnoli et  al., 2001; Hu-
saini and Abdin, 2007; Husaini et al., 2008). 
Wang et al. (1984) found that the most ef-
fective medium for inducing somatic em-
bryos contained 2,4-dichlorophenoxyacetic 
acid (2,4-D; 22.62 μM), benzyladenine (BA; 
2.22 μM) and casein hydrolysate (500 mg l–1), 
while Lis (1987) reported the formation of 
adventitious buds and somatic embryos us-
ing the medium of Lee and de Fossard 
(1977). Husaini and Abdin (2007) for the 
first time achieved shoot regeneration in 
strawberry plants simultaneously through 
both somatic embryogenesis and shoot bud 
formation. Leaf explants cultured on rela-
tively higher concentration of thidiazuron 
(TDZ) (18.16  μM) achieve better results for 
somatic embryogenesis, while at half concen-
tration (9.08 μM) they show more bud forma-
tion. The protocol was later improved fur-
ther, fine-tuning the effect of temperature on 
the induction and maintenance of somatic 
embryogenesis (Husaini et al., 2008).

Among a vast number of protocols de-
veloped for in vitro regeneration of straw-
berry plants (Table 6.1), some protocols 
enable strawberry regeneration in a single 
step where shoot multiplication and rooting 
take place in the same culture medium 
(Debnath, 2006; Husaini et al., 2008). In cul-
tivar ‘Chandler’, after induction of somatic 
embryos on a medium containing TDZ, em-
bryos successfully germinated and developed 
small shoots and roots on a medium con-
taining kinetin (Husaini et al., 2008).
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Table 6.1.  Studies on standardization of regeneration protocols in strawberry cultivars/genotypes.

Species Cultivar Explant used Reference

Fragaria × ananassa – Flower buds Lis (1987)
Fragaria × ananassa ‘Allstar’ and ‘Honeoye’ Leaf, runner Liu and Sanford (1988)
Fragaria × ananassa ‘Sengana’ and ‘Canoga’ Leaf mesophyll  

protoplasts
Nyman and Wallin (1988)

Fragaria × ananassa – – Sarwar (1989)
Fragaria × ananassa ‘Redcoat’ Leaf Nehra et al. (1989)
Fragaria × ananassa ‘Redcoat’ Immature leaf Nehra et al. (1990b)
Fragaria × ananassa ‘Chandler’ and ‘Totem’ Achenes (cotyledon 

explants)
Miller and Chandler (1990)

Fragaria × ananassa ‘Senga Sengana’ Meristem tip from  
stolon buds

Petrovic and Jacimovic 
(1990)

Fragaria vesca Leaf, petiole Greene et al. (1990)
Fragaria × ananassa – Protoplasts isolated  

from shoots
Nyman and Wallin (1991, 

1992)
Fragaria vesca Callus Bois (1992)
Fragaria vesca ‘Alpine’ Protoplast Infante et al. (1993)
Fragaria × ananassa ‘Surprise des Halles’, 

‘Redgountlet’ and  
‘Sanga Sengana’

Stolons, peduncles Lis (1993)

Fragaria × ananassa ‘Saladin’ Anthers Foley and Hennerty (1993)
Fragaria × ananassa ‘Hiku’ and ‘Jonsok’ Leaf discs Sorvari et al. (1993)
Fragaria × ananassa ‘Aiko’, ‘Dana’, ‘Gorella’, 

‘Premial’
Leaf, petiole Isac et al. (1994)

Fragaria × ananassa ‘Redcoat’ and ‘Veestar’ Meristem, callus, leaf  
discs

Nehra et al. (1994)

Fragaria × ananassa ‘Nyohou’ Shoot apex Saito and Sakamori (1995)
Fragaria × ananassa ‘Elsanta’, ‘Kama’ and  

‘Senga Sengana’
Apical tip Lis and Chlebowska (2000)

Fragaria × ananassa ‘Chandler’, ‘Honeoye’  
and ‘Redchief’

Anther Owen and Miller (1996)

Fragaria × ananassa ‘Samahberi’ Meristem tip Kim et al. (1998)
Fragaria × ananassa ‘Selva’ Runner tip Okasha et al. (1996)
Fragaria × ananassa - Anthers Zhou et al. (1996)
Fragaria × ananassa ‘Camarosa’, ‘Parker’  

and ‘Pajaro’
Apical and lateral buds Sutter et al. (1997)

Fragaria × ananassa ‘Teodora’ and ‘Clea’ Whole leaves, blade 
fragments, petioles, 
stipules

Damiano et al. (1997)

Fragaria × ananassa, 
Fragaria vesca

– Protoplasts Wallin (1997)

Fragaria × ananassa ‘Gorella’ Petiole, leaf Popescu et al. (1997)
Fragaria × ananassa ‘Gorella’ Axillary and adventitious 

stipular shoots
Jemmali et al. (1997)

Fragaria moschata Leaf disc, petiole Infante et al. (1998)
Fragaria × ananassa ‘Honeoye’ Axillary buds Hammoudeh et al. (1998)
Fragaria × ananassa ‘Elsanta’, ‘Senga Sengana’,  

‘Kaster’ and clones  
K-1349 and K1356

Leaf lamina, whole leaf 
with petiole and  
stipule

Wawrzyńczak et al. (1998)

Fragaria × ananassa ‘Konvoy-Cascata’ and 
‘Chandler’

Leaf discs Flores et al. (1998)

Fragaria × ananassa ‘Fengxiang’ Dormant bud Zhao et al. (2009)
Continued

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



74	 A.M. Husaini and Y. Wen Xu	

Species Cultivar Explant used Reference

Fragaria indica Nodal explants Bhatt and Dhar (2000)
Fragaria × ananassa ‘Redcoat’, ‘Pajaro’, 

‘OsaGrande’, ‘Grace’ 
 and ‘Selva’

Leaf explant, runner tip, 
crown node

Dhir et al. (2001)

Fragaria × ananassa ‘Calypso’, ‘Bolero’,  
‘Pegasus’, ‘Elsanta’  
and ‘Tango’

Leaf disc, petiole, root, 
stipule

Passey et al. (2003)

Fragaria × ananassa ‘Sweet Charlie’ and  
‘Pajaro’

Leaf disc Singh and Pandey (2004)

Fragaria × ananassa ‘Senga Sengana’ Leaf disc, petiole Litwinczuk and Zubel 
(2005)

Fragaria × ananassa ‘Hecker’ and ‘La Sans  
Rivale’

Leaf disc, petiole Zhao et al. (2004)

Fragaria × ananassa ‘Bounty’ Leaf disc, petiole, sepal Debnath (2005)
Fragaria × ananassa ‘Toyonoka’ Leaf disc Qin et al. (2005a,b)
Fragaria × ananassa ‘Bounty’, ‘Jonsok’,  

‘Polka’, ‘Korona’  
and ‘Zephyr’

Leaf disc Hanhineva et al. (2009)

Fragaria × ananassa ‘Chandler’ Leaf disc, petiole Husaini and Srivastava 
(2006b)

Fragaria × ananassa ‘LF9’ Leaf disc, petiole, stolon Folta et al. (2006)
Fragaria × ananassa ‘Chandler’ Leaf disc Husaini and Abdin (2007); 

Husaini and Abdin 
(2008a,b)

Fragaria × ananassa ‘Darserlect’, ‘Toyonoka’  
and ‘Allstar’

Shoot tip Zhang et al. (2010)

Fragaria × ananassa ‘Benihoppe’ Stolon tip, leaf, petiole, 
stem

Feng (2011)

Fragaria vesca ‘Hawaii 4’ Leaf Feng (2011)
Fragaria × ananassa ‘Benihoppe’ Stem tip Chen et al. (2011)
Fragaria × ananassa ‘Tochiotome’,  

‘Benihoppe’, ‘Lijinv’  
and ‘Wandde’

Shoot tip, creeping stem Liu et al. (2011)

Fragaria nilgerrensis Shoot tip Wang et al. (2012c)
Fragaria × ananassa ‘Miaozi’ Stalk section, shoot tip Liu et al. (2012)
Fragaria × ananassa ‘Selva’ Stem tip Wang et al. (2012d)
Fragaria × ananassa ‘Allstar’ Stem tip Zhang (2013)
Fragaria × ananassa – Anther Li et al. (2013)
Fragaria × ananassa ‘Totem’ Stem tip He et al. (2013)
Fragaria × ananassa ‘Benihoppe’ Shoot tip Dong (2013)
Fragaria × ananassa ‘Benihoppe’ Stem tip Liu (2013)
Fragaria × ananassa ‘Ningyu’ Stem tip Xia et al. (2014)
Fragaria × ananassa ‘Toyonoka’, ‘Tochiotome’, 

‘Sweet Charlie’,  
‘Benihoppe’  
and ‘Camarosa’

Buds Xue et al. (2014)

Fragaria × ananassa – Stem tip, anther Yuan et al. (2015)
Fragaria × ananassa ‘Benihoppe’ and ‘Sweet 

Charlie’
Stolon tips Zhai et al. (2015)

Table 6.1.  Continued.
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Some of the factors affecting transform-
ation efficiency are discussed below.

Explant type

There are a large number of reports on 
shoot organogenesis from leaf discs (Jones 
et al., 1988; Liu and Sanford, 1988; Nehra 
et  al., 1989, 1990c; Sorvari et  al., 1993; 
Flores et al., 1998; Passey et al., 2003; Deb-
nath, 2005, 2006; Qin et  al., 2005a,b; Hu-
saini and Srivastava, 2006b; Husaini and 
Abdin, 2007; Husaini et  al., 2008), stems 
(Graham et  al., 1995; Chen et  al., 2011; 
Wang J. et al., 2012a; Wang Y. et al., 2012; 
Liu, 2013; Zhang, 2013; Xia et  al., 2014; 
Yuan et  al., 2015), petioles (Foucault and 
Letouze, 1987; Rugini, 1992; Isac et  al., 
1994; Damiano et al., 1997; Popescu et al., 
1997; Infante et  al., 1998; Passey et  al., 
2003; Debnath, 2005, 2006; Feng, 2011), 
peduncles (Foucault and Letouze, 1987; 
Lis, 1993), stipules (Rugini, 1992; Passey et al., 
2003), stolons (Lis, 1993; Feng, 2011; Zhai 
et  al., 2015), anthers (Owen and Miller, 
1996; Li et al., 2013; Yuan et al., 2015), em-
bryos (Wang et al., 1984), runners (Liu and 
Sanford, 1988), roots (Rugini, 1992; Passey 
et  al., 2003), buds (Xue et  al., 2014) and 
protoplasts (Nyman and Wallin, 1988) of 
strawberries.

Most of the work in strawberry regen-
eration has been achieved using leaf discs 
and petioles as explants. Of the 62 studies 
listed in Table 6.1, 26 (42%) used leaf as the 
explant material. Leaf tissue has the great-
est regeneration capacity of strawberry 
plant tissue (Jones et al., 1988; Liu and San-
ford, 1988; Nehra et al., 1989, 1990c; Jelen-
kovic et al., 1991; Popescu et al., 1997; Pas-
sey et al., 2003). Passey et al. (2003) compared 
regeneration in seven commercial cultivars 
of strawberry using leaf discs, petioles, 
roots and stipules as explant material. Leaf 
discs had the highest regeneration rates for 
all cultivars, with greater than 90% of ex-
plants producing shoots. Husaini and Ab-
din (2007) also achieved 85% regeneration 
using leaf discs as explants. Callus pro-
duction was also more prolific from leaf 
tissue than from petioles (Husaini and 
Srivastava, 2006b).

Physical factors

dark period.  The problem of darkening of 
culture medium of in vitro-cultured straw-
berry explants is well known and is attrib-
uted to phenolic compounds exuding from 
these tissues. This process is initiated by 
browning of the surface of plant tissues due 
to the oxidation of phenolic compounds, re-
sulting in the formation of quinines, which 
are highly reactive and toxic to plant tissue 
(Taji and Williams, 1996; Xu et al., 2011a). 
Incubation of leaf explants in the dark de-
creases browning of the culture medium 
caused by exudation of phenolics by ex-
plants (Nehra et  al., 1989; Rugini, 1992; 
Blando et al., 1993; George, 1993; Popescu 
et al., 1997; Barceló et al., 1998; Titov et al., 
2006; Husaini and Abdin, 2007; Xu et  al., 
2011b). In addition, this seems to enhance 
organogenesis in strawberry (cultivar ‘Chand-
ler’) leaf explants (Liu and Sanford, 1988; 
Barceló et  al., 1998; Husaini and Abdin, 
2007). It also enhances somatic embryogen-
esis in leaf explants of the cultivars ‘Clea’ 
(Donnoli et  al., 2001) and ‘Chandler’ (Hu-
saini and Abdin, 2007). Explant cultivation 
in the dark during the first experimental step 
could be a key factor influencing somatic 
embryogenesis (Fiore et  al., 1997), espe-
cially when the negative effect of light on 
somatic embryo induction in strawberry has 
been reported in ‘Clea’ (Donnoli et al., 2001). 
In ‘Chandler’, dark treatment increased the 
number of somatic embryos significantly in 
leaf explants cultured on 18.16 μM TDZ and 
later incubated under a 16  h photoperiod 
(Husaini and Abdin, 2007). Surprisingly, 
when the leaf explants of ‘Chandler’ were 
cultured on 9.08  μM TDZ (half concentra-
tion) and kept under a 16  h photoperiod, 
dark treatment increased shoot organogen-
esis considerably. However, when darkness 
was accompanied by chilling, a decrease in 
the number of shoots was observed (Husaini 
and Abdin, 2007).

light and photoperiod.  Light affects somatic 
embryogenesis through its effect on induc-
tion (Verhagen and Wann, 1989) and influ-
ences the morphological characteristics of 
differentiated somatic embryos (Halperin, 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



76	 A.M. Husaini and Y. Wen Xu	

1966; Ammirato and Steward, 1971). Des-
pite these powerful effects of light, little at-
tention has been devoted to its role in in 
vitro culture (Torné et  al., 2001) and par-
ticularly in somatic embryogenesis. Photo-
period has been implicated in the regula-
tion of cytokinin levels (Forsline and 
Langille, 1975), as well as in photoconver-
sion of phytochromes (Torné et  al., 1996). 
Incubation with a 16 h photoperiod is com-
monly used for shoot organogenesis (Nehra 
et al., 1989; Nehra et al., 1990a,b,c; Barceló 
et al., 1998), as well as for somatic embryo-
genesis (Husaini and Abdin, 2007; Husaini 
et al., 2008). A comparison of photoperiods 
(24, 16 and 12  h) used for incubation of 
strawberry leaf discs has revealed that a 
16 h photoperiod is the optimum for shoot 
organogenesis (Husaini and Abdin, 2007). 
However, it should be noted that when ex-
plants were cultured on 18.16 μM TDZ and 
given chilling treatment, a 12 h photoperiod 
proved better than many other treatments of 
16 h incubation (Husaini and Abdin, 2007). 
This has led to the conclusion that, when 
chilling and other treatments are applied to 
strawberry explants, the photoperiod re-
quirement may also alter due to unknown 
reasons. More studies are needed to under-
stand the interplay between photoperiod 
and other factors.

In contrast, variation in light intensities 
for incubation of cultures is not so uncom-
mon. For example in cultivar ‘Chandler’ after 
a dark pre-treatment period (1–4 weeks), 
Barceló et al. (1998) transferred the leaf discs 
into a light intensity of 40 μmol m−2 s−1, while 
Husaini and Abdin (2007) transferred the 
leaf discs into a light intensity of 48 μmol m−2 
s−1. A study by Nehra et al. (1990c) in which 
identical sets of cultures of cultivar ‘Redcoat’ 
were incubated at 12.5 and 65.5 μmol m−2 s−1 
revealed that calli from in vitro leaves did 
not form shoots under high light intensity on 
any of the culture media, but at low light in-
tensity some calli developed into shoots.

chilling.  Chilling is a type of stress treat-
ment that may increase the embryogenic 
potential of strawberry (Husaini and Abdin, 
2007). Chilling may have some effect on the 
microtubule network of the cytoskeleton in 

strawberry, as has been reported in chicory 
(Decout et  al., 1994). While Husaini et  al. 
(2008) demonstrated that TDZ concentra-
tion is the primary factor responsible for in-
duction of somatic embryogenesis in straw-
berry, nevertheless incubation at a 
temperature regime of 10 ± 1°C has a com-
plementary effect on increasing the number 
of somatic embryos per explant. Incubation 
at an optimum temperature causes the re-
direction of the developmental programme 
in cells and acquisition of competence in 
the embryogenic process, most likely due to 
temperature-regulated proteins (Giuliano 
et al., 1984; Lo Schiavo et al., 1990; De Jong 
et al., 1992; Baldan et al., 1997).

Chemical factors

plant growth regulators.  There are various 
plant hormones used for regeneration of 
strawberry. Each cultivar has specific re-
quirements that are vital for regeneration. 
BA and indole-3-acetic acid (IAA) were used 
for shoot regeneration in the cultivars ‘Red-
coat’ (Nehra et  al., 1989), ‘Sweet Charlae’ 
and ‘Pajaro’ (Singh and Pandey, 2004), while 
BA and indole-3-butyric acid (IBA) gave 
good results in ‘Jonsok’, ‘Hiku’ (Sorvari 
et al., 1993), ‘Chandler’ (Barceló et al., 1998; 
Husaini and Srivastava, 2006b) and ‘Totem’ 
(He et al., 2013). Finstad and Martin (1995) 
obtained success with 2,4-D and BA in culti-
vars ‘Hood’ and ‘Totem’, while Qin et  al. 
(2005a,b) succeeded with IBA and TDZ in 
‘Toyonoka’. BA and 1-naphthaleneacetic 
acid (NAA) were best for proliferation of 
cultivars ‘Benihoppe’, ‘Sweet Charlie’, ‘Selva’ 
and ‘Ningyu’ and Fragaria nilgerrensis 
(Wang Y. et al., 2012; Wang Z.L. et al., 2012; 
Dong, 2013; Liu, 2013; Zhang, 2013; Xia 
et al., 2014; Zhai et al., 2015), while IBA was 
best for rooting of cultivars ‘Benihoppe’, 
‘Sweet Charlie’, ‘Selva’ and ‘Allstar’ and 
F. nilgerrensis (Wang et al., 2012c,d; Dong, 
2013; Liu, 2013; Zhang, 2013; Zhai et  al., 
2015). NAA was best for rooting of ‘Ningyu’ 
(Xia et al., 2014). Chen et al. (2011) demon-
strated that the effect on rooting of ‘Beni-
hoppe’ was NAA > IBA > IAA.

There has been increased interest in the 
use of TDZ for strawberry regeneration. 
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TDZ greatly enhances the shoot regener-
ation percentage in strawberry leaf discs 
(Nyman and Wallin, 1992; Sutter et  al., 
1997; Flores et al., 1998; Hammoudeh et al., 
1998; Schaart et  al., 2002; Passey et  al., 
2003; Zhao et al., 2004; Qin et al., 2005a,b; 
Husaini and Abdin, 2007; Nasri and Bah-
ramnejad, 2013; Haddadi et al. 2015). The 
differences among these reports are in the 
optimum concentration of TDZ for shoot re-
generation in different strawberry cultivars. 
Interestingly, TDZ concentration in the 
range of 18 ± 2 μM (which approximately 
equals 4 mg l–l) has been found to be most 
successful for shoot regeneration from leaf 
explants of strawberry (Husaini and Abdin, 
2007; Husaini et  al. 2008; Nasri and Bah-
ramnejad, 2013; Haddadi et al. 2015).

vitamins and salts.  Murashige and Skoog 
vitamins (Murashige and Skoog, 1968) or 
Gamborg B5 vitamins (Gamborg et al., 1968) 
are generally combined with Murashige and 
Skoog micro/macrosalts to generate basal 
media. These are then supplemented with 
organic substances, agar, auxins and cytoki-
nins to yield complete medium for growth 
of plant tissue culture. Murashige and 
Skoog salts are most commonly used in 
strawberry regeneration studies, although 
there are exceptions. For example, Lis 
(1987) used the medium of Lee and de Fos-
sard (1977) for regeneration of adventitious 
buds and somatic embryos in strawberry, 
while Barceló et al. (1998) used Lopez-Aran-
da et al. (1994) for regeneration of the straw-
berry cultivar ‘Chandler’. Sucrose is gener-
ally used as a carbon source, but glucose 
and table sugar have also been used occa-
sionally.

6.2.2.  Robust transformation protocol

Over the last three decades, a number of 
transformation studies with the objective of 
standardizing Agrobacterium-mediated trans-
formation protocols for different strawberry 
cultivars have been undertaken (Table 6.2) 
(reviewed by Husaini and Srivastava, 2006a; 
Husaini et al., 2011). A general protocol for 

efficient Agrobacterium-mediated trans-
formation of strawberry, which may be 
tailored by individual workers according to 
their need, is described elsewhere (Husaini 
et al., 2011; Schaart, 2014). Table 6.3 shows 
the scope of alterations and adjustments 
that can be made in the different medium 
components to suit the different stages of 
regeneration of strawberry transformants.

It is well known that a rigorous trans-
formation process can reduce the regener-
ation capacity of a strawberry tissue (leaf) 
drastically, and may slash it from approxi-
mately 95% to 1–6% (Passey et al., 2003). In 
Agrobacterium-mediated transformation, a 
sufficient quantity of bacteria during co-cul-
tivation, a long enough co-cultivation 
period, use of vir gene inducers such as ace-
tosyringone and stringent selection pres-
sure are important to obtain stable trans-
formations (Sriskandarajah et  al., 2004). 
Using the ‘leaf disc transformation tech-
nique’, as defined by Horsch et  al. (1985), 
Husaini (2010) examined a number of vari-
ables that affect transformation of straw-
berry, such as choice and concentration of 
antibiotics in the selection medium, effect 
of pre-culture and/or pre-selection on the 
regeneration of kanamycin (Kan)-resistant 
shoots, effect of the plant phenolic acetosy-
ringone and length of the co-cultivation 
period. This aided in the improvement of 
the transformation protocol developed by 
Barceló et al. (1998) (Table 6.4).

Efficient Agrobacterium strain

The efficiency of shoot production varies 
with the type of Agrobacterium tumefaciens 
strain and vector, even on the same selec-
tion medium (Vergauwe et al., 1998). Most 
binary vectors used to transform strawberry 
are derived from pBIN19 (Bevan et  al., 
1989) and contain the neomycin phospho-
transferase II (nptII) gene for Kan selection 
of transgenic shoots (Mercado et al., 2007). 
As a combination, Agrobacterium strain 
LBA4404 and gene construct pBI121 have 
been used extensively in strawberry trans-
formation of the cultivars ‘Rapella’ (James et al., 
1990), ‘Melody’, ‘Rhapsody’, ‘Symphony’ 
(Graham et al., 1995), ‘Chandler’ (Barceló et al., 
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Table 6.2.  Studies on Agrobacterium-mediated reporter/marker gene transfer in strawberry cultivars/
genotypes.

Species and cultivar/genotype Explant Reporter gene(s) Reference

Fragaria × ananassa ‘Rapella’ Leaf, petiole nos/nptII James et al. (1990)
Fragaria × ananassa ‘Redcoat’ Leaf nptII/gus Nehra et al. (1990a,b)
Fragaria × ananassa ‘Tristar’ Leaf nptII/gus Mathews et al. (1995)
Fragaria vesca Leaf nptII/gus El Mansouri et al. 

(1996)
Fragaria × ananassa  

‘Marmolada Onebor’
Leaf, stipule, 

petioles
nptII Martinelli et al. (1997)

Fragaria × ananassa ‘Skelta’ Leaf nptII Du Plessis et al. (1997)
Fragaria × ananassa ‘Chandler’ Leaf nptII/gus Barceló et al. (1998)
Fragaria × ananassa ‘Chandler’ Leaf nptII/gus Harpster et al. (1998)
Fragaria × ananassa ‘Totem’ Leaf nptII/gus Mathews et al. (1998)
F. vesca ‘Alpine’ accession FRA 197 Leaf, petiole nptII/gus Haymes and Davis 

(1998)
Fragaria × ananassa ‘Gariguette’,  

‘Polka’, ‘Elsanta’ and CPRO-DLO 
breeding line 88312

Leaf nptII/gus Puite and Schaart 
(1998)

Fragaria × ananassa ‘Tudla’ Leaf discs gus Zhang and Wu (1998)
Fragaria vesca Leaf nptII/gus de Mesa et al. (2000)
Fragaria × ananassa ‘Elsanta’,  

‘Kaster’, ‘K-1349’, ‘K1476’ and  
‘Senga Sengana’

Leaf gus Wawrzyńczak et al. 
(2000)

Fragaria × ananassa ‘M14’ Leaf discs gus/npt II Deng and Hu (2000)
Fragaria × ananassa strains BHN  

FL90031-30 and BHN 92664-501
Leaf nptII/gus Dhir et al. (2001)

Fragaria × ananassa ‘Clea’, ‘Irvine’,  
‘Paros’, ‘Alpine’, ‘Ilaria’  
and ‘Regina’

Leaf nptII Donnoli et al. (2001)

Fragaria × ananassa ‘Redcoat’,  
‘Pajaro’, ‘Osa Grande’, ‘Grace’  
and ‘Selva’

Leaf, Runner tip nptII/gus/hpt Dhir et al. (2001)

Fragaria × ananassa ‘Gariguette’,  
‘Polka’ and Breeding  
line no. 88312

Leaf nptII/gus Schaart et al. (2002)

Fragaria × ananassa ‘Chandler’ Leaf nptII/gus Jiménez-Bermúdez  
et al. (2002)

Fragaria × ananassa ‘Teodara’  
and ‘Egla’

Stipule nptII/gus Monticelli et al. (2002)

Fragaria vesca Leaf, petiole nptII/gus Alsheikh et al. (2002)
Fragaria × ananassa ‘Pajaro’ Leaf nptII/gus Ricardo et al. (2003)
Fragaria × ananassa ‘Elista’, ‘Wega’,  

‘ Senga Precosa’, ‘Kama’, ‘Induka’, 
‘Maria’, ‘Redgauntlet’, ‘Zao Hang 
Guang’, ‘Dukat’ and ‘Favette’

Leaf nptII/gus Gruchała et al. (2004b)

Fragaria × ananassa ‘Induka’  
and ‘Elista’

Leaf nptII/gus Gruchała et al. (2004a)

Fragaria × ananassa ‘Hecker’ and  
‘La Sans Rivale’; Fragaria vesca  
‘Alpine’

Leaf, petiole nptII/gus Zhao et al. (2004)

Fragaria vesca accessions FRA197  
and 198

Leaf, petiole nptII/gus Zhao et al. (2004)

Continued
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Table 6.3.  Example illustrating the scope of using different combinations and concentrations of media 
components for creating specialized media suitable at different stages of transformation process. (From 
Husaini et al., 2011, with kind permission from Global Science Books).

Medium Components

MS liquid medium (MSL) MS salts and vitamins + 3% sucrose
Regeneration medium MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ
Shoot elongation medium MS salts + B5 vitamins + 2% sucrose + 1% glucose + 0.1 mg l–1 

BA + 0.05 mg l–1 kinetin + 2 mg l–1 GA3

Pre-selection regeneration media MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 500 μg ml–1 
cefotaxime

MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 500 μg ml–1 
timentin

MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 250 μg ml–1 
cefotaxime + 250 μg ml–1 timentin

Selective regeneration media
SLMIA MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 500 μg ml–1 

cefotaxime + 50 μg ml–1 Kan
SLMIB MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 500 μg ml–1 

timentin + 50 μg ml–1 Kan
SLMIC MS salts + B5 vitamins + 2% glucose + 4 mg l–1 TDZ + 250 μg ml–1 

cefotaxime + 250 μg ml–1 timentin + 50 μg ml–1 Kan
Selective shoot elongation media MS salts + B5 vitamins + 2% sucrose + 1% glucose + 0.1 mg l–1 

BA + 0.05 mg l–1 kinetin + 2 mg l–1 GA3 + 25 μg ml–1 Kan
MS salts + B5 vitamins + 2% sucrose + 1% glucose + 1.0 mg l–1 

kinetin + 25 μg ml–1 Kan
Root induction medium MS salts + B5 vitamins + 2% sucrose + 1% glucose + 1.0 mg l–1 

kinetin

MS, Murashige and Skoog; TDZ, thidiazuron; BA, benzyladenine; GA3, gibberellic acid; Kan, kanamycin.

Species and cultivar/genotype Explant Reporter gene(s) Reference

Fragaria × ananassa ‘Tiogar’ Leaf nos/nptII Khammuang et al. 
(2005)

Fragaria × ananassa ‘Allstar’ Leaf nptII/gus Zhang and Wang 
(2005)

Fragaria × ananassa ‘LF9’ Petiole nptII Folta and Dhingra 
(2006)

Fragaria × ananassa ‘Chandler’ Leaf nptII Husaini and Srivastava 
(2006)

Fragaria × ananassa ‘Anther’ Leaf nptII Park et al. (2006)
Fragaria × ananassa ‘Pajaro’ Leaf nptII Vellicce et al. (2006)
Fragaria vesca accession P1 Leaf hpt/gfp Oosumi et al. (2006)
Fragaria × ananassa ‘Zaohong’ Leaf gus Wang et al. (2009)
Fragaria × ananassa ‘Chandler’ Leaf nptII Husaini (2010)
Fragaria × ananassa ‘Kurdistan’,  

‘Camarosa’ and ‘Paros’
Leaf discs uidA, nptII Nasri and Bahramnejad 

(2013)
Fragaria × ananassa ‘Festival’,  

‘Sweet Charlie’ and ‘Florida’
Leaf discs uidA, bar Zakaria et al. (2014)

Fragaria × ananassa ‘Camarosa’ Leaf discs luc, nptII Haddadi et al. (2015)
Fragaria vesca ‘Hawaii 4’ Leaf gfp Zhou et al. (2015)

Table 6.2.  Continued.
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Table 6.4.  Differences in transformation protocols using the same explant material (leaf) and genotype 
(cultivar ‘Chandler’), and the resultant cumulative interactive effect on transformation percentage in the 
studies by Barceló et al. (1998) and Husaini (2010). (From Husaini et al., 2011, with kind permission from 
Global Science Books.)

Parameter Barceló et al. (1998) Husaini (2010)

Source of explant Variable 20-Day-old plantlets maintained on MS salts + B5 
vitamins + glucose (2%) + agar (0.9%) + 
kinetin (1 mg l–1)

Shoot regeneration medium Lopez-Aranda et al. 
(1994)

Murashige and Skoog (1962) + B5 vitamins + 2% 
glucose

Efficiency of regeneration  
system (%)

66.7 100

Agrobacterium tumefaciens  
strain

LBA 4404 GV 2260

Binary vector pBI121 pBinAR
Acetosyringone (μM) 0 100
Co-cultivation duration (h) 72 72
Kanamycin in selection  

medium (mg l–1)
25 50 and 25

Agrobactericidal antibiotics  
(mg l–1)

Carbenicillin 500 Cefotaxime 250 + Timentin 250

Osmoprotectant (μM) 0 Validamycin A 100
Pre-culture/pre-incubation 

duration (days)
3 and 10 7

Pre-selection (days) 0 5
Transformation % based on  

number of explants  
regenerating shoots on Kan

4.2 10

1998; Husaini and Srivastava, 2006b), ‘Li-
jinv’(Qian, 2010; Lin et al., 2012), ‘Virginia’ 
(Bai et al., 2012) and ‘Allstar’ (Song, 2009) 
and in F. vesca (Alsheikh et  al., 2002). In 
addition, Agrobacterium strain GV2260 has 
also been used successfully for genetic 
transformation of the strawberry cultivars 
‘Selekta’ (Du Plessis et al., 1997), ‘Mermola-
da onebor’ (Martinelli et  al., 1997), 
F.  ×  ananassa breeding selection ‘AN 
93.231.53’ (Mezzetti et al., 2004) and culti-
var ‘Chandler’ (Husaini and Abdin, 2008a 
b). Agrobacterium strain GV3101 has also 
been used successfully for genetic trans-
formation of the strawberry cultivars F. ves-
ca ‘Hawaii 4’ (Zhou et al., 2015), ‘Xingdu 2’ 
and ‘Allstar’ (Sun et al., 2009). Finally, the 
supervirulent Agrobacterium strain Agl0 
(Lazo et al., 1991) and derivatives EHA101 
and EHA105 (Hood et al., 1986) have been 
used successfully in transformation of culti-
vars ‘Totem’, ‘Tristan’ (Mathews et  al., 
1995), ‘Elsanta’ (Puite and Schaart, 1998), 

‘Gariguette’, ‘Polka’, breeding line 88312 
(Schaart et al., 2002), ‘M14’ (Deng and Hu, 
2000; Na et  al., 2006), ‘Toyonoka’ (Zhu, 
2008; Chen, 2014), ‘Tudla’ (Zhang and Wu, 
1998; Qin et al., 2005b; Zheng, 2008; Wang 
J.H. et al., 2012b), ‘Akihime’ (Wang, 2012) 
and ‘Calypso’ (Schaart et al., 2010).

Physical factors

pre-culture (pre-incubation).  Before agroinfec-
tion, explants are sometimes incubated on 
an in vitro regeneration medium. The period 
of incubation generally varies from 1 to 
10 days, and allows these explants to adjust 
to the regeneration medium. This practice is 
beneficial in most cases (Sorvari et al., 1993; 
El Mansouri et al., 1996; Asao et al., 1997; 
Barceló et al., 1998; de Mesa et al., 2000; 
Alsheikh et  al., 2002; Husaini, 2010). 
Pre-culture improves the transformation 
percentage, probably by increasing the num-
ber of plant cells competent for regeneration 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Agrobacterium-mediated Genetic Transformation	 81

and transgene integration (Table 6.5). The 
percentage of explants regenerating putative 
transgenic shoots as well as the percentage 
of transgenic shoots per se increase signifi-
cantly by pre-culturing.

co-cultivation.  One of the most crucial 
steps in gene transfer is the co-cultivation 
of explant material with genetically engin-
eered Agrobacterium. A critical balance in 
the Agrobacterium population is needed, 
as an excessive number of bacteria im-
poses stress on the plant cells, negatively 
affecting their regeneration potential, 
while lower numbers reduce the frequency 
of T-DNA transfer. Increased co-cultiva-
tion duration can increase the percentage 
of transfection events but may cause stress 
and tissue necrosis. Agroinfection time 
generally varies between 15  min (Nehra 
et  al., 1990a) and 2 h (Mathews et  al., 
1998), while the period for co-cultivation 
is between 24 and 72 h in the dark (Zhang 
and Wang, 2005; Folta and Dhingra, 2006; 
Husaini, 2010).

pre-selection.  Selective agents such as Kan 
interfere with the regeneration of trans-
formants (van Wordragen and Dons, 1992; 
Husaini, 2010). Thus, the introduction of a 
brief intervening period on a non-selective 
medium is sometimes done to allow recov-
ery of the transformed cells from the infec-
tion/transformation process, and to allow 
enough time for stable integration and ex-
pression of the selectable marker gene (Al-
sheikh et al., 2002; Zhao et al., 2004). The 
leaf discs inoculated with Agrobacterium 
regenerate shoots at a low frequency when 
subjected to selection pressure immediately 
after co-cultivation, but with the introduc-
tion of a pre-selection phase, the percentage 
of leaf discs regenerating shoots increases 
significantly (Nehra et al., 1990a,b; Alsheikh 
et al., 2002; Husaini, 2010). The percentage 
of leaf discs regenerating shoots increased 
by almost sixfold with a 5-day pre-selection 
phase in cultivar ‘Chandler’ (Table 6.5). The 
average percentage of leaf discs regenerat-
ing shoots on selection medium increased 
from 0.5 (no pre-selection) to 3.1% (with 
pre-selection), while the average percentages 

of putative transgenic shoots per regenerating 
leaf disc increased from 0.5 (no pre-selection) 
to 6.1% (with pre-selection), respectively 
(Husaini, 2010).

Chemical factors

antibiotics.  After agroinfection, explants 
are exposed to two classes of antibiotics, 
one for selection of transformed cells and 
the other to eliminate the Agrobacterium. 
The proportions, combination and duration 
of exposure are always optimized to achieve 
a compromise between producing transgen-
ics and screening out escapes. Kan is the 
most widely used antibiotic for selection of 
transformants in strawberry, but hygromy-
cin (Nyman and Wallin, 1992; Mathews 
et al., 1995; Oosumi et al., 2006), geneticin 
(Mathews et  al., 1995) and phosphino-
thricin (Wang et al., 2004; Folta et al., 2006) 
have also been used. Kan concentration in 
the selective regeneration medium is of 
vital importance for optimum transform-
ation efficiencies. Shoot regeneration from 
leaf discs is impaired at Kan concentrations 
as low as 10 mg l–1 (El Mansouri et al., 1996; 
Barceló et al., 1998; Gruchała et al., 2004a), 
and a higher concentration of Kan in the se-
lective medium significantly reduces shoot 
regeneration (Alsheikh et al., 2002; Husaini, 
2010). The presence of Kan at 10 mg l–1 dras-
tically decreases the organogenic capacity 
of leaf discs (Barceló et al., 1998) of cultivar 
‘Chandler’, which remain 100% viable in 
the absence of Kan, but are only 21% viable 
in its presence. The concentration of Kan 
sensitivity varies among cultivars, explants 
and the procedure employed. For example, 
in cultivar ‘Redcoat’, leaf explants were 
subjected to Kan selection at 25–50 mg l–1 
(Nehra et al., 1990a, b), ‘Rapella’ petioles at 
25  mg l–1 (James et  al., 1990), ‘Melody’, 
‘Rhapsody’ and ‘Symphony’ stems at 20 mg 
l–1 (Graham et al., 1995), ‘Chandler’ leaves at 
25 mg l–1 (Barceló et al., 1998; de Mesa et al., 
2000; Jiménez-Bermúdez et  al., 2002), 
‘Teodora’ and ‘Egla’ stipules at 50  mg l–1 
(Monticelli et al., 2002), F. vesca leaves and 
petioles at 10–25  mg l–1 (Alsheikh et  al., 
2002) and ‘Chandler’ leaf at 25–50  mg l–1 
(Husaini and Abdin, 2008b; Husaini, 
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Table 6.5.  Effect of different factors on genetic transformation of explants cultured on selective regeneration media (SLMIA, SLMIB, and SLMIC). (Adapted and modified 
from Husaini, 2010.)

Treatment

Percentage of explants regenerating putative transgenic shoots on  
three selective regeneration media (8 weeks) (% ESPT)

Percentage of putative transgenic shoots on three selective  
regeneration media (8 weeks) (% SPT)

SLMIA
a SLMIB

a SLMIC
a CD at 5% SLMIA

a SLMIB
a SLMIC

a CD at 5%

Pre-incubation period (days)
0 1.20 ± 0.07 1.64 ± 0.09 4.04 ± 0.10 0.886 1.68 ± 0.21 2.46 ± 0.14 11.90 ± 0.17 3.561
7 3.48 ± 0.10 5.43 ± 0.17 6.90 ± 0.12 5.58 ± 0.17 6.91 ± 0.18 23.33 ± 0.23

Co-cultivation duration (h)
48 1.70 ± 0.05 3.03 ± 0.19 5.41 ± 0.17 1.436 2.43 ± 0.24 4.05 ± 0.12 16.23 ± 0.26 2.895
72 3.05 ± 0.07 4.26 ± 0.17 5.54 ± 0.10 4.94 ± 0.19 5.60 ± 0.20 19.03 ± 0.22

Agroinfection bacterial suspension
MSL 1.92 ± 0.19 4.0 ± 0.28 5.68 ± 0.11 1.287 2.65 ± 0.10 5.33 ± 0.16 17.95 ± 0.17 1.958
MSL + AS (100 μM) 2.85 ± 0.14 3.29 ± 0.24 5.25 ± 0.21 4.76 ± 0.18 4.30 ± 0.18 24.00 ± 0.23

Pre-selection (days) + validamycin A (μM)
0 + 0 0.33 ± 0.07 0.42 ± 0.08 0.83 ± 0.10 0.953 0.33 ± 0.07 0.42 ± 0.08 0.83 ± 0.10 3.310
5 + 0 1.20 ± 0.02 3.21 ± 0.07 4.82 ± 0.07 1.60 ± 0.20 3.92 ± 0.18 12.75 ± 0.31
5 + 100 5.61 ± 0.09 7.05 ± 0.11 9.67 ± 0.10 9.12 ± 0.26 9.80 ± 0.25 35.16 ± 0.35

Values are shown as mean ± standard error.
CD, confidence distribution; MSL, Murashige and Skoog liquid medium; AS, acetosyringone.
aSee Table 6.3 for details of media.
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2010). Husaini (2010) demonstrated that, 
with the addition of Kan (50 mg l–1) to a re-
generation medium containing cefotaxime 
(500  mg l–1) or timentin (500  mg l–1), the 
percentages of leaf discs regenerating 
dropped drastically from 75.0 to 3.5%, and 
the average number of shoots per regener-
ating leaf disc dropped from 8 to 1.5. Inter-
estingly, however, in the cultivar ‘Calypso’, 
a Kan concentration of 150 mg l–1 was used 
for selection of transgenic plants (Schaart 
et al., 2010), indicating that some octoploid 
genetic lines may be highly resistant to this 
compound.

Use of Kan is related to the risk of for-
mation of chimeras (shoots containing 
transgenic and non-transgenic sections) 
(Mathews et  al., 1998; Schestibratov and 
Dolgov, 2005), especially when stipules are 
used as explants (Monticelli et  al., 2002; 
Chalavi et al., 2003). This could be due to a 
high antibiotic tolerance of the particular 
cultivar, as non-transformed shoots (con-
trol) were also able to grow and proliferate 
at the Kan concentration used for selection 
(Mercado et al., 2007).

Three methods are employed to induce 
transgenic shoots on selection medium: 
first, where the concentrations of Kan are 
kept constant (non-iterative method); sec-
ondly, where Kan levels are increased grad-
ually during subculture (iterative method); 
and thirdly, where a higher Kan concentra-
tion is used in the start of selection, while 
later reducing it to half (reverse-iterative 
method). Both iterative (Mathews et  al., 
1998; Houde et  al., 2004) and reverse-
iterative (Husaini 2010) methods success-
fully recover non-chimeric transgenic 
strawberry plants.

The next important step is the elimin-
ation of Agrobacterium from the regener-
ation media. Various antibiotics are used to 
kill the Agrobacterium, but these are phyto-
toxic, especially at higher concentrations. 
For effective transformation, the antibiotic 
regime should control bacterial overgrowth 
without inhibiting the regeneration of the 
plant cells (Graham et al., 1995; Alsheikh et al., 
2002; Wang et  al., 2009; Bai et  al., 2012; 
Chen, 2014; Zhou et  al., 2015). Use of 

carbenicillin to control Agrobacterium after 
transformation of strawberry leaf explants 
(cultivar ‘Totem’) resulted in stunted top 
and root growth of plantlets, while with 
timentin (a mixture of ticarcillin (96%) and 
clavulanic acid (4%)) the regenerated plant-
lets showed vigorous, healthy top and root 
growth (Finstad and Martin, 1995). In con-
trast, in the octoploid strawberry genotype 
LF9, timentin, although found to be effective 
in curbing Agrobacterium growth, slowed 
its growth and differentiation slightly (Folta 
et al., 2006). Alsheikh et al. (2002) studied 
the regeneration of F. vesca and F. vesca 
semperflorens in the presence of different 
concentrations of cefotaxime, carbenicillin 
and cefoxitin and found that carbenicillin 
was the least phytotoxic of the three. In con-
trast, a study comparing the effect of timen-
tin, cefotaxime, carbenicillin and ampicil-
lin on leaf explants of cultivar ‘Camarosa’ 
showed the best shoot regeneration on 
timentin (300  mg l–1) and cefotaxime 
(150 mg l–1) (Haddadi et al. 2015). Combin-
ation of agrocidal antibiotics with synergis-
tic effects has proven to be less phytotoxic 
and better in eliminating Agrobacterium 
than when used in isolation at identical 
concentrations (Tanprasert and Reed, 1998; 
Husaini, 2010) (Table 6.6). Husaini (2010) 
showed that a combination of timentin and 
cefotaxime at half concentrations each 
(250 mg l–1 each) was less phytotoxic to leaf 
discs of cultivar ‘Chandler’ than use of ei-
ther of these antibiotics at higher concentra-
tions (500 mg l–1). This provides evidence of 
the complementary effect of these two anti-
biotics in eliminating Agrobacterium with-
out being overly phytotoxic to leaf discs of 
strawberry (cultivar ‘Chandler’). It can 
therefore be concluded that the interaction 
of antibiotics with plant species is genotype 
dependent, and that variations may occur 
because of Agrobacterium strain and ex-
plant type.

acetosyringone.  In most strawberry culti-
vars, the addition of acetosyringone during 
pre-culture and co-cultivation has shown a 
synergistic effect on Agrobacterium-mediated 
transformation and is reported to increase 
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Table 6.6.  A typical Agrobacterium-mediated genetic transformation protocol illustrating the various factors involved in optimization of transformation efficiency, and 
different ways of calculating transformation success. (Adapted and modified from Husaini, 2010.)

Pre-in-
cuba-
tion in 
the dark 
(days)

No. of 
agroin-
fected 

explants 
(NEAi)

Agroin-
fection 
medium

Co-cul-
tivation 
in the 

dark (h)
Washing solution 
composition

Pre-selection 
(days)

Explants on selection medium (SLMIC) 
(Cef250 + Tim250 + Kan50)
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0 75 MSL 48 H2O + Cef250 + Tim250 0 0 69 0 0 0 0 0 0 0 (6.9)
0 55 MSL 72 H2O + Cef250 + Tim250 0 0 49 0 0 0 0 0 0 0 (8.2)
7 65 MSL 48 H2O + Cef250 + Tim250 5 0 60 5 15 23.07 7.69 25.00 13.84 3.16 (7.3)
7 90 MSL 72 H2O + Cef250 + Tim250 5 0 84 6 18 20.00 6.66 21.42 11.11 2.73 (7.3)
0 75 MSL 48 H2O + Cef250 + Tim250 0 5 70 7 21 28.00 9.33 30.00 18.66 3.29 (8.5)
0 80 MSL 72 H2O + Cef250 + Tim250 0 5 74 7 25 31.25 8.75 33.78 18.75 3.43 (9.1)
7 60 MSL + AS 48 H2O + Cef250 + Tim250 0 0 55 1 1 1.66 1.66 1.81 1.66 0.21 (7.6)
7 50 MSL + AS 72 H2O + Cef250 + Tim250 0 0 46 1 1 2.00 2.00 2.17 2.00 0.25 (7.7)
0 75 MSL + AS 48 H2O + Cef250 + Tim250 5 0 70 2 2 2.66 2.66 2.85 2.66 0.36 (7.2)
0 60 MSL + AS 72 H2O + Cef250 + Tim250 5 0 53 1 2 3.33 1.66 3.77 1.66 0.46 (7.2)
7 75 MSL + AS 48 H2O + Cef250 + Tim250 0 5 70 8 30 40.00 10.66 42.85 29.33 4.34 (9.2)
7 80 MSL + AS 72 H2O + Cef250 + Tim250 0 5 74 8 33 41.25 10.00 44.59 31.25 4.43 (9.3)

NEAi, number of explants agroinfected; Cef250, 250 mM cefotaxime; Tim250, 250 mM timentin; Val100, 100 μM validamycin A; NESM, number of explants cultured on selection medium; NESPT, 
number of explants regenerating putative transgenic shoots on selection medium; NSPT, number of putative transgenic shoots regenerated on selection medium; NSPCR, number of PCR-positive 
shoots; NEnsm, number of explants cultured on non-selective (kanamycin-free) medium; NSnsm, number of shoots regenerated on non-selective medium; Th, transformation efficiency; MSL, 
Murashige and Skoog liquid medium; AS, acetosyringone.
aNumbers in parentheses indicate the number of shoots or shoot clusters per explant on non-selective medium.
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the number of transformed cells in target 
tissues (James et al., 1993; Alsheikh et al., 
2002; Gruchała et al., 2004a; Husaini, 2010) 
(Table 6.5). There was a 15% increase in 
transformation percentage in F. vesca sem-
perflorens (Alsheikh et al., 2002), an 8–11% 
increase in Fragaria × ananassa ‘Chandler’ 
(Husaini, 2010), 2–3% in F. × ananassa ‘In-
duka’ and ‘Elista’ (Gruchała et al., 2004a), 
while James et al. (1990) did not detect any 
effect of acetosyringone on the percentage 
of strawberry leaf explants that produced 
Kan-resistant callus after 100  days of cul-
ture. This shows that there is no consist-
ency in the degree of response, which could 
be due to extreme genotype dependence, 
variability in regeneration/transformation 
rates for different cultivars (Alsheikh 
et  al., 2002; Quesada et  al., 2007) and 
suppression of virulence in some strain–
plant species interactions (Godwin et  al., 
1991).

trehalose and validamycin a.  The transform-
ation process causes considerable stress in cells, 
which could hamper their post-transformation 
regenerative potential. One effective mech-
anism to reduce damage from stress is the 
accumulation of high intracellular levels of 
trehalose (Crowe et al., 1984; Drennan et al., 
1993; Goddijn and van Dun, 1999; Argüelles, 
2000). Although it is not known exactly how 
trehalose interacts with stress pathways, its 
addition to culture media results in the accu-
mulation of trehalose in transgenic plants 
(Goddijn et al., 1997). In an interesting study, 
a specific trehalase inhibitor, validamycin A, 
was added to the pre-selection medium with 
the aim of reducing the stress in transformed 
cells (imposed by the transformation pro-
cess) and to facilitate the recovery of Kan-re-
sistant putative transformants (Husaini, 
2010). There was an unprecedented influ-
ence following its addition to the pre-selec-
tion medium (Table 6.5). The percentage of 
putative transgenic shoots regenerating per 
leaf disc on selection medium increased 
from 6.1 to 54.1% (ninefold), while the aver-
age percentage of leaf discs regenerating 
shoots on selection medium increased from 
3.1 to 7.4% (2.5-fold) (Husaini, 2010). As the 
plant trehalose biosynthesis pathway is 

tightly regulated by multiple stress signals 
such as dehydration (Drennan et al., 1993), 
osmotic stress tolerance (Styrvold and 
Strøm, 1991; Hounsa et  al., 1998), heat 
and desiccation tolerance (Hottiger et  al., 
1987) and chilling stress (Pramanik and 
Imai, 2005), it probably reduces the ‘trans-
formation stress’ on cells and results in their 
increased survival percentage.

6.3.  How to Estimate Transformation 
Success – Efficiency and Percentage are 

not Synonymous

Examination of the literature indicates a 
wide difference in regeneration and trans-
formation efficiency. The number of inde-
pendent shoots generated per explant is 
usually referred to as the ‘regeneration effi-
ciency’, while the percentage of explants 
that produce a transgenic shoot is referred 
as the ‘transformation efficiency’ (Folta and 
Dhingra, 2006). However, this definition 
leads to many different formulae (Table 6.7). 
The first four formulae in Table 6.7 give 
more weight to the regeneration system 
used, and hence do not reflect the actual 
transformation efficiency. These formulae 
aim to calculate the ‘number of transform-
ation events’ that ‘successfully regenerate 
shoots/plantlets’ after application of an ap-
propriate selection pressure, and assume 
that ‘every single shoot’ represents a ‘unique 
transformation event’. There is a difference 
between transformation efficiency and 
transformation percentage; the two are not 
synonymous. The former describes the 
number of transgenic shoots that arise on 
selection media compared with the number 
of regeneration events that occur in the ab-
sence of selection (Husaini, 2010). How-
ever, reporting ‘transformation efficiency’ 
as transformants per explant distorts the 
representation, as Oosumi et al. (2006) and 
Folta et  al. (2006) reported transformation 
efficiencies greater than 100%. This metric 
simply means that each explant produced 
at least one transgenic shoot. Actually, the 
transformation efficiency described by 
Folta et  al. (2006) is quite low (1–3%). In 
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our opinion, reporting a transformation ‘ef-
ficiency’ that is greater than 100% (Folta et al., 
2006; Oosumi et  al., 2006) is mathematic-
ally incorrect, as efficiency cannot be greater 
than 1, i.e. 100%. However, a transformation 
‘percentage’ of greater than 100% is quite 
possible, because each leaf explant can re-
generate multiple shoots/shoot clusters in 
strawberry. When calculating transform-
ation percentage, we actually aim to calcu-
late the ‘number of transformation events’ 
that ‘successfully regenerate shoots/plant-
lets’ when exposed to appropriate selection 

pressure. Some explants regenerate multiple 
shoots but ‘one shoot per initiation site’, 
and hence each site represents a ‘single’ 
transformation event.

Each worker uses his own metric to de-
scribe the success of transformation. Nehra 
et  al. (1990b) inoculated leaf discs of the 
cultivar ‘Redcoat’, which formed light green 
meristematic regions on selection medium 
with 50 mg ml–1 Kan, later developing into 
transformed shoots at a frequency of 6.5% 
(on selection medium with 25 μg ml–1 Kan). 
In another study in the same cultivar, they 

Table 6.7.  Explanation of the formulae used in Table 6.6. (Adapted from Husaini et al., 2011, with kind 
permission from Global Science Books.)

Formula How to calculate Remarks Reference(s)

NSPT/NEAi × 100 Number of putative transgenic  
shoots regenerated on  
selection medium (usually  
after 8 weeks)/number of 
explants agroinfected

This formula can be used at early 
stages of regeneration but may  
also include escapes

Husaini 
(2010); 
Husaini  
et al. (2011)

NESPT/NEAi × 100 Number of explants  
regenerating putative  
transgenic shoots on  
selection medium (usually  
after 8 weeks)/number of 
explants agroinfected

This formula ignores multiple 
transformation events occurring  
on the same explant but at  
separate loci

Zhao et al. 
(2004)

NSPT/NESM × 100 Number of putative transgenic 
shoots regenerated on  
selection medium (usually  
after 8 weeks)/number of 
explants added to  
selection medium

This formula ignores the positive/
negative effect of the pre-selection 
strategy (pre-culture, pre-selection, 
agroinfection) on transformation

Nehra et al. 
(1990a,b)

NSPCR/NEAi × 100 Number of PCR-confirmed 
transgenic shoots  
regenerated on selection 
medium (usually after  
8 weeks)/number of  
explants agroinfected

This is the most accurate formula,  
and can be used at a later stage 
when sufficient tissue material 
becomes available for DNA 
isolation/PCR. However, as some 
transformants die in various  
stages of development, such 
transformation events  
are not taken into account

Husaini (2010)

(NSPT/NEAi) × 
(NEnsm/NSnsm) × 
100

(Number of putative transgenic 
shoots regenerated on  
selection medium (usually  
after 8 weeks)/number of 
explants agroinfected) ×  
(number of explants cultured 
on non-selective (kanamycin- 
free) medium/number  
of shoots regenerated on 
non-selective medium)

Technically, this is the most  
appropriate formula for  
describing transformation  
‘efficiency’, as it compares the  
relative regeneration capacities  
of agroinfected and normal 
(non-agroinfected) explants

Gruchała et al. 
(2004a,b)
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obtained transformed calluses at 3% on se-
lection medium (with 50 μg ml–1 Kan), and 
20% of these ‘transformed calli’ regenerated 
shoots (Nehra et  al., 1990a). Similarly, 
Jelenkovic et al. (1991) showed 40, 30 and 
20% transformed callus formation from 
runner segments, hypocotyl segments and 
leaf discs, respectively. It should be noted 
that, when working at the callus level, it is 
most appropriate to calculate the transform-
ation percentage as ‘calli-regenerating ex-
plants’ on selection medium, but when the 
same metric is used for the percentage of 
shoot-regenerating explants, it can be mis-
leading.

Some reports of transformation de-
scribe efficiency as the number of trans-
genic shoots that arise compared with the 
number of regeneration events that occur in 
the absence of selection. In other words, it is 
possible to have efficient regeneration and 
no transformation, as the latter is dependent 
on the ability to separate transgenic antibi-
otic-resistant tissue from non-transformed 
antibiotic-sensitive tissue. Gruchała et  al. 
(2004b) analysed 25 strawberry cultivars to 
select genotypes most suitable for trans-
formation. The number of regenerated 
shoots varied from 0.7 to 11 shoots per 100 
transformed explants in comparison with 
3.5–259.3 shoots from control tissues grown 
on medium without antibiotics. Transform-
ation/regeneration efficiency, expressed as 
transformant number per 100 explants, was 
high for cultivars such as ‘Elista’ (9.5), 
‘Wega’ (7.3), ‘Senga Precosa’ (6.5), ‘Kama’ 
(6.2), ‘Induka’ (4.5) and ‘Maria’ (3.0), which, 
when expressed as a transformation per-
centage, were 0.09, 0.07, 0.06, 0.06, 0.04 
and 0.03%, respectively. In another study, 
Gruchała et  al. (2004a) compared regener-
ation and transformation conditions for two 
strawberry cultivars, reporting 8.3 shoots 
per 100 explants (0.08%) in ‘Elista’ and 4.2 
shoots per 100 explants (0.04%) in ‘Induka’.

Zhao et al. (2004) used the term ‘trans-
formation rate’ to calculate transformation 
success, and calculated it as the percentage 
of explants that regenerated shoots on the 
selection medium in 8  weeks. A closer 
examination revealed that the transform-
ation success was actually calculated as the 

percentage of ‘putative transgenic shoots’ 
on the selection medium. Forty-seven and 
36 independent putative transgenic lines, 
capable of growth on 50  mg l–1 Kan, were 
generated from transformed cells derived 
from 73 and 53 explants of diploid straw-
berry accessions FRA197 and FRA198, re-
spectively, representing a transformation 
frequency of 64% for FRA197 and 68% for 
FRA198. Under the same conditions, only 
five and four such putative transgenic lines 
were obtained from 48 and 54 leaf explants 
of the octoploid strawberry cultivars ‘Heck-
er’ and ‘La Sans Rivale’, respectively, repre-
senting a transformation frequency of 10.4% 
for ‘Hecker’ and 7.4% for ‘La Sans Rivale’.

Transformation efficiency reports the 
‘relative’ regeneration capacities of agroin-
fected and control explants, while trans-
formation percentage measures the ‘suc-
cess’ in recovering transgenic shoots only. 
Hence, the parameters taken for calculation 
of transformation percentage are extremely 
important when reporting the extent of 
transformation proficiency. From our previ-
ous results, shown in Table 6.6, it is evident 
that, based on the method of calculation, 
different values for transformation percent-
ages can be derived. The most widely used 
formula for transformation percentage is 
based on the ‘number of shoots regenerated 
per 100 explants on selection medium’ and 
in our opinion is a fairly accurate one. The 
most accurate is that based on ‘number of 
PCR-positive shoots’ recovered. The only 
thing to be kept in mind in both cases is to 
take the ‘initial number’ of explants into ac-
count and not the number of explants 
added to the selection medium, because in 
the latter case the effect of a pre-selection 
strategy is ignored.

6.4.  Conclusions and Future  
Perspectives

Despite several non-Agrobacterium-based 
techniques and the use of other bacterial 
strains, Agrobacterium-based techniques 
still seem to be the most popular among 
strawberry researchers aiming to introduce 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



88	 A.M. Husaini and Y. Wen Xu	

novel characteristics into existing cultivars 
(Table 6.8). Standardization of an efficient 
regeneration system for each strawberry 
genotype is an indispensable prerequisite 
for the successful development of trans-
genic plants. Factors such as type of ex-
plant, darkness treatment, photoperiod, 
growth regulators and chilling treatment are 
vital for efficient regeneration of complete 
plantlets under in vitro conditions. As in 
nature, Agrobacterium-mediated genetic 
transformation is normally a single-cell 
event. The reasonably good transformation 
percentage in a strawberry cultivar is gener-
ally achieved due to the favourable medium 
modifications, which foster successful or-
ganogenesis from these transformed cells. 
Sufficient numbers of Agrobacterium dur-
ing co-cultivation, an adequate co-cultiva-
tion period, the use of vir gene inducers 
such as acetosyringone, introduction of a 
pre-selection phase between co-cultivation 
and selection, and optimum selection pres-
sure are all important factors to obtain 
stable transformants. An excellent post-
agroinfection strategy is the incubation of 
explants for some days on pre-selection me-
dium, possibly containing an osmoprotect-
ant such as validamycin A. This makes it 
possible for transformed cells to overcome 
the stress imposed by agroinfection and also 
allows a sufficient time gap until the select-
able marker gene is able to be expressed ef-
fectively in the transformed cells. One more 
point that needs emphasis is that the 
metrics employed by different workers 
for measuring the success of transformation 
need to be uniform, and use of the terms 
transformation ‘efficiency’ and ‘percentage’ 
interchangably should be avoided.

Some consumers as well as regulatory 
authorities express concern about the envir-
onmental safety of genetically modified or-
ganisms and demand that commercial 
transgenic plants be free of marker genes 
(antibiotic resistance) or vector backbone se-
quences. Using different models, diverse tech-
niques of gene transfer have been reported 
recently, which may be used in strawberry 
systems with appropriate modifications, in 
order to provide an alternative to the complex 

patent landscape of Agrobacterium technol-
ogy and create an ‘open source’ platform. 
Broothaerts et al. (2005) took the first step in 
harnessing non-Agrobacterium species for 
plant genetic engineering. They designed 
Rhizobium sp. NGR234, Sinorhizobium 
meliloti and Mesorhizobium loti with the 
machinery needed for the transformation 
process: a set of virulence genes encoded by 
an Agrobacterium Ti plasmid and the 
T-DNA segment residing on a separate, 
small binary plasmid. The T-DNA segment 
carries genes encoding a hygromycin selec-
tion marker and a uidA reporter. Broothaerts 
et al. (2005) then used these bacterial spe-
cies to transiently and stably transform vari-
ous plant species, targeting different tissues 
(e.g. leaf discs, calli, ovule tissue). The re-
sults demonstrated that these non-Agrobac-
terium species can genetically transform di-
cots as well as monocots. Although, to the 
best of our knowledge, there are no reports 
as yet that have determined the viability of 
these ‘Agrobacterium-like’ species for the 
transformation of commercially important 
strawberry plant species, these findings 
may open a new way forward with techno-
logical and legal advantages over Agrobac-
terium technology. Recently, a novel method 
of genome editing called CRISPR (clustered 
regulatory interspaced short palindromic 
repeats) and a CRISPR-associated (Cas) sys-
tem has been successfully employed to 
introduce useful genome modifications, 
mostly in model plants. As strawberry is oc-
toploid and its complete genome sequence 
is not yet available, the use of this technology 
may take a while for successful use in straw-
berry genome editing.
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Table 6.8.  Agronomically and economically beneficial traits transferred into strawberry using Agrobacterium-mediated gene transfer technology.

Species and cultivar/genotype Explant Transgene(s) Trait studied Reference

Fragaria × ananassa ‘Rapella’ – Cowpea protease inhibitor (CpTi) Insect resistance James et al. (1992, 1993)
Fragaria × ananassa – Coat protein Mild yellow edge virus Finstad and Martin (1995)
Fragaria × ananassa’ Symphony’ – Cowpea protease inhibitor (CpTi) Insect resistance Graham et al. (1995)
Fragaria × ananassa ‘Toyonoka’ – Chitinase from rice (rcc2) Fungal resistance Asao et al. (1997)
Fragaria × ananassa ‘Honeoye’ – CBF1 Cold tolerance Owens et al. (2002, 2003)
Fragaria × ananassa ‘Joliette’ Stipules Chitinase (pcht28) Fungal resistance Chalavi et al. (2003)
Fragaria × ananassa ‘Chambly’ Shoot nptII/acidic dehydrin (wcor410a) Drought tolerance Houde et al. (2004)
Fragaria × ananassa ‘Toyonaka’ – Late embryogenesis abundance 

(LEA3)
Drought tolerance Wang et al. (2004)

Fragaria × ananassa ‘Firework’ Leaf Thaumatin II (thauII) Resistance against grey 
mould

Schestibratov and Dolgov (2005)

Fragaria × ananassa ‘Camarosa’ – Chitinase and glucanase Fungal resistance Mercado et al. (2005)
Fragaria × ananassa ‘Tioga’ – Antifreeze protein (AFP) Cold tolerance Khammuang et al. (2005)
Fragaria × ananassa ‘Toyonoka’ Leaf discs Pathogeny inducing promer 

(Prp1-1)/glucose oxidase (GO)
Resistance against grey 

mould
Jin et al. (2005)

Fragaria × ananassa ‘Pajaro’ – Chitinase (ch5B), glucanase (gln2) 
and thaumatin-like protein (ap24)

Vellicce et al. (2006)

Fragaria × ananassa ‘M14’ Leaf discs annfaf Keeping quality of fruits Na et al. (2006)
Fragaria × ananassa ‘Toyonaka’ Leaf nptII/Antibacterial peptide-D (APD) Bacteria resistance Qin and Zhang (2007)
Fragaria × ananassa ‘Honeoye’ Leaf CBF1 Cold tolerance Jin et al. (2007); Dong et al. (2009)
Fragaria × ananassa ‘Virginia’ Leaf discs cNHX1 Drought tolerance Wei et al. (2007)
Fragaria × ananassa ‘Kinuama’ Leaf discs FaEtr1, FaEtr2, FaErs1 Keeping quality of fruits Zhu (2008)
Fragaria × ananassa ‘Benihope’ Leaf discs PcFT Regulation of flowering time Zheng (2008)
Fragaria × ananassa ‘Chandler’ Leaf Osmotin Salt and drought tolerance Husaini and Abdin (2008b; 

Husaini et al. (2012)
Fragaria × ananassa ‘Chandler’ Leaf discs FaEtr2 Keeping quality of fruits Song (2009)
Fragaria × ananassa ‘Xingdu 2’, 

‘Allstar’
Leaf discs, 

petioles
Pre-, pro- and mature antifreeze 

protein (AFP)
Freezing tolerance Sun et al. (2009)

Fragaria × ananassa ‘Honeoye’ Leaf discs Resveratrol synthase (RS) Fungal resistance and 
nutritional quality

Qian (2010)

Fragaria × ananassa ‘Benihope’ Leaf discs AtCYP2 Nutritional quality Feng (2011)
Fragaria × ananassa ‘Akihime’ Leaf Brazzein, PpydFN1 Improved sweetness Wang (2012)
Fragaria × ananassa ‘Toyonoka’ Leaf discs dhn4 Drought and cold tolerance Wang et al. (2012b)

Continued
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Species and cultivar/genotype Explant Transgene(s) Trait studied Reference

Fragaria × ananassa ‘Benihope’ Leaf discs RdreB1BI Cold tolerance Gu et al. (2012)
Fragaria × ananassa ‘Lijinv’ Leaf discs Resveratrol synthase (RS) Fungal resistance and 

nutritional quality
Lin et al. (2012)

Fragaria × ananassa ‘Sengana’ Leaf discs DHAR Nutritional quality Zhang et al. (2012)
Fragaria × ananassa ‘Virginia’ Leaf discs Tissue-type plasminogen activator 

(t-PA)
Nutritional quality Bai et al. (2012)

Fragaria × ananassa ‘Fumei 1’ 
and ‘Hong shimei’

Leaf discs psy, pds Nutritional quality Chen (2014)

Fragaria × ananassa’ Camarosa’ – Bgn13.1 Fungal resistance Mercado et al. (2015)
Fragaria × ananassa’ Camarosa’ 

and ‘Kurdistan’
– P5CS Drought tolerance Bahramnejad et al. (2015)

Fragaria vesca – AtNPR1 Fungal resistance Silva et al. (2015)

Table 6.8.  Continued.
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7.1.  Introduction

Plant architecture represents the morpho-
logical expression of a genotype in a certain 
period (Hallé et al., 1978). It can be defined 
according to different criteria (growth type, 
branching model, position of the reproduct-
ive structure) detected through the observa-
tion of the development of the shoots and 
other elementary parts along space–time 

scales (Godin, 2000), and gives information 
about the rules of growth and flowering of 
the plant (Hallé and Oldeman, 1970). The 
architectural model is a dynamic descrip-
tion of the growth pattern of a species from 
the birth of a plant, in the absence of limit-
ing factors (Hallé et al., 1978).

Strawberry plant architecture shows 
some constant features related to its deter-
mined growth pattern that always stops with 
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a terminal inflorescence (Guttridge, 1955) 
and enables further growth only from lat-
eral branches (sympodial growth) showing 
the same fractal organization, whereas the 
vegetative shoots develop as stolons. Vari-
ability of plant architecture is related to the 
distribution and position of the vegetative 
and reproductive structures along its short 
axis (rosette plant). These features of the 
growth habit change according to genotype, 
plant age, growing environment and culti-
vation technique, due to the plasticity of 
the species.

The response of the plants can be stud-
ied dynamically, providing elements to pre-
dict and manipulate their behaviour (Savini 
and Neri, 2004). In fact, the reproductive 
and vegetative behaviour of the strawberry 
plants is sensitive to environmental (Serçe 
and Hancock, 2005; Sønsteby and Heide, 
2006; Verheul et al., 2006) and agronomic 
and nutritional factors (Savini and Neri, 
2004; Savini et al., 2005, 2006b; van Delm 
et al., 2009; Bosc et al., 2012).

Plants can be part of a programmed pro-
duction system in the nursery to produce in 
predicted periods under different cultiva-
tion systems and, using specific propagation 
techniques, they can bear a different number 
and distribution of shoots, inflorescences or 
flowers and stolons.

7.2.  Flower Induction and  
Environmental Control

Flower induction in strawberry is sensitive 
to thermophotoperiod according to plant 
genotypes, which are classified into remon-
tant or recurrent (ever-bearing or long day 
and day-neutral plants) and non-remontant 
(seasonal flowering (Heide et al., 2013); 
short day or June-bearing) types. Non-re-
montant cultivars provide only one harvest 
in spring–summer, as a result of flower induc-
tion that took place in the preceding late 
summer–autumn, when their thermophotoper-
iodic requirements for flower initiation (Dar-
row, 1936; Darnell and Hancock, 1996) were 
satisfied by short days (less than 11–16 h)  

(van den Muijzenberg, 1942; Borthwick and 
Parker, 1952; Ito and Saito, 1962; Benoit, 
1975; Heide, 1977; Konsin et al., 2001) or 
low temperatures (9–21°C, optimal 15–
18°C) (Hartmann, 1947; Went, 1958; Ito and 
Saito, 1962; Heide, 1977; Verheul et al., 
2007; Opstad et al., 2011). A minimum 
number (7–14) of short-day cycles is re-
quired for flower induction (Ito and Saito, 
1962; Guttridge, 1985), according to culti-
var, temperature and day length. Under 
long-day conditions, the terminal apex of 
the crown remains vegetative and many 
runners develop from the axillary buds 
(Nicoll and Galletta, 1987), as vegetative 
and reproductive growth have contrasting 
responses and requirements (Ito and Saito, 
1962).

Remontant cultivars produce fruits 
more times per year, due to their different 
sensitivity to day length in relation to the 
temperature (Nishiyama et al., 2000, 2006; 
Nishiyama and Kanahama, 2002; Sønsteby 
and Heide, 2007) for flower induction. 
Flower initiation is possible when day length 
is longer than 12  h (long-day cultivars) 
(Darrow and Waldo, 1934) or irrespective of 
photoperiod (day-neutral cultivars) (Bring-
hurst and Voth, 1980; Durner, 1984). Thus, a 
rigid classification of cultivars is not ad-
equate (Durner, 1984) to explain all the pos-
sible complex responses to day length, 
whereas quantitative differences in individ-
ual plants can be seen along a continuum of 
obligate single-cropping and ever-bearing 
cultivars (Darrow, 1966; Nicoll and Galletta, 
1987; Sønsteby and Nes, 1998; Savini, 2003). 
At low temperature, most genotypes show a 
day-neutral behaviour (Ito and Saito, 1962; 
Heide, 1977) but can be distinguished ac-
cording to their response to photoperiod at 
higher temperatures (Heide, 1977; Verheul 
et al., 2006). Thus, temperature affects the 
behaviour of both short-day and day-neu-
tral cultivars in relation to photoperiod. 
Furthermore, prolonged warm temperat-
ures (above 26–30°C) (Ito and Saito, 1962; 
Chabot, 1978; Durner, 1984; Durner and 
Poling, 1988; Okimura and Igarashi, 1997) 
totally (Ito and Saito, 1962; Chabot, 1978) 
or partially (Okimura and Igarashi, 1997; 
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Kadir et al., 2006; Verheul et al., 2006) 
inhibit flower formation, whatever the photo
period (Ito and Saito, 1962; Verheul et al., 
2006). Therefore, in warm latitudes (tropical 
and equatorial), the profitable cultivation of 
strawberry is possible only where temperat-
ures are lower in the highlands or where 
there is an eventual chill season.

The thermophotoperiodic conditions 
inducing flowering in short-day plants are 
normally effective only in summer–autumn, 
suggesting that other factors are involved 
in the control of plant physiology, such as 
the chilling that prevents flower induction 
in spring (Guttridge, 1958). Furthermore, 
plant meristems are sensitive to flower-
inducing factors according to their physio-
logical condition: they are more receptive 
when the growth of the apex is reduced 
(Savini et al., 2005). Therefore, the behav-
iour of the plant (reproductive or vegeta-
tive) can be determined by the modula-
tion of many factors interacting with the 
plant growth, involving abiotic, agronomic, 
nutritional and environmental factors or 
the presence of stress, and we can assume 
that these factors determine a main indir-
ect effect modifying the vigour of the whole 
plant.

The final crop load is determined after 
flower induction, during the differentiation 
process, when the formation of flowers in 
the floral apex is enhanced by mild temper-
atures (18°C) (Le Mière et al., 1996). Yield 
and fruit quality can be improved by modi-
fying one or more effective factors during 
the growing cycles, starting from plant 
production in the nursery, in order to an-
ticipate or delay flower induction and to 
determine the number of flowers and in-
florescences.

Some general differences in plant archi-
tecture can be detected among cultivars ac-
cording to their thermophotoperiodic sensi-
tivity: short-day and day-neutral plants 
often show a branch crown developing from 
an upper axillary bud near the terminal in-
florescence (Kurokura et al., 2005a,b), 
whereas ever-bearing plants develop branch 
crowns mostly from their growing buds 
(Nicoll and Galletta, 1987).

7.3.  Growing Cycles – Plant Plasticity 
for Harvest Seasons

Nursery techniques provide many plant types 
allowing the application of different planning 
strategies for cultivation. Different plant types 
have different architectures, each suitable for 
integrating in specific growing cycles.

Bare-root frigo (cold-stored) plants are 
used for summer planting (July–August in 
the northern hemisphere) in the field in 
common annual production systems that 
provide one short harvest season (about 
30  days) in the spring. These plants bear 
only one differentiated flower bud in the 
terminal position with a single poor-quality 
inflorescence that often is partially dam-
aged during the long cold storage. There-
fore, after planting, the terminal inflores-
cence and stolons must be removed to 
stimulate plant establishment and growth. 
Growth takes place at the end of the sum-
mer and during the autumn, with the devel-
opment of new crowns from lateral buds 
(Savini et al., 2005), which receive induc-
tion signals for flower formation and pro-
vide a high yield the following spring.

Frigo plants are used also for remontant 
varieties, starting the growing cycle in 
March (in the northern hemisphere), with 
transplantation and removal of the first in-
florescences in spring (May to early June) to 
promote the plant set and a strong initial 
vegetative growth, which is positively cor-
related with fruit yield (Baumann et al., 
1993). The harvest season lasts from the be-
ginning of July until October.

In mild climates with warm summers, 
planting is delayed to avoid the high tem-
peratures. Bare-root fresh plants of 
low-chilling varieties are preferred over fri-
go plants as the latter suffer growth prob-
lems if they are stored for too long until the 
September–October transplanting (for har-
vest from December or January). In add-
ition, there is not enough time for the 
flowers to differentiate in the field and to 
obtain early winter production, but this is 
possible using flower-differentiated plants 
from Spanish high-elevation nurseries or 
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from central Europe (with low temperatures 
for partial chilling satisfaction). These 
plants bear at least one flower-differentiated 
bud and produce fruits over an extended 
harvest season (January–June). Bare-root 
freshly dug stolon plants (fresh plants) of 
June-bearing varieties have also been used 
in the past and transplanted in autumn or 
spring for perennial cultivation.

For out-of-season production in central 
Europe, tray plants and waiting-bed and A+ 
frigo plants are increasingly used as pro-
grammed production plants (for ‘60-day’ cul-
tures) but must already have undergone 
flower induction.

Tray plants are available for planting in 
different seasons after cold storage (Lieten, 
1993; Durner et al., 2002), during which the 
plants satisfy their chilling requirement. 
Cold-stored tray plants may bear at least 
two or three flower-differentiated buds, pro-
viding good crop potential and similar or 
higher numbers of fruits and good yield in 
the open field in comparison with frigo 
plants (Duralija et al., 2007).

Waiting-bed plants form more than one 
differentiated crown per plant, providing a 
potentially high production (500–800  g of 
fruit per plant) after transplanting. In the 
northern hemisphere, they are planted in se-
quence from the end of April until the mid-
dle of July for late-cropping systems, with 
harvest from early July to September in the 
open field and during the autumn under 
protected conditions (plastic tunnels). These 
plants with high crop potential must be 
planted early to promote their growth (Cher-
cuitte et al., 1991); later planting in spring–
summer conditions may result in a de-
creased yield because of high temperatures.

Large cold-stored plants (commercial 
class A+ or A++) are generally transplanted in 
May–June, extending the cropping season from 
the beginning of July until the end of August in 
the northern hemisphere (Faby, 1997).

7.4.  Plant Manipulation in the Nursery

The first opportunity to manipulate the plant 
growth and architecture, and at the same 
time plant vigour and fruit production, is 

control of the growing conditions during 
plant propagation, obtaining plants with a 
different number of lateral flower buds and 
shoots and at a different floral developmen-
tal phases (van Delm et al., 2009).

Knowledge of effective environmental 
and cultural factors for plant behaviour 
manipulation is pivotal in applying condi-
tioning techniques that allow anticipation 
or delay of flower induction and to obtain 
higher or lower numbers of flowers. In fact, 
many growing techniques available for nur-
sery plant production, including the appli-
cation of controlled stress, can be effective 
to manipulate the plant architecture, stimu-
lating flower induction and differentiation, 
because they can interact with several as-
pects of plant growth, such as growth rate, 
shoot-to-root ratio and carbon balance. Using 
different growing techniques, it is possible 
to expose the plants to flower-inducing stim-
uli or to increase the plant’s sensitivity to 
environmental inducing conditions, and 
thus to produce plants with different num-
bers of shoots, stolons, inflorescences or 
flowers. The timing of application of a par-
ticular technique is crucial in terms of its 
interaction with the physiological stage of 
the plant and its organs.

7.4.1.  Thermophotoperiod

One of the most effective means of manipu-
lating the equilibrium between vegetative 
growth and reproductive development in 
strawberry is modification of the thermo-
photoperiod, an environmental factor play-
ing a major role in flower induction. The 
light availability duration can be increased 
using artificial light, to apply long-day con-
ditions to short-day plants and delay flower 
formation (Bosc et al., 2012), or decreased 
by adding a temporary light-proof covering 
(Bosc and Demené, 2009) to mimic short-
day conditions. Providing artificial light 
during the night (night break) under short-
day conditions can inhibit flower initiation 
in non-remontant cultivars (Ito and Saito, 
1962; Vince-Prue and Guttridge, 1973) or 
enhance flower production in remontant 
cultivars (van Delm et al., 2012).
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The natural variation in temperature 
between day and night is more effective 
than a constant temperature. In forced culti-
vation, natural conditions can be repro-
duced applying the normal oscillation of 
temperatures, and flower induction can be 
induced earlier (Reichart, 1973; Chabot, 
1978; Durner, 1984; Bish et al., 1997) when 
the oscillation is 26.7/15.6°C day/night 
compared with a constant 21°C temperature 
(Hartmann, 1947) or with warmer temperat-
ures (Bish et al., 1996a). Temperatures 
below 15.6°C are common during summer–
autumn in cold areas but are suboptimal for 
flower differentiation (Darrow, 1966), delay-
ing the formation of flowers.

7.4.2.  Location

Both photoperiodic and thermal conditions 
can be controlled during propagation, by 
transplanting the plants or moving them to 
specific locations (changing the altitude and 
latitude). The choice of environment for the 
nursery location and the time of propaga-
tion allow control of the vegetative and gen-
erative behaviour of the plants, resulting in 
different numbers of flowers per plant and 
programming the synchronicity and dur-
ation of the cropping.

Flower induction in short-day plants is 
delayed with increasing latitude, as day 
length reduces later in the summer (Opstad 
et al., 2011). In Europe, fresh plants can be 
propagated in environments where the con-
ditions are favourable for floral induction, 
which takes place earlier at higher altitude 
in the Alps (Savini et al., 2006b) and in 
Spanish highland nurseries (800–1200  m) 
or in cold northern areas due to the thermal 
fluctuations between day and night and to 
low summer temperatures. After floral in-
duction has taken place, at the beginning of 
October, and early low-temperature chilling 
has been provided, plants can be trans-
planted in mild southern areas (e.g. southern 
Italy or Spain) or at low altitude. In fact, a 
mild environment is optimal for a longer 
and earlier flower differentiation, in order 
to increase the number of flowers within the 
inflorescences (Savini, 2003; Savini et al., 

2006a) without a significant effect of photo-
period. Under these mild conditions, flower 
differentiation persists for the whole of the 
warm autumn and takes place in the se-
cond- and third-order floral apexes on the 
extension crowns (Savini, 2003), increasing 
the total number of inflorescences per plant. 
If the planting is deferred until temperatures 
are cooler and the photoperiod is shorter, 
vegetative growth is reduced and only one 
extension crown per plant is able to form. 
During formation of the primary buds, pro-
longed favourable conditions in early au-
tumn enhance the formation of flowers 
within the primary inflorescence in nor-
thern Italy, resulting in more flowers (13–14 
per inflorescence) in comparison with 
plants in the south (around 10 per inflores-
cence) (Savini, 2003) and with secondary 
inflorescences becoming differentiated dur-
ing the early arrival of the cold temperat-
ures in autumn. In the south, the number of 
flowers is similar in both primary and sec-
ondary inflorescences.

In contrast, if propagation takes place 
under a long photoperiod and relatively 
high temperatures, flower induction is re-
duced and vegetative growth is enhanced 
(Savini et al., 2006a), with increasing for-
mation of runners (Guttridge, 1985). The 
cultivation environment also modifies the 
growth of the plant. For instance, more 
crowns are formed along the principal axis 
of fresh plants in central and northern Italy 
compared with the south where the winter 
is warmer. The northern conditions also 
stimulate vegetative growth in tray plants 
(Savini et al., 2006a).

In tropical climates, temperatures can 
be very high at low altitude, reducing the 
vegetative growth of the plants, which de-
velop fewer leaves compared with plants at 
higher altitudes (Riyaphan et al., 2005).

7.4.3.  Chilling

Chilling temperatures (between 0 and 
7–10°C) are required to overcome dor-
mancy, but they are also effective at increas-
ing vegetative growth (Guttridge, 1958; Voth 
and Bringhurst, 1958; Piringer and Scott, 
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1964; Wahdan and Waister, 1984; Tehrani-
far et al., 1998) and leaf and runner forma-
tion (Bringhurst et al., 1960; Porlingis and 
Boynton, 1961; Piringer and Scott, 1964; 
Bailey and Rossi, 1965; Guttridge, 1969; 
Braun and Kender, 1985; Rice, 1990; Ka-
hangi et al., 1992; Lieten, 1997b; Tehranifar 
and Battey, 1997), whereas they reduce 
flower induction (Guttridge, 1958) and en-
hance floral differentiation (Durner and Pol-
ing, 1987). Therefore, in greenhouse culti-
vation, cold treatments can be applied to 
prevent a decrease in vegetative vigour, 
while artificial lighting can compensate for 
a lack of cold (van Delm et al., 2013) be-
cause long days can substitute for chilling 
(Lieten, 1997a; Sønsteby and Heide, 2006).

For programmed production cultiva-
tion, cold storage makes the plants available 
all year round and also provides the re-
quired chilling. Nevertheless, sugars and 
starch content can decrease if the low tem-
perature is maintained for too long (more 
than 200 days), also reducing the number of 
emerging inflorescences and flowers (Molot 
and Leroux, 1973; Kinet et al., 1993; Lieten 
et al., 1995; Dradi et al., 1996; Sønsteby and 
Hytonen, 2005), which are inhibited, espe-
cially if they are located below the last ex-
panded leaf (Bosc et al., 2012). A long dur-
ation of cold storage and the consequent 
low carbohydrate content induce a stress 
condition that may also result in earlier 
flowering (Lieten et al., 1995), although not 
for all types of plant (Kinet et al., 1993). 
Chilling before the digging date in the nur-
sery may be advantageous for early fruit 
production, especially in warm regions, but 
extra chilling after the optimum digging 
date may reduce flowering (Durner and Pol-
ing, 1988).

7.4.4.  Light quality

Light quality (Collins, 1966; Vince-Prue and 
Guttridge, 1973) and intensity may be effect-
ive in regulating flower initiation, especially 
in short-day plants. These features of the 
light reaching the plants can be modulated 
in different ways, using covering nets or spe-
cific artificial lights. During a decreasing 

photoperiod, plant shading reduces light in-
tensity and temperature, promoting flower 
induction if sunlight is reduced by 75–95% 
(Kumakura and Shishido, 1995), but with 
lower light intensity, crown size (Wright and 
Sandrang, 1995) and leaf and inflorescence 
number (Awang and Atherton, 1995) can de-
crease, whereas increasing light intensity 
can promote flower differentiation (Dennis 
Jr et al., 1970; Chabot, 1978).

Flower bud initiation is also affected by 
the spectral composition of the irradiation, 
which can be selected applying photoselec-
tive nets over the plants, with red and blue 
nets having an inhibitory effect (Takeda, 
2012). Spectral band quality also affects the 
responsiveness to photoperiod. In fact, light 
extension to produce long-day conditions 
delays floral initiation if obtained using far-
red light or far-red combined with low-red 
light, whereas it is not effective if obtained 
using red light (Vince-Prue and Guttridge, 
1973; Guttridge, 1985); however, some dis-
cordant results have been reported (Jonkers, 
1965).

7.4.5.  Nutrient supply

Nutrient supply, in particular the relative ratio 
between nitrogen and phosphorus, plays a 
major role in modulating growth and the vege-
tative equilibrium of the plant and conse-
quently can be a means to modify the whole 
plant architecture during both propagation in 
the nursery and further plant growth (Savini, 
2003; Savini and Neri, 2004).

Nitrogen availability and the timing of 
supply during the growing season affect the 
formation and growth of new organs and 
interact with flower initiation, amplifying 
the effect of inhibitive or stimulating factors.

The nutritional protocol should be man-
aged in different ways. Both stolon and shoot 
formation can be enhanced by high nitrogen 
levels, depending on the timing of supply and 
the plant growth rate (Savini, 2003; Savini 
and Neri, 2004). Therefore, stolon formation 
is induced and flower induction can be de-
layed (Fujimoto, 1972; Furuya et al., 1988; 
Matsumoto, 1991; Yamasaki et al., 2002) or 
totally prevented (Yamasaki et al., 2002) if 
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excess nitrogen is applied before the flower 
induction period (Sønsteby et al., 2009) or 
when there is rapid growth of the apex.

In contrast, a high nutrient supply can 
increase the induction effect if applied after 
the beginning of short-day conditions (Liet-
en, 2002; Sønsteby et al., 2009). It can also 
stimulate plant vigour after the arrest of 
apex growth, reactivating axillary latent 
meristems to form new shoots (Breen and 
Martin, 1981) in the basal part of the crown, 
increasing the total number of inflorescence 
sites. If nitrogen is supplied later on, shoot 
formation can be stimulated in the upper 
portion of the plant, increasing the total 
number of inflorescences and extending the 
cropping time, because the flowers are less 
developed compared with the terminal pri-
mary inflorescence. In the nursery, late ap-
plication of foliar nitrogen during flower 
differentiation of freshly dug plants can ad-
vance flower development and fruiting 
(Kirschbaum et al., 2000). Differing re-
sponses are also seen if the supply of nutri-
ents is continuous or temporary; in fact, lat-
eral shoot formation starts from the apical 
part of the crown and continues downward 
with continuous fertilization, whereas 
shoots exclusively involve the apical buds 
if the fertilization is suspended for 
1–2  weeks during the maximum growth 
period, also advancing flower differenti-
ation (Savini, 2003). During flower induc-
tion of tray plants, temporary suspension of 
fertilization may result in the differenti-
ation of terminal flower buds, enhancing in-
florescence development and increasing 
flower number (Savini, 2003), while con-
tinuous high nutrition delays flower initi-
ation (Yoshida, 1992; Lieten, 2002). A posi-
tive effect on flower formation is also 
obtained by applying a pulse of extra fertil-
ization starting shortly after the onset of in-
ducive environmental conditions (Sønsteby 
et al., 2013). An excess of nitrogen inhibits 
flower formation (Guttridge, 1985).

An early nutrient supply, before or at 
the beginning of inducive thermophotoperi-
od conditions (Sønsteby et al., 2009), delays 
flower bud initiation more than a later appli-
cation (Yamasaki and Yano, 2009). However, 
low nitrogen availability depresses vegeta-
tive growth and increases plant sensitivity 

to inducive conditions (Strik, 1985; Battey 
et al., 1998; Lieten, 2002) promoting flower 
induction (Guttridge, 1985) after a few days 
of inducing treatment. Nevertheless, a very 
low nutrient supply is not favourable during 
flower induction and differentiation pro-
cesses, especially if prolonged until mid-Oc-
tober, because the meristem could revert 
from the reproductive to the vegetative state 
(van den Muijzenberg, 1942) and the num-
ber of flowers decreases (Anderson and Gut-
tridge, 1982).

If the nutritional deficiency persists 
after flower bud initiation and induction, 
further development of initiated flowers is 
prevented (Strik, 1985; Battey et al., 1998; 
Lieten, 2002), irrespective of the nutrient 
conditions during the other growth phases, 
as nitrogen is required for flower differenti-
ation (Yamasaki et al., 2002). A reduction in 
nutrients after mid-October does not affect 
fruit production. Early reduced nutrition at 
the end of summer until mid-September can 
reduce the crown diameter, but increases 
the number of flowers and fruits inside the 
inflorescences (Lieten, 2002). If the early re-
duction of nitrogen is followed by an in-
creased supply at the end of August or in 
September and by later decreased nitrogen 
application in October, flower initiation 
may be advanced in comparison with a low 
or high constant nitrogen supply from the 
beginning of August (Desmet et al., 2009).

Potassium supplementary fertilization 
may decrease the number of flowers (Desmet 
et al., 2009) if already suppressed under salt 
stress (NaCl) conditions (Awang and Ather-
ton, 1995). Also, the source of nutritional 
factors seems to have effects on plant 
growth; in particular, the addition of or-
ganic matter (cattle, poultry, sheep or ma-
nure) enhances the formation of leaves and 
advances the flowering date compared with 
conventional fertilizers (Abu-Zahra and 
Tahboub, 2008).

7.4.6.  Growing substrate

Year-round strawberry production is helped 
by the use of substrate systems in protected 
cultures, without using contaminated soils 
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(Durner et al., 2002; Lieten, 2012). Peat mixes 
are widely used substrates for soil-less culti-
vation and for plug plant production in nur-
series, but many other growing media have 
been tested (Anagnostou and Vasilakakis, 
1995; Paranjpe et al., 2003; Lieten et al., 
2004; Bartczak et al., 2007; Tehranifar et al., 
2007, 2012; Ameri et al., 2012). Substrates 
differ in physical and chemical proprieties 
involving pH, electrical conductivity, poros-
ity and water-holding capacity, which may 
affect the water and nutrient availability for 
the plant and the root activity. Consequently, 
substrates may also modulate the vegetative 
vigour of the plant and the response to flower 
induction, with effects on the crop potential. 
These effects can be also detected in the plant 
architecture, shoot topology and number 
along the crown (Savini, 2003).

For soil-less propagation, fine peat is a 
common and optimal substrate for large run-
ners (Kehoe et al., 2009), but the use of coco 
substrate is becoming increasingly wide-
spread. The use of an inert substrate without 
peat (rock wool substrate, sand or perlite), in 
the absence of nutritional adjustment, re-
duces the vegetative growth of the plant, de-
creases leaf number and crown formation, 
decreases total yield, and advances the pro-
duction of flowers and the harvest, in com-
parison with the use of peat (Jansen, 1997; 
Tehranifar et al., 2007), although some con-
flicting results have been reported (Bartczak 
et al., 2007). The reduction in plant growth 
on a substrate with low water-holding cap-
acity is detectable, even when some peat is 
added to the substrate (Lieten, 1993; Anag-
nostou and Vasilakakis, 1995).

Substrates without peat may also en-
hance the ability of flowers to differentiate, 
increasing the number of flowers in the se-
cond flower flush of remontant cultivars 
and the number of high-order inflorescences 
compared with organic substrate containing 
peat; the effect is amplified if peat is added 
with the compost (Savini, 2003).

7.4.7.  Water supply

The water status of the plant influences many 
physiological processes, interacting with  
carbon assimilation – with photosynthesis  

reduced even under mild water stress (Lenz, 
1979) – nutrient uptake and the growth rate 
of strawberry plants (Kumar and Dey, 2011; 
Grant et al., 2012). Therefore, an adequate 
water supply is needed to sustain an accept-
able yield, preventing a decrease in mean 
fruit weight and fruit number (Davies and Al-
brigo, 1983; Gehrmann, 1985; Peñuelas et al., 
1992; Serrano et al., 1992). However, water 
availability may have different effects on 
plant development depending on the 
physiological processes occurring before or 
during flower induction and differentiation. 
Thus, improving the water supply during 
flower bud initiation and differentiation in 
autumn may enhance flower formation and 
fruit production, but abundant irrigation be-
fore the onset of inducive conditions may 
reduce flower production (Naumann, 1964). 
Mild water stress may even allow flower in-
duction under unfavourable environmental 
conditions (Naumann, 1961) after the start 
of flowering.

Water stress affects the growth of the 
stolons (VanDerZanden and Cameron, 1996; 
Tworkoski et al., 2001) and also the shoots, 
preventing their development if the water 
supply is strongly diminished (25% of daily 
water consumption) and reducing their 
number under mild water stress (Gehr-
mann, 1985), also affecting the ability of the 
plant to form new inflorescences.

7.4.8.  Defoliation

Leaf removal in the nursery affects vegeta-
tive growth, altering the shoot-to-root ratio, 
reducing the assimilating surface and the 
endogenous nitrogen, and promoting flower 
differentiation (Kim et al., 2011). Defoli-
ation is also suggested to stimulate compen-
sative growth from lateral shoots and the 
onset of new inflorescence sites.

7.4.9.  Propagation

The use of plug transplants allows earlier 
plant establishment after transplanting, en-
hances early growth and determines earlier 
flowering and fruit yield compared with 
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bare-root transplants (Hochmuth et al., 
1998, 2006; Ruan et al., 2011), irrespective 
of tray size (Giménez et al., 2009) and crown 
diameter (Cocco et al., 2011) during propa-
gation. The containerized growth makes the 
plant less dependent on water supply 
(Durner et al., 2002).

The size of the stolons used for the pro-
duction of tray plants seems to have no ef-
fect on fruit production during cultivation 
(Jansen, 1997), because one leaf is enough 
to detect the induction signal (Hartmann, 
1947), whereas the age may interact with 
photoperiod sensitivity (Ito and Saito, 
1962). The sequence position and the dis-
tance of the daughter plant from the mother 
plant along the parental stolon affect the 
number of leaves (Bartczak et al., 2007).

The planting date in the nursery may 
affect shoot growth and flower differenti-
ation, whereas this has no effect on vegeta-
tive growth (Palha et al., 2012), but the ef-
fect is related to the climate conditions of 
the seasons (Bussell et al., 2007). Advan-
cing the plugging date of runner tips stimu-
lated shoot growth and flower differenti-
ation, inducing June-bearing plants to 
flower early (Takeda and Newell, 2007). The 
new shoots stimulated a prolonged, al-
though not simultaneous, fruit production, 
in contrast to delayed planting. Lateral 
shoot growth is also prevented by high 
plant density (short distance apart), which 
benefits the uppermost buds (close to the 
terminal apex), which can produce a sec-
ondary inflorescence and a good second 
production.

Pot size determines the volume of sub-
strate available and affects the growth of the 
root. Small pot volumes increase plant sen-
sitivity to inducing conditions (Fujishige, 
1994) and stimulate early flower induction 
during plant root system formation. Root 
growth can be inhibited once the roots take 
up the whole substrate volume after too 
long a growing period in the tray, resulting 
in stress conditions, leading to a lower 
flower quality. Using pots of the same size 
and a low planting density during plant 
production promotes the formation of more 
inflorescences and flowers (Jansen, 1997), 
providing a higher yield compared with 
production at a higher plant density.

The use of phytoregulators has also 
been tested in nurseries, where application 
of gibberellic acid biosynthesis inhibitor re-
duced early vegetative growth, decreasing 
the number of stolons (Bish et al., 1996b).

7.4.10.  Evaluation of plant quality

The quality of nursery plants can be evalu-
ated according to many different param-
eters. Genetic and phytosanitary compli-
ance of nursery plants is a prerequisite for 
certificate protocols, whereas the ability 
to provide the desired cultivation and 
fruiting performance in specific growing 
cycles may differentiate the quality level 
of the plants.

Nursery material differs in terms of 
size, propagation material, presence of sub-
strate, pot type, post-digging storage and the 
presence of differentiated inflorescences.

When produced under the same grow-
ing conditions, larger plug plants (obtained 
from larger stolons) may produce more 
flowers than smaller ones (Cantliffe et al., 
2003), and therefore plants are usually 
graded according to their crown size (diam-
eter) and to the length of the roots. The 
weight of the plant, the number of crowns 
and the length of roots are all parameters 
positively related to yield potential 
(Bartczak et al., 2010). However, a large 
plant does not always equate to higher crop 
potential (Bish et al., 2002; Bussell et al., 
2007), therefore plant size itself is not 
enough to characterize the crop potential of 
nursery plants. Furthermore, with size grad-
ing only of the plants, no information is 
given about the precocity and the duration 
of the potential crop.

Each plant type is different and is suit-
able for specific growing cycles; therefore, 
quality evaluation is strictly related to plant 
type, requiring specific elements for the ex-
pected production, and it is not possible to 
use the same standard evaluations for all 
plant types or without taking into account 
the treatment of the plant in cultivation. 
The quality of the plant from the nursery 
also determines its physiological condition, 
which affects the response to cultural and 
environmental factors.
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Nursery plants are characterized by dif-
ferent crop potentials, which can be evalu-
ated by the detection of inflorescence 
number and position, while earliness and 
synchronicity of production can be esti-
mated by observing the developmental stages 
of the flowers.

In order to base the plant quality evalu-
ation on crop potential, information about 
the number and position of the inflores-
cences must be taken into account, along 
with their developmental phase and the 
number of differentiated flowers, as the 
number of differentiated flowers is posi-
tively correlated to the final number of fruits 
(Jemmali and Boxus, 1993; Savini, 2003).

The developmental phase of the inflor-
escences and their differentiation are also 
important factors when evaluating the opti-
mal digging time of the plants, especially 
for programmed production plants that will 
be cold stored and must have completed the 
differentiation process.

7.5.  Plant Manipulation in the Field

Different plants have specific management 
needs and a higher or lower ability to pro-
duce fruits in different growing contexts. 
The growing technique is related not only to 
the plant type and size, but also according to 
the year of plant production and to origin 
(nursery), which can all affect the crop load 
(Faby, 1997). Knowledge about the plant 
quality (crop potential, plant architecture) 
allows planning of the planting date and 
density, the forcing technique and fertiliza-
tion, allowing manipulation of the plant to 
obtain satisfactory production results.

The response of the plant to environ-
mental signals, such temperature, varies de-
pending on the physiological phase of the 
different organs and their relative positions. 
The date of forcing may significantly mod-
ify the plant architecture. For instance, axil-
lary meristems at a maximum level of dor-
mancy do not develop secondary shoots 
after placing the plants in the greenhouse 
(Bosc et al., 2012). As the chilling require-
ment is increasingly satisfied, the axillary 

meristems initiate new secondary shoots, 
but if the temperature is too cold (delayed 
forcing after the end of October), lateral 
growth can be penalized (Savini et al., 
2006b).

Flower removal may promote the pro-
duction of leaves (Daugaard, 1999) and run-
ners (Scott and Marth, 1953; Robertson and 
Wood, 1954; Moore and Scott, 1965) in 
some genotypes. In other cultivars, deblos-
soming treatment increases runner produc-
tion only in combination with defoliation, 
or may have no effect on runner formation 
(Waithaka, 1993). The removal of runners 
promotes branch crown development (Han-
cock, 1999). Transplant defoliation may af-
fect plant growth, reducing the number of 
crowns and inflorescences (Chandler et al., 
1988; Kerkhoff et al., 1988; Albregts et al., 
1992; Mohamed, 2002) if there is not enough 
time to restore the leaf surface area.

Late summer planting may reduce the 
crop potential, but later planting can also in-
crease the number of flowers and inflores-
cences in autumn production systems (Palha 
et al., 2012). Late autumn transplanting re-
duces the number of crowns, but other fac-
tors influence the total yield, affecting the 
fruit size (Hassell et al., 2007). In remontant 
cultivars, the number of crowns increases 
by advancing the planting date and prolong-
ing the growing period, enabling a higher 
yield if the cultivar is not highly crowned 
(Ruan et al., 2011), as the inflorescences de-
rive from the apical meristems of the plant. 
For delayed transplanting in the field, 
when environmental conditions promoting 
flower differentiation do not persist, it is 
necessary to select already differentiated 
plants from the nursery. For a good crop, 
planting density can be balanced according 
to the number of inflorescences per plant 
(flowers m–2) rather than the plant size, as 
the former is more strongly related to the 
crop potential.

Small-sized plants with a few flower 
buds in addition to the terminal one pro-
duce a short harvest season provided by a 
sequence of fruits ripening inside the ter-
minal inflorescence itself over 1 month and 
a possible later small production of fruits 
from the axillary buds. This type of plant is 
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profitable only with high-density planting, 
mainly in mild climates where the plants 
can differentiate further flowers on the top 
of the lateral shoots after the first harvest.

Increasing plant density (by reducing 
either row or plant spacing) may reduce the 
crown diameter and early and total yield, 
with no effects on the number of leaves 
(Paranjpe et al., 2008). At a low planting 
density, a higher yield is possible.

Well-differentiated plants, with the ter-
minal inflorescence at a late developmental 
stage and with many less-developed lateral 
shoots and buds, start producing from the 
terminal inflorescence around 40 days after 
transplanting and continue producing from 
the other inflorescences before the end of 
the first production.

When plants bear vampire buds (flow-
er-differentiated buds at the same stage as 
the main terminal apex) at the base of the 
crown, these buds can compete with the ter-
minal inflorescence. It is useful to be aware 
of their presence in order to plan their re-
moval or to adjust the growing technique, 
allowing a good harvest. The ability of axil-
lary buds to grow out is related to the degree 
of apical dominance (Sugiyama et al., 2004).

7.6.  Architecture Analysis Techniques

Strawberry plants are composed of a short 
axis (crown) with very close nodes and 
leaves (rosette), ending with an inflores-
cence. The plant architecture facilitates the 
representation of the topology of the vegeta-
tive and reproductive organs along the short 
axis to produce a schematic model of growth 
(Guttridge, 1955; Savini et al., 2005). Such 
an analysis of plant architecture detects and 
records the fate of all the meristems and 
scores the developmental stages of flower 
organs. The organization of the plant de-
rives from sequential morphological pro-
cesses due to the activity of the meristems, 
and therefore the identity and position of 
the buds is very important to determine the 
architecture of the plant. The description of 
the plant is based on breaking it down into 
elementary repeating units and on their 

characterization. The elementary unit of the 
plant structure is the phytomer, a particular 
type of segment of the shoot (metamer) 
(White, 1979), composed of one node with 
the subtending leaf and internode and one 
or more buds in the axil of the leaf.

The analysis consists of dissection of the 
plant, removing each leaf starting from the 
base of the crown, and identification of all 
the structures inserted in the axillary pos-
ition of each node. The sequence position of 
the nodes can be recognized because each 
leaf envelops the subsequent internal leaf 
overlapping the stipules. The characteriza-
tion proceeds in three steps, starting from 
identification of the plant elements (meri-
stem fate and leaf characterization).

Leaves are characterized according to 
the presence of developed and living blades. 
Bud fates can be classified into main cat-
egories, depending on the development into 
a branch (side crown) or runner (long vege-
tative shoot), on the condition of the dor-
mant axillary bud, and on the failure or 
abortion of the meristem (blind node). The 
fate of the terminal position of the branches 
and of the apical meristem inside the buds 
must be also identified as reproductive or 
vegetative in order to describe the position 
of the reproductive structures. Buds are en-
veloped and protected by modified stipules 
that must be opened using a scalpel and for-
ceps, through a longitudinal and a transver-
sal cut. The internal layers of leaf primordia 
are counted and removed, turning them 
outwards in order to expose and observe the 
meristematic apex under a stereomicro-
scope at an optimal magnification of ×40. 
The leaf primordia are also composed of 
blades and stipules enveloping the smaller 
primordia. In the second step, for each flow-
er-differentiated apex, the differentiation 
phase must be scored according to a con-
ventional developmental scale (Fig. 7.1) 
(Taylor, 2002; Savini, 2003) based on the 
centripetal appearance of the reproductive 
organs (sepals, petals, stamens, receptacle) 
on the primary flower of the inflorescence. 
The first stage (stage 0) of the scale indicates 
the vegetative condition of the meristem, 
underlying the stipules of the least develop-
ing leaf layer. At stage 1, a rising dome is 
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visible, revealing the appearance of the pri-
mary flower of the inflorescence. The next 
stages identify, respectively, the sepals initi-
ation (stage 2), petals initiation (stage 3), 
sepals and petals development (stage 4), sta-
men formation (stage 5), enclosure by the 
sepals (stage 6), completion of flower organs 
with green anthers (stage 7), yellow colour-
ing of the anthers (stage 8) and completion 
of the flower cluster (stage 9; not shown in 
Fig. 7.1) always with reference to the pri-
mary flower. Further investigation concerns 
analysis of the inflorescence architecture, 
because a description of flower branching 
provides an estimation of ripening and size 
sequence of the fruits, along with the total 

number of differentiated flowers. The inflor-
escence branching can be organized accord-
ing to many different patterns ranging from 
a typical dichotomy of two secondary 
flowers inserted on the axis of the primary 
flower, or two tertiary flowers inserted on 
the axis of each secondary flower, to the 
presence of many more flowers (Darrow, 
1929).

All the structures and elements of the 
plant are represented using conventional 
symbols displayed according to their pos-
ition, and the plant can be represented as a 
schematic (Fig. 7.2) that describes the vege-
tative behaviour and the organ distribution 
for the plant quality evaluation (Fig. 7.3).

Fig. 7.1.  Scale of differentiation of the phases of strawberry inflorescence. (Modified from Neri et al., 2010.)
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Fig. 7.2.  Schematic representation of strawberry plant architecture using conventional symbols. Left: 
conventional symbols with their definition, illustrated in the photos; right: example of a schematic 
representation of a single plant.

7–8 (21)

5 (9)

1

1

(11) 5–6 

Fig. 7.3.  Example of a schematic representation of 
the architecture of a tray-plant of a non-remontant 
cultivar. The crop potential of this plant derives 
mainly from three well-differentiated inflorescences. 
The terminal one is at an advanced stage of 
development and is able to develop early after 
planting. It is composed of many flowers (21), 
suggesting that the late growth in the nursery took 

place in mild/warm temperatures. The other two 
inflorescences in the uppermost positions of the 
crown are on the top of extension crowns and are 
able to develop with a little delay and fewer 
flowers. The lower differentiated buds show very 
early stages of development and have little chances 
of developing and growing out, because they can 
remain dormant or even die, mainly after cold 
storage. Black numbers, flowering stage; red 
numbers, number of flowers.

7.7.  Conclusion

The architecture of the strawberry plant re-
flects the high plasticity of this species due 
to its sensitivity to temperature and photo-
period, and also to several agronomic and 
nutritional factors that affect its reproduct-
ive and vegetative behaviour. Different cul-
tivation systems can provide yields in dif-
ferent seasons and areas, allowing an overall 
year-round production, but they require 
the use of plants that fit into the appropri-
ate growing cycle and have the expected 

Fig. 7.3.  Continued
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productivity. The choice of appropriate plant 
is related primarily to genotypic sensitivity 
(remontant and non-remontant types) and 
then to the type of nursery production sys-
tem, which affects the ability of the plant 
to establish after transplanting, the qual-
ity of the plant itself, its crop potential 
and timing of harvest, and finally the plant 
architecture.

Knowledge about the response of flowers, 
shoots and runners to environmental and 
abiotic factors allows plant manipulation 
during propagation in the nursery and dur-
ing cultivation in the field or in protected 
systems. The optimal control of plant be-
haviour is possible only by monitoring the 
different vegetative and reproductive struc-
tures (plant architectural analysis) over space 

and time. The growth and development of 
the plants can be monitored throughout the 
season to estimate the time of optimal sensi-
tivity to external factors, to enable transi-
tion of the plants to reproductive behaviour 
to obtain optimal crop potential, and to pre-
dict the best level of production of the crop 
(time and quantity). Furthermore, growth 
can be adjusted and controlled to alter the 
development of the plant. In the nursery, 
the plants can be programmed by modify-
ing environmental conditions or modulat-
ing abiotic factors, including controlled 
stress conditions, and the architecture can 
be appropriately adapted for each farming 
system in different areas, modifying the 
time of fruit production in the field after 
transplanting.
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open field cultivation of strawberries. Agriculturae Conspectus Scientificus 71, 167–170.

Durner, E.F. (1984) Photoperiod and temperature effects on flower and runner development in day-neutral, 
June-bearing, and everbearing strawberries. Journal of the American Society for Horticultural Science 
109, 396–400.

Durner, E.F. and Poling, E.B. (1987) Flower bud induction, initiation, differentiation and development in the 
‘Earliglow’ strawberry. Scientia Horticulturae 31, 61–69.

Durner, E.F. and Poling, E. (1988) Strawberry developmental responses to photoperiod and temperature: a 
review. Advances in Strawberry Production 7, 6–14.

Durner, E.F., Poling, E.B. and Maas, J.L. (2002) Recent advances in strawberry plug transplant technology. 
HortTechnology 12, 545–550.

Faby, R. (1997) The productivity of graded ‘Elsanta’ frigo plants from different origins. Acta Horticulturae 439, 
449–456.

Fujimoto, K. (1972) Studies on physiological and ecological characteristics of strawberry ‘Hoko-wase’ and de-
velopment of new cropping type. Special Bulletin of the Nara Agricultural Experiment Station 1, 1–151.

Fujishige, N. (1994) Strawberry. In: Konishi, K., Iwahori, S., Kitagawa, H. and Yakuwa, T. (eds) Horticulture in 
Japan. Asakura Publishing, Tokyo, pp. 78–81.

Furuya, S., Yamashita, M. and Yamasaki, A. (1988) Effects of nitrogen content on the flower bud initiation in-
duced by chilling under dark condition in strawberries. Bulletin of the National Research Institute of 
Vegetables, Ornamental Plants and Tea, Series D, Kurume 1, 51–57.

Gehrmann, H. (1985) Growth, yield and fruit quality of strawberries as affected by water supply. Acta Horti-
culturae 171, 463–469.

Giménez, G., Andriolo, J.L., Janisch, D., Cocco, C. and Picio, M.D. (2009) Cell size in trays for the production 
of strawberry plug transplants. Pesquisa Agropecuaria Brasileira 44, 726–729.

Godin, C. (2000) Representing and encoding plant architecture: a review. Annals of Forest Science 57, 413–438.
Grant, O.M., Davies, M.J., Johnson, A.W. and Simpson, D.W. (2012) Physiological and growth responses to 

water deficits in cultivated strawberry (Fragaria × ananassa) and in one of its progenitors, Fragaria chilo-
ensis. Environmental and Experimental Botany 83, 23–32.

Guttridge, C.G. (1955) Observations on the shoot growth of the cultivated strawberry plant. Journal of Horti-
cultural Science 30, 1–11.

Guttridge, C.G. (1958) The effects of winter chilling on the subsequent growth and development of the culti-
vated strawberry plant. Journal of Horticultural Science 33, 127.

Guttridge, C.G. (1969) Fragaria. In: Evans, L.T. (ed.) The Induction of Flowering. Cornell University Press, New 
York, pp. 247–267.

Guttridge, C.G. (1985) Fragaria × ananassa. In: Halevy, A. (ed.) Handbook of Flowering. CRC Press, Boca 
Raton, Florida, pp. 16–33.

Hallé, F. and Oldeman, R.A.A. (1970) Essai sur l’architecture et la dynamique de croissance des arbres tropi-
caux, Monographie/Collection de Monographies de Botanique et de Biologie Vegetale, No. 6. Masson 
and Cie, Paris.

Hallé, F., Oldeman, R.A.A. and Tomlinson, P.B. (1978) Tropical Trees and Forests: An Architectural Analysis. 
Springer-Verlag, Berlin, Germany.

Hancock, J.F. (1999) Strawberries, Crop Production Science in Horticulture. CABI Publishing, Wallingford, UK.
Hartmann, H.T. (1947) Some effects of temperature and photoperiod on flower formation and runner produc-

tion in the strawberry. Plant Physiology 22, 407–420.
Hassell, R.L., Phillips, T.L., Dufault, R.J., Hale, T.A. and Ballington, J.R. (2007) Fall transplanting date affects 

strawberry cultivar performance in South Carolina. International Journal of Fruit Science 6, 73–85.
Heide, O.M. (1977) Photoperiod and temperature interactions in growth and flowering of strawberry. Physio-

logia Plantarum 40, 21–26.
Heide, O.M., Stavang, J.A. and Sønsteby, A. (2013) Physiology and genetics of flowering in cultivated and wild 

strawberries – a review. Journal of Horticultural Science and Biotechnology 88, 1–18.
Hochmuth, G., Cantliffe, D., Chandler, C., Stanley, C., Bish, E., Waldo, E., Legard, D. and Duval, J. (2006) 

Containerized strawberry transplants reduce establishment-period water use and enhance early growth 
and flowering compared with bare-root plants. HortTechnology 16, 46–54.

Hochmuth, R., Leon, L.L., Crocker, T., Dinkins, D. and Hochmuth, G. (1998) Comparison of Bare-Root and 
Plug Strawberry Plants in Soilless Culture in North Florida. Institute of Food and Agricultural Sciences, 
University of Florida, Florida.

Ito, H. and Saito, T. (1962) Studies on the flower formation in the strawberry plants I. Effects of temperature 
and photoperiod on the flower formation. Tohoku Journal of Agricultural Research 13, 191–203.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Plant Architecture in Cultivation Systems	 115

Jansen, W.A.G.M. (1997) Growing media and plant densities for strawberry tray plants. Acta Horticulturae 
439, 457–460.

Jemmali, A. and Boxus, P. (1993) Early estimation of strawberry floral intensity and its improvement under 
cold greenhouse. Acta Horticulturae 348, 357–360.

Jonkers, H. (1965) On the flower formation, the dormancy and the early forcing of strawberries. PhD thesis, 
Wageningen University, Wageningen, The Netherlands.

Kadir, S., Sidhu, G. and Al-Khatib, K. (2006) Strawberry (Fragaria × ananassa Duch.) growth and productivity 
as affected by temperature. HortScience 41, 1423–1430.

Kahangi, E.M., Fujime, Y. and Nakamura, E. (1992) Effects of chilling and growth regulators on runner produc-
tion of three strawberry cultivars under tropical conditions. Journal of Horticultural Science 67, 381–384.

Kehoe, E., Savini, G. and Neri, D. (2009) The effects of runner grade, harvest date and peat growing media on 
strawberry tray plant fruit production. Acta Horticulturae 842, 699–702.

Kerkhoff, K.L., Williams, J.M. and Barden, J.A. (1988) Net photosynthetic rates and growth of strawberry after 
partial defoliation. HortScience 23, 1086.

Kim, D.Y., Kim, T.I., Kim, W.S., Kang, Y.I., Yun, H.K., Choi, J.M. and Yoon, M.K. (2011) Changes in growth and 
yield of strawberry (cv. Maehyang and Seolhyang) in response to defoliation during nursery period. Jour-
nal of Bio-Environment Control 20, 283–289.

Kinet, J., Parmentier, A. and Lieten, F. (1993) Changes in quality of cold-stored strawberry plants (cv. Elsanta) 
as a function of storage duration: the flowering response in controlled environments. Acta Horticulturae 
348, 287–293.

Kirschbaum, D.S., Honorato, J. and Cantliffe, D.J. (2000) Strawberry waiting bed plants: a valid alternative to 
increase early and total yields in sub-tropical regions. Scientia Horticulturae 84, 83–90.

Konsin, M., Voipio, I. and Palonen, P. (2001) Influence of photoperiod and duration of short-day treatment on 
vegetative growth and flowering of strawberry (Fragaria × ananassa Duch.). Journal of Horticultural Sci-
ence and Biotechnology 76, 77–82.

Kumakura, H. and Shishido, Y. (1995) Effects of temperature and light conditions on flower initiation and fruit 
development in strawberry. Japan Agricultural Research Quarterly 29, 241–250.

Kumar, S. and Dey, P. (2011) Effects of different mulches and irrigation methods on root growth, nutrient up-
take, water-use efficiency and yield of strawberry. Scientia Horticulturae 127, 318–324.

Kurokura, T., Inaba, Y., Neri, D. and Sugiyama, N. (2005a) A morphological study of the development of the se-
cond inflorescences in strawberry (Fragaria × ananassa Duch.). Annals of Applied Biology 146, 511–515.

Kurokura, T., Iwama, T., Inaba, Y. and Sugiyama, N. (2005b) Effect of day-length on the developmental pattern 
of axillary buds in June-bearing strawberry plants. Journal of Horticultural Science and Biotechnology 
80, 139–142.

Le Mière, P., Hadley, P., Darby, J. and Battey, N.H. (1996) Effect of temperature and photoperiod on the rate 
of flower initiation and the onset of dormancy in the strawberry (Fragaria × ananassa Duch.). Journal of 
Horticultural Science 71, 361–371.

Lenz, F. (1979) Wachstum und wasserverbrauch bei jungen erdbeerpflanzen (‘Senga Sengana’) in abhangig-
keit von der wurzeltemperatur. Erwerbsobstbau 21, 146–148.

Lieten, F. (1993) Methods and strategies of strawberry forcing in central Europe: historical perspectives and 
recent developments. Acta Horticulturae 348, 161–170.

Lieten, F. (1997a) Relationship of digging date, chilling and root carbohydrate content to storability of straw-
berry plants. Acta Horticulturae 439, 623–626.

Lieten, F. (1997b) Effects of chilling and night-break treatment on greenhouse production of ‘Elsanta’. Acta 
Horticulturae 439, 633–640.

Lieten, F., Kinet, J.-M. and Bernier, G. (1995) Effect of prolonged cold storage on the production capacity of 
strawberry plants. Scientia Horticulturae 60, 213–219.

Lieten, P. (2002) The effect of nutrition prior to and during flower differentiation on phyllody and plant per-
formance of short day strawberry Elsanta. Acta Horticulturae 567, 345–348.

Lieten, P. (2012) Advances in strawberry substrate culture during the last twenty years in the Netherlands and 
Belgium. International Journal of Fruit Science 13, 84–90.

Lieten, P., Longuesserre, J. and Pivot, D. (2004) Experiences with substrates, drainage water and recirculation 
in strawberry culture. Acta Horticulturae 649, 207–212.

Matsumoto, O. (1991) Studies on the control of flower initiation and dormancy in the cultivation of strawberry, 
Fragaria × ananassa Duch. Special Bulletin of the Yamaguchi Agricultural Experiment Station 31, 1–102.

Mohamed, F.H. (2002) Effect of transplant defoliation and mulch color on the performance of three strawberry 
cultivars grown under high tunnel. Acta Horticulturae 567, 483–485.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



116	 F. Massetani and D. Neri	

Molot, P.M. and Leroux, J.P. (1973) Evolution des glucides dans le rhizome du fraisier en cours de conserva-
tion au frigorifique. Comptes Rendus des Séances de l’Académie d’Agriculture de France 59, 187–189.

Moore, J.N. and Scott, D.H. (1965) Effects of gibberellic acid and blossom removal on runner production of 
strawberry varieties. Proceedings of the American Society for Horticultural Science 87, 240–244.

Naumann, W.D. (1961) Die Wircung zeitlich begrenzter Wassergaben auf Wuchsund Ertragleistun von Erd-
beeren. Gartenbau 26, 441–458.

Naumann, W.-D. (1964) Bewässerungstermin und Blütenknospendifferenzierung bei Erdbeeren. Die Garten-
bauwissenschaft 29, 21–30.

Neri, D., Savini, G., Massetani, F. (2010) Architettura della pianta. In: AA.VV. La Fragola. Script, Bologna, pp. 
142–151.

Nicoll, M.F. and Galletta, G.J. (1987) Variation in growth and flowering habits of June-bearing and everbear-
ing strawberries. Journal of the American Society for Horticultural Science 112, 872–880.

Nishiyama, M. and Kanahama, K. (2002) Effects of temperature and photoperiod on flower bud initiation of 
day-neutral and everbearing strawberries. Acta Horticulturae 567, 253–255.

Nishiyama, M., Kanahama, K., Bodson, M. and Verhoyen, M.N.J. (2000) Effect of temperature and photo-
period on the development of inflorescences in everbearing strawberry (Fragaria  ×  ananassa Duch.) 
plants. Acta Horticulturae 514, 261–267.

Nishiyama, M., Ohkawa, W., Kanayama, Y. and Kanahama, K. (2006) Critical photoperiod for flower bud ini-
tiation in everbearing strawberry ‘Summerberry’ plants grown at high temperatures. Tohoku Journal of 
Agricultural Research 56, 1–8.

Okimura, M. and Igarashi, I. (1997) Effects of photoperiod and temperature on flowering in everbearing straw-
berry seedlings. Acta Horticulturae 439, 605–608.

Opstad, N., Sønsteby, A., Myrheim, U. and Heide, O.M. (2011) Seasonal timing of floral initiation in straw-
berry: effects of cultivar and geographic location. Scientia Horticulturae 129, 127–134.

Palha, M.G., Campo, J.L. and Oliveira, P.B. (2012) Strawberry plant growth and dry matter partitioning as in-
fluenced by planting date and plant type in an autumn production system. Acta Horticulturae 926, 
463–469.

Paranjpe, A., Cantliffe, D.J., Lamb, E.M., Stoffella, P.J. and Powell, C. (2003) Winter strawberry production in 
greenhouses using soilless substrates: an alternative to methyl bromide soil fumigation. Proceedings of 
the Florida State for Horticultural Science 116, 98–105.

Paranjpe, A.V., Cantliffe, D.J., Stoffella, P.J., Lamb, E.M. and Powell, C.A. (2008) Relationship of plant density 
to fruit yield of ‘Sweet Charlie’ strawberry grown in a pine bark soilless medium in a high-roof passively 
ventilated greenhouse. Scientia Horticulturae 115, 117–123.

Peñuelas, J., Savé, R., Marfà, O. and Serrano, L. (1992) Remotely measured canopy temperature of green-
house strawberries as indicator of water status and yield under mild and very mild water stress condi-
tions. Agricultural and Forest Meteorology 58, 63–77.

Piringer, A.A. and Scott, D.H. (1964) Interrelation of photoperiod, chilling, and flower-cluster and runner pro-
duction by strawberries. Proceedings of the American Society for Horticultural Science 84, 295–301.

Porlingis, I.C. and Boynton, D. (1961) Growth responses of the strawberry plant, Fragaria chiloensis var. Anan-
assa, to gibberellic acid and to environmental conditions. Proceedings of the American Society for Horti-
cultural Science 78, 261–269.

Reichart, G. (1973) Vegetative growth and flower and fruit development in Fragaria × ananassa cv. ‘Senga 
Sengana’ under controlled conditions. Horticultural Abstracts 44, 1426.

Rice Jr, R.P. (1990) Effects of cultivar and environmental interactions on runner production, fruit yield, and 
harvest timing of strawberry (Fragaria × ananassa) in Zimbabwe. Acta Horticulturae 279, 327–332.

Riyaphan, P., Pipattanawong, N. and Subhardrabandu, S. (2005) Influences of elevation on growth and yield 
of strawberry in Thailand. Kasetsart Journal (Natural Science) 39, 535–545.

Robertson, M. and Wood, C.A. (1954) Studies on the development of the strawberry. I. Flower bud initiations 
and development in early and late-formed runners in 1951 and 1952. Journal of Horticultural Science 
29, 104–111.

Ruan, J., Yeoung, Y. and Larson, K. (2011) Influence of cultivar, planting date, and planting material on yield 
of day-neutral strawberry cultivars in highland areas of Korea. Horticulture, Environment, and Biotech-
nology 52, 567–575.

Savini, G. (2003) [Architectural model and factors implicated in the flower differentiation of strawberry plant]. 
Doctoral dissertation, Università Politecnica delle Marche, Marche, Italy (in Italian).

Savini, G. and Neri, D. (2004) Strawberry architectural model. Acta Horticulturae 649, 169–176.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Plant Architecture in Cultivation Systems	 117

Savini, G., Neri, D., Zucconi, F. and Sugiyama, N. (2005) Strawberry growth and flowering. International Jour-
nal of Fruit Science 5, 29–50.

Savini, G., Letouzé, A., Sabbadini, C. and Neri, D. (2006a) Evaluation of tray-plant quality in the propagation 
phase. Acta Horticulturae 708, 231–236.

Savini, G., Neri, D., Mercadante, L., Molari, G., Magnani, D. and Capriolo, G. (2006b) Meristem analysis on 
strawberry plants during propagation and production. Acta Horticulturae 708, 237–240.

Scott, D.H. and Marth, P.C. (1953) Effect of blossom removal on growth of newly set strawberry plants. Pro-
ceedings of the American Society for Horticultural Science 62, 255–256.

Serçe, S. and Hancock, J.F. (2005) The temperature and photoperiod regulation of flowering and runnering in 
the strawberries, Fragaria chiloensis, F. virginiana, and F. × ananassa. Scientia Horticulturae 103, 167–177.

Serrano, L., Carbonell, X., Savé, R., Marfà, O. and Peñuelas, J. (1992) Effects of irrigation regimes on the yield 
and water use of strawberry. Irrigation Science 13, 45–48.

Sønsteby, A. and Heide, O.M. (2006) Dormancy relations and flowering of the strawberry cultivars Korona 
and Elsanta as influenced by photoperiod and temperature. Scientia Horticulturae 110, 57–67.

Sønsteby, A. and Heide, O. (2007) Long-day control of flowering in everbearing strawberries. Journal of Horti-
cultural Science and Biotechnology 82, 875–884.

Sønsteby, A. and Hytonen, T. (2005) Manipulating flower induction through temperature and photoperiod 
fluctuations. International Journal of Fruit Science 5, 17–27.

Sønsteby, A. and Nes, A. (1998) Short days and temperature effects of growth and flowering in strawberry 
(Fragaria × ananassa Duch.). Journal of Horticultural Science and Biotechnology 73, 730–736.

Sønsteby, A., Opstad, N., Myrheim, U. and Heide, O.M. (2009) Interaction of short day and timing of nitrogen 
fertilization on growth and flowering of ‘Korona’ strawberry (Fragaria × ananassa Duch.). Scientia Horti-
culturae 123, 204–209.

Sønsteby, A., Opstad, N. and Heide, O.M. (2013) Environmental manipulation for establishing high yield po-
tential of strawberry forcing plants. Scientia Horticulturae 157, 65–73.

Strik, B.C. (1985) Flower bud initiation in strawberry cultivars. Fruit Varieties Journal 39, 5–9.
Sugiyama, N., Iwama, T., Inaba, Y., Kurokura, T. and Neri, D. (2004) Varietal differences in the formation of 

branch crowns in strawberry (Fragaria ananassa) plants. Journal of the Japanese Society for Horticultural 
Science 73, 216–220.

Takeda, F. (2012) New methods for advancing or delaying anthesis in short-day strawberry. Acta Horticulturae 
926, 237–241.

Takeda, F. and Newell, M. (2007) Effects of runner tip size and plugging date on fall flowering in short-day 
strawberry (Fragaria × ananassa Duch.) cultivars. International Journal of Fruit Science 6, 103–117.

Taylor, D.R. (2002) The physiology of flowering in strawberry. Acta Horticulturae 567, 245–251.
Tehranifar, A. and Battey, N.H. (1997) Comparison of the effects of GA3 and chilling on vegetative vigour and 

fruit set in strawberry. Acta Horticulturae 439, 627–632.
Tehranifar, A., Miere, P.L. and Battey, N.H. (1998) The effects of lifting date, chilling duration and forcing tem-

perature on vegetative growth and fruit production in the June bearing strawberry cultivar Elsanta. Jour-
nal of Horticultural Science and Biotechnology 73, 453–460.

Tehranifar, A., Poostchi, M., Arooei, H. and Nematti, H. (2007) Effects of seven substrates on qualitative and 
quantitative characteristics of three strawberry cultivars under soilless culture. Acta Horticulturae 761, 
485–488.

Tehranifar, A., Ameri, A., Shoor, M. and Davarynejad, G.H. (2012) Effect of substrate and cultivar on growth 
characteristic of strawberry in soilless culture system. African Journal of Biotechnology 11, 11960–
11966.

Tworkoski, T.J., Benassi, T.E. and Takeda, F. (2001) The effect of nitrogen on stolon and ramet growth in four 
genotypes of Fragaria chiloensis L. Scientia Horticulturae 88, 97–106.

van Delm, T., Massetani, F., Savini, G. and Neri, D. (2009) Plant architecture of strawberry trayplants in rela-
tion to nutrient application system. In: VII Convegno AISSA 2–4 December, Ancona, Italy, pp. 57–58.

van Delm, T., Melis, P., Stoffels, K. and Baets, W. (2012) Pre-harvest night-interruption on everbearing cultivars 
in out-of-soil strawberry cultivation in Belgium. International Journal of Fruit Science 13, 217–226.

van Delm, T., Melis, P., Stoffels, K. and Baets, W. (2013) Pre-harvest night-interruption on everbearing cultivars 
in out-of-soil strawberry cultivation in Belgium. International Journal of Fruit Science 13, 217–226.

van den Muijzenberg, E.W.B. (1942) The influence of light and temperature on the periodic development of 
the strawberry and its significance in cultivation. PhD thesis, Wageningen University, Wageningen, The 
Netherlands.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



118	 F. Massetani and D. Neri	

VanDerZanden, A.M. and Cameron, J.S. (1996) Effect of water deficit stress on 11 native Fragaria chiloensis 
clones selected as ornamental groundcovers. Scientia Horticulturae 66, 241–253.

Verheul, M.J., Sønsteby, A. and Grimstad, S.O. (2006) Interactions of photoperiod, temperature, duration of 
short-day treatment and plant age on flowering of Fragaria × ananassa Duch. cv. Korona. Scientia Horti-
culturae 107, 164–170.

Verheul, M.J., Sønsteby, A. and Grimstad, S.O. (2007) Influences of day and night temperatures on flowering 
of Fragaria × ananassa Duch., cvs. Korona and Elsanta, at different photoperiods. Scientia Horticulturae 
112, 200–206.

Vince-Prue, D. and Guttridge, C.G. (1973) Floral initiation in strawberry: spectral evidence for the regulation 
of flowering by long-day inhibition. Planta 110, 165–172.

Voth, V. and Bringhurst, R.S. (1958) Fruiting and vegetative response of Lassen strawberries in southern Cali-
fornia as influenced by nursery source, time of planting and plant chilling history. Proceedings of the 
American Society for Horticultural Science 72, 186–197.

Wahdan, H.A. and Waister, P.D. (1984) Flower initiation, fruit production and vegetative development in 
non-induced strawberry plants exposed to outdoor conditions in Scotland. Journal of Horticultural Sci-
ence 59, 187–196.

Waithaka, K. (1993) Growth and runner production of everbearing strawberries in Kenya. Acta Horticulturae 
348, 357–360.

Went, F.W. (1958) The experimental control of plant growth. Soil Science 85, 288.
White, J. (1979) The plant as a metapopulation. Annual Review of Ecology and Systematics 10, 109–145.
Wright, C.J. and Sandrang, A.K. (1995) Efficiency of light utilization in the strawberry (Fragaria × ananassa) cv. 

Hapil. Journal of Horticultural Science 70, 705–711.
Yamasaki, A. and Yano, T. (2009) Effect of supplemental application of fertilizers on flower bud initiation and 

development of strawberry – possible role of nitrogen. Acta Horticulturae 842, 765–768.
Yamasaki, A., Yoneyama, T., Tanaka, F., Tanaka, K. and Nakashima (2002) Tracer studies on the allocation of 

carbon and nitrogen during flower induction of strawberry plants as affected by the nitrogen level. Acta 
Horticulturae 567, 349–352.

Yoshida, Y. (1992) Studies on flower and fruit development in strawberry with special reference to fruit mal-
formation in ‘Ai-Berry’. Memoirs of Faculty of Agriculture, Kagawa University 57, 1–94.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



© CAB International 2016. Strawberry: Growth, Development and Diseases  
(A.M. Husaini and D. Neri)� 119

8.1.  Introduction� 119
8.2.  Strawberry Root Growth and Architecture� 120

8.2.1.  Apical dominance� 120
8.2.2.  Lateral root formation� 122
8.2.3.  Allelopathic sensitivity� 124
8.2.4.  An architectural model� 124

8.3.  The Strawberry Root During the Growth Cycle and Production� 128
8.3.1.  Stolon and runner relationships with the mother plant� 128
8.3.2.  Tray plant growth� 130
8.3.3.  Root–shoot interaction and plant collapse� 131

8.4.  Allelopathic Interactions and Replanting Problems� 131
8.4.1.  The ambivalent relationship of strawberry with organic residues� 131
8.4.2.  Strategies to overcome replanting problems� 133
8.4.3.  How to improve soil quality� 134

8.5.  Conclusions� 136

8  Strawberry Root Growth and Architecture 
in Relation to Organic Residues and  

Replanting Problems

Davide Neri1,2*

1Dipartimento di Scienze Agrarie, Alimentari e Ambientali – Università Politecnica 
delle Marche, Ancona, Italy; 2Centro di Ricerca per la Frutticoltura – Consiglio per la 

Ricerca in Agricoltura e l’Analisi dell’Economia Agraria, Rome, Italy

*  d.neri@univpm.it or davide.neri@crea.gov.it

8.1.  Introduction

The interaction of the roots with the soil mi-
crobiome, soil organic matter and organic res-
idues (debris) in ecological, sustainable and 
low-input cultivation systems is crucial (Laksh-
manan et al., 2014). Roots experience the 
available niches, and their own growth, 
through a very powerful allelopathic sensi-
tivity (Neri, 1998, 2004). The strawberry ex-

hibits this sensitivity and may experience 
‘soil sickness’ and replant disease problems 
after a few replanting cycles resulting in the 
plants collapsing during very hot days and 
loss of fruit production (Neri et al., 1998).

An understanding of the correlative inter-
actions inside the plant, such as shoot:root ratio, 
carbon allocation and partitioning, root ap-
ical dominance and lateral root formation, 
is necessary to understand root behaviour. 
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These closely correlative interactions are  
the real determinants of root growth, while 
hormones together with nutritional sub-
stances and the additional active biocom-
pounds of root metabolism play a subordinate 
role. Actively growing roots determine the 
synthesis and/or absorption of hormones 
and assimilates, not vice versa.

The biotic and abiotic external environ-
ments also determine the structure of the 
root systems, interacting with the plant gen-
ome (Chiatante et al., 2007a,b). This stimula-
tion may be mediated by a strict shoot–root 
relationship because of the self-regulation of 
the system, which is based on the plasticity 
of the stems and roots (Zucconi, 1996). Thus, 
in the strawberry, the number of primary 
roots is strictly associated with the number 
of leaves (Hancock, 1999), and root ramifica-
tion is dependent on the rate of shoot growth, 
and vice versa. In addition, the plant archi-
tecture may change depending on the root 
behaviour (Massetani et al., 2014).

8.2.  Strawberry Root Growth and  
Architecture

Strawberry roots have a primary structure 
characterized by a large parenchymal layer, 
which has the function of storage, under the 
epidermis. The internal cylinder is protected 
by the endodermis, while the pericycle is the 
layer in strict contact with the vascular trans-
port system (phloem and xylem), which is 
organized in two or more arches (Fig. 8.1). 
The largest primary roots can produce also a 
secondary structure (Fig. 8.1), being able to 
survive more than one season.

8.2.1.  Apical dominance

In the shoot, the correlative inhibition of the 
growth of lateral (axillary) meristems is ex-
erted by the growing apical meristem and is 
called apical dominance (McGraw-Hill, 
2012). Partial or complete apical dominance 
can also occur in the roots, impeding lateral 
root formation along the stem of a growing 
root (Fig. 8.2). The correlative control of the 

orientation of lateral organs such as branches, 
leaves and stolons is called epinasty and is 
due to the excessive activity of the upward 
part of the shoot. In the roots, the same term 
cannot be used because the control is deter-
mined by the downward-growing root, so the 
term hyponasty is used.

The diverse origins of the shoot and 
root ramifications determine the substan-
tial differences in the growth model be-
tween roots and shoots. In the shoot apical 
meristem, cell division occurs in the young 
newly forming leaves and along the flanks 
of the apical dome. As the cell number in-
creases, the cells elongate, pushing the ap-
ical dome upwards and leaving a small frac-
tion of the dividing cells behind the axil of 
each of the laterally forming leaves. This 
axillary meristem, called also the lateral 
meristem, may develop into an axillary bud 
protected by scales with several unfolded 
leaves and an axis made of short inter-
nodes. The bud may rest and grow only 
after satisfaction of the required chilling 
hours (proleptic growth). However, the ax-
illary meristem may escape from apical 
dominance and elongate, while the original 
apex is still growing quickly, and may pro-
duce a sylleptic growing shoot (namely, a 
stolon in strawberry) without becoming a 
bud and resting.

In the roots, branching does not dir-
ectly involve the root apical meristem. In 
fact, lateral roots originate from single cells 
in the pericycle layer between the endoder-
mis and root vascular system (Fig. 8.3). 
Thus, lateral root formation can happen 
several times per growing cycle in adjacent 
positions starting from an undetermined 
number of cells and without any rest period 
or chilling satisfaction.

In the shoot, the intensity of apical 
dominance over the axillary buds is associ-
ated with the plant varieties and species. 
Some species, such as pea and sunflower, 
show strong apical dominance, which 
causes the growth of single branchless 
stems. In other plants, such as some varieties 
of tomato, apical dominance is particularly 
low, allowing the growth of many axillary 
buds, which determines a bushy behaviour. 
Several factors can break apical dominance, 
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including removal of the apical meristem 
(decapitation; Neri et al., 2003), shifting the 
plant’s main axis to a horizontal position 
(gravistimulation), inversion of the shoot, 
reduction of light intensity and/or photo-
periods, and flower induction of the ter-
minal meristem (Sugiyama et al., 2004). 
Apical dominance may also be reduced as 
the plant ages.

In the root, robust dominance of the 
apex causes taproot growth, whereas weak 
dominance results in a more fibrous root 
system, similar to that of strawberry, but a 
full understanding of this mechanism is 
missing.

Leaves and branches that grow at a 
characteristic angle on the principal stem 
axis will grow more upright after apical bud 
removal. The growth of some other organs 

is also controlled by the apical meristem. 
Rhizomes (underground axillary shoots 
lacking chlorophyll and having rudimen-
tary leaves) will grow upright, forming 
green, leafy shoots if the apical meristem 
and all the aboveground axillary buds are 
removed. Lower plants, such as mosses and 
ferns, as well as fungi and algae, also exhibit 
apical dominance.

One hypothesis for the mechanism of 
apical dominance is associated with the 
competition for nutrients between centres 
of growth. In agreement with this hypoth-
esis, nutrients are preferentially transported 
to the apical bud, which can cause deficien-
cies in axillary buds. A second hypothesis 
for the mechanism of apical dominance 
proposes that one or more plant hormone, 
such as auxin, cytokinin or gibberellin, 

Epidermis

Cortical parenchyma

Endodermis

Primary phloem

Primary xylem (diarch)

Primary xylem (triarch)
Primary xylem (pentarch)

Secondary
xylem

Secondary
phloem

Suberified layer

Pericycle

(a) (b)

(c) (d)

Fig. 8.1.  Root anatomy. (a, c, d) Primary roots with two (a), three (c) and five (d) arches of xylem.  
(b) Secondary root.
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acts as a correlative signal (Cline, 1997). 
We can assume that root apical dominance 
follows the same general behaviour but 
that lateral formation is fundamentally 
different in terms of the origin of the foun-
der meristem.

8.2.2.  Lateral root formation

Plants have the potential to originate de 
novo lateral roots in appropriate numbers 
and at the correct position to efficiently 
take up water and nutrients and to provide 

Root apex of strawberry (‘Tochiotome’)

Fig. 8.2.  Electron microscopic images of the root apex of strawberry. The root cap is fundamental to create 
the best conditions for root elongation. The bullet shape plays the same role. At this level, no laterals are 
formed due to strong apical dominance.

Endodermis

Pericycle

Fig. 8.3.  Founder cells of lateral roots (blue circles), which are located in the pericycle layer (green circles) 
in front of the xylem arches (red lines). (From Neri et al., 2011.)
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anchorage in a dynamic environment, the 
soil profile. The integrated structure of roots 
enables them to react in appropriate and 
modular ways to changing soil niches. The 
roots can rapidly and locally acclimate and 
modify their growth throughout the root 
system to converge their activities in the 
most useful niches (Hodge, 2009). This cap-
acity can last for a long time in ageing roots 
and helps in responding to localized abi-
otic stresses, such as drought, twisting, 
mechanical damage and increasing slopes 
(Chiatante et al., 2007a,b).

Lateral root formation can be described as 
follows: certain pericycle cells maintain their 
meristem properties, and once specific local 
conditions appear, they are able to undergo 
mitosis and organize a new root apical meri-
stem (Scheres et al., 2004). Therefore, the lat-
eral roots do not originate from pre-organized 
‘buds’, but rather arise directly from stem 
‘founder cells’ (Laskowski et al., 1995).

To study the formation of the primordia 
of lateral roots as early in development as 
possible, histone H4 expression analysis 
has been used, as histone synthesis occurs 

simultaneously along the S-phase of cell 
division (Neri et al., 2011). Thus, changes in 
H4 expression indicate the localization of 
cell division, as H4 expression is abundant 
in tissues with active cell division and is 
rarer in older tissues. In strawberry, Neri et al. 
(2011) stimulated the growth of lateral roots 
using a primary root apex excision method 
in bench rhizotron-grown ‘Camarosa’ plants. 
This technique is very abrupt, but the re-
sponse is highly predictable (in time and 
space) and is easily detectable. To describe 
the organization of the new lateral root prim-
ordia and the timing of their formation after 
primary root apex excision, both of which 
are very important for improving the sur-
vival of transplanted plants, in situ hybrid-
ization of histone H4 was used. The new lat-
eral meristems were induced 24  h after 
excision of the root apex (1 or 8 cm from the 
tip), and in situ hybridization of histone H4 
detected root primordia just below the cut 
(Fig. 8.4). After 48 h, new lateral roots were 
almost protruding along the primary roots 
from the specific cells in the pericycle close 
to the protoxylem arches (Fig. 8.5).

Epidermis

Lateral root formation 24 hours after root tip cut.

Cortex Endodermis Pericycle Protoxylem Metaxylem Phloem

Fig. 8.4.  In situ hybridization of H4 histone revealing organized lateral root formation 24 h after the root tip 
cut (decapitation). (From Neri et al., 2011.)
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8.2.3.  Allelopathic sensitivity

The term allelopathy describes biochemical 
interactions that inhibit or stimulate the 
growth of neighbouring plants by another 
plant. Allelopathy is a multifaceted phe-
nomenon related to soil conditions, root 
growth and biological reactions, associated 
chemicals and their concentrations, and 
phytotoxic effect. The action is governed by 
soil organic matter and organisms, which af-
fect adsorption, desorption, transport and 
metabolism of allelochemicals (Kobayashi, 
2004). It is difficult to isolate the allelopathic 
effects from competition among plants and/
or interactions (Inderjit and Foy, 2001). All 
allelochemicals, directly or indirectly de-
rived from exudates, leached substances, or-
ganic residues and decomposing debris, can 
be toxic to plants, and can potentially affect 
root growth (Zucconi, 1996, 2003; Polver-
igiani et al., 2014; Endeshaw et al. 2015a,b).

To test the hypothesis that allelopathic 
responses can affect root growth in straw-
berry, Savini and Neri (2004), Neri et al. 
(2002, 2005) and Neri and Savini (2005) ap-
plied strawberry residues and eluates in 
substrate patches and studied the impact on 
root growth in bench rhizotrons (Fig. 8.6). 
These authors also examined the impact of 
residues from other species.

The strawberry residues, both solid and 
liquid, strongly modified root growth. They 
were able to disguise the natural autopathic 
behaviour of the roots (Fig. 8.7 and 8.8). 
Soon after their application, the strawberry 
residues induced root clustering, and the 
roots elongated faster, with few ramifica-
tions. When the crown roots reached a new 
fertile patch, lateral formation was easily re-
covered. Nevertheless, root migration and 
the effort to overcome the toxic layer re-
sulted in a high energy and plastic cost, and 
carbon was allocated more towards vegeta-
tive runner production in the case of solid 
strawberry residues. Fruit production was 
higher when the roots grew in a non-hostile 
substrate. Thus, it can be hypothesized that, 
when the roots are exposed to strawberry 
residues, runner production fulfils the need 
for the plant to transmigrate into unex-
plored soil patches, far from the original 
foraging place.

8.2.4.  An architectural model

Strawberry crown roots can grow very 
quickly and are positively geotropic. They 
change colour and function, becoming brown 
or dark brown in the second season, when 
they suberify. They maintain a polydermal 

48 h

Fig. 8.5.  A new lateral root, which is almost protruding at 48 h after the root tip cut. (From Neri et al., 
2011.)
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Fig. 8.7.  Root growth of strawberry roots in bench rhizotrons over the time period indicated. The red lines 
indicate the layer in which the soluble eluates from strawberry residues were placed daily. (From Savini and 
Neri, 2004.)
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Fig. 8.6.  Left: Experimental set-up to study the effect of organic residues in observation boxes. Right: 
Strawberry root system 21 days after planting (DAP) with or without strawberry residues in the outlined layer 
(O are two control plants and 100 residues are two plants with a layer of strawberry residues that had been 
oven dried for 2 days at 100°C and then finely ground) (From Neri et al., 2005).
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layer, made of unsuberified cells, which func-
tions as storage tissue, largely in the form of 
starch, and is not directly involved in absorp-
tion. After a certain period of growth, they 
form new laterals that are transient but very 
efficient in exploring fertile niches.

The roots are sensitive to their own al-
lelopathic exudates, which, in addition to 
root competition (external function), may 
determine the spacing of the roots belong-
ing to the same plant (internal function) and 
the avoidance of roots of neighbouring 
plants and other physical hindrances (exter-
nal function) (Falik et al., 2005).

An architectural model of strawberry 
root growth can be thus described (Figs 8.9 
and 8.10) by the presence of:

	1.  Apical dominance, which allows root 
branching at a certain distance from the root 
apex (approximately 1–10 cm depending on 
the genotype and growing conditions).
	2.  Positive geotropism of all the root apices.
	3.  Hyponasty, which promotes an initial 
horizontal lateral growth.
	4.  Rapid root turnover, which determines 
root death in exploited niches.
	5.  Autopathy, which results in root dis-
tancing and the malfunctioning of aged 

roots and scarce root formation in ex-
ploited niches.

The growth of the new roots is very dy-
namic and is able to continuously replenish 
the absorbing root network. Rootlets ac-
tively absorb faster than the processes of 
diffusion or solubilization of mineral nutri-
ents, and thus need a continuous substrate 
source. To overcome the reduction of nutri-
ents, constant micromigration of the roots is 
necessary and thus root debris amasses in 
the old soil, resulting in intensive sapro-
phytic activity in this area.

Root turnover requires 25–75% of the 
whole plant carbon budget depending on 
the soil fertility and plant species, although 
lower values can be found in cultivated con-
ditions. Fertilization reduces root turnover, 
which is accelerated when there are alter-
nate wet/dry conditions with a continuous 
shift of the roots. This dynamic micromi-
gration is due to shedding of the obsolete 
root network and a strong interaction with 
self-produced residues and residues from 
other dispathic species nearby (Neri, 1998).

Roots tend to avoid returning to previ-
ously used niches because of allelopathic root 
repulsion (dispathy or autophobia) resulting 

16 days after transplanting

Control Strawberry eluates

Fig. 8.8.  Strawberry root growth without (control) and with the addition of strawberry eluates.
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Non-geotropic lateral roots

Geotropic lateral roots

(a) Full apical dominance

(c) Intermediate apical dominance

(b) Without apical dominance

(d) Intermediate apical dominance

Fig. 8.9.  Model of root growth of a strawberry plant showing a single non-geotropic root with no 
ramification because of full apical dominance (a), without apical dominance (b) and with intermediate 
apical dominance able to control lateral formation close to the apex (c), and a geotropic root with 
intermediate apical dominance plus a gravitropic response of laterals (d).

More geotropic primary roots

Without autopathy
With autopathy

(exudate sensitivity)

With autopathy
(exudate sensitivity)

Geotropic lateral roots

With autopathy (exudate plus residues sensitivity)

Fig. 8.10.  Upper panel: a primary root with geotropic behaviour and without autopathy (left),  
with geotropic behaviour and with autopathy (middle), and with autopathy, apical dominance and 
geotropism of laterals (right). Lower panel: diagram showing the ageing and dying of older roots within 
the network.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



128	 D. Neri	

from the production of its own residues in 
these niches. This dispathy is also deter-
mined by organic residues produced by 
microorganisms in the soil. It is worth noting 
that the organic residues from particular spe-
cies may be tolerated by other species, and 
can even be stimulating, accounting for the 
success of specific crop rotations. Thus, 
trophism (meaning the capacity of the plant 
to obtain and use nutrients) needs dynamic 
control, not simply the presence of nutrients 
(Neri, 1998, 2004).

In the search for new niches, new roots 
follow the signals excreted by existing roots 
(primary allelopathic substances) and from 
previous root debris (secondary allelo-
pathic substances). In this way, roots can 
rapidly find free niches, which is crucial 
for young juvenile plants growing in for-
merly occupied soils. It is also crucial when 
the roots of neighbourhood plants are very 
close, and the plant needs to produce more 
transmigrating roots (macromigrating roots) 
in the quest for new available niches. The 
macromigrating roots are poorly absorbing 
roots in comparison with micromigrant and 
lateral roots, but are very effective in the 
pursuit of new niches in the boundary layer 
of the exploited root zone. Residues accu-
mulated from diverse species rotating in 
the exploited territory result in a more effi-
cient humification (Zucconi, 2003; Zucconi 
et al., 2003).

8.3.  The Strawberry Root During the 
Growth Cycle and Production

Root growth can be manipulated during 
plant propagation by drip irrigation and fer-
tigation, which renews the available water 
and nutrients, possibly diluting strawberry 
residues and probably stimulating the roots 
to grow at a higher density. The substrate 
and the pot (dimensions and form) are also 
crucial for the quality of plants propagated 
in a tray. In short rotation systems, it is also 
necessary that the organic residues from a 
previous strawberry crop are mineralized 
(biological, chemical or physical conversion), 
or completely humified to allow growth of 

the strawberry in the same field (Neri and 
Savini, 2006).

8.3.1.  Stolon and runner relationships with 
the mother plant

The stoloniferous plants produce long sym-
podial stolons able to create ramets (rooted 
rosettes) at their terminal buds, which allow 
the daughter plant to explore with its own 
root system very different soil territories far 
from the mother plant root system. These 
peculiar shoots in strawberry are produced 
by the meristem at the leaf axil during vigor-
ous growth phases; they have two nodes 
and are vegetative. Each ramet (a new indi-
vidual clonal plant) shows the capacity to 
immediately produce a stolon at the axil of 
the basal bract, even before root formation. 
Over time, strawberries thus create a chain 
of ramets connected by stolons (runner 
chain). When each ramet starts to grow as a 
new plant, it may produce other stolons 
from axillary meristems depending on the 
rosette-growing conditions. Therefore, if the 
ramet has its own root system and is in fer-
tile soil, the growth will be rapid and new 
ramets will be formed, but if the ramet has 
poor growing conditions, there will only be 
the runner chain, with the growth of a sin-
gle stolon that is preformed inside each 
ramet (Fig. 8.11).

A stolon is a type of strawberry shoot 
and may be very elongated but always has 
two nodes and is vegetative and able to sup-
port the ramet (or rooted tip) until it be-
comes self-sufficient with its own root sys-
tem (Fig. 8.12). In a single runner chain, the 
reciprocal capacity of the ramets to sustain 
growth and share locally abundant re-
sources or to tolerate a local stress via differ-
ential root activity is still under debate. 
However, in the case of heterogeneity of re-
sources such as water and nitrogen in the 
soil, with a reciprocal transport between 
ramets through the stolons, the connected 
plants have a higher total biomass, indicat-
ing a reciprocal transport capacity.

Thus, bare-root strawberry ‘Camarosa’ 
ramets, joined in pairs by their own stolons, 
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Stolon apex, which
will originate following

runners

Stolon apex

Primary node

A stolon at the
primary node
develops only
in pinched
plants

Fig. 8.11.  Asymmetric stolon formation in a ramet meristem.

Fig. 8.12.  Root formation in a stolon plant, showing, on the left of the stolon, the formation of a new runner 
chain. (Picture drawn by F. Massetani.)
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were studied in a two-pot factorial experi-
ment with bark decortication along the sto-
lon, removal of the root system or glypho-
sate application to one of the two ramets 
(Savini et al., 2008). The mother plant was 
considered to be the older ramet and the 
daughter plant was the younger. The mother 
plant did not show a strong hierarchic pre-
dominance, and when the roots of one 
ramet were cut, leaf number and chloro-
phyll content were decreased slightly in 
both plants. The decortication did not inter-
fere with the water supply, but it limited the 
carbon allocation towards the daughter 
plant when the mother’s roots were cut (but 
not vice versa) (Savini et al., 2008). Glypho-
sate action was localized in the sprayed 
ramet: the chlorophyll content was reduced 
within 2 days and the plants expired after 
4  days. The experiment specifically dis-
abled phloem transportation (by decortica-
tion or girdling) without affecting water 
supply in response to localized stress (root 
cut, herbicide spray) applied to one ramet of 
the interconnected pair of strawberry 
plants, indicating that the xylem is able to 
transport water and nutrients in both direc-
tions (Savini et al., 2008).

8.3.2.  Tray plant growth

The fruit-growing season has changed fun-
damentally in recent decades. In the past, in 
north Europe the typical strawberry season 
was in the spring–summer period (from 
June to July). The season has now been ex-
panded from the beginning of spring (April) 
to the end of autumn (November). The har-
vest season may be even longer, but be-
comes uneconomical in comparison with 
winter–spring production (from December 
to May) in the Mediterranean climate re-
gions, which now account for half of the pro-
duction in Europe (Massetani et al., 2011).

Strawberry producers have therefore 
changed their supply of plants for the ex-
tended season of production. There is now a 
significant demand for strawberry ‘tray’ 
plants to be used in such programmed pro-
duction (Savini et al., 2006; Kehoe et al., 

2009). The plants in trays are propagated 
fresh and eventually can be cold stored (pot-
ted frigo plants), as was done for bare-root 
plants. Tray plants have gained popularity 
among growers in the Netherlands, Belgium 
and surrounding countries such as France, 
the UK and northern Italy (Lieten, 2002).

Tray plants are increasingly replacing 
the frigo ‘waiting-bed’ and A+ bare-root 
plants. They offer many advantages in com-
parison with soil-grown ‘bare-root’ plants. 
Runners and cuttings are grown on sub-
strates, reducing the risk of infection by root 
diseases and enabling better control of plant 
nutrition. The physiological control of root 
growth and axillary meristems improves 
plant storage and establishment after cold 
storage, and enhances fruit production (Sa-
vini et al., 2006). These programmed plants 
with well-developed inflorescences and ef-
ficient plant architecture and root systems 
can support heavy early production in the 
greenhouse just 60 days after planting from 
the cold room. In programmed forced pro-
duction systems in continental climates, 
strawberry tray plants (also called plug 
plants, Fig. 8.13) are thus rapidly substitut-
ing the traditional bare-root systems.

In such conditions, the roots play an 
important role in flower induction with a 
strong indirect action. Poor root activity (in-
duced by small dimensions of the pot and 
temporary low nitrogen content or water 
stress) is more flower inducing. The root 
quality also directly influences the plant 
quality, because a well-developed root sys-
tem with young roots is helpful in overcom-
ing the long storage period and the stress of 
transplanting in the field.

The plant quality is more controlled by 
shoot-to-root equilibrium and the total 
amount of the reservoir than by the dimen-
sion of the crown. The average fruit weight 
is higher for plants propagated from large 
runners and from plants grown in a more 
fertile substrate (Kehoe et al., 2009). How-
ever, when large runners were propagated 
later in the season, the average fruit weight 
was reduced. Flower induction was regular 
during the season and the flower develop-
ment was similar for the different runner 
categories (Kehoe et al., 2009).
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Fig. 8.13.  Tray plant root systems at the proper time for cold storage. The root is well developed in the 
centre of the pot (top left), being developed mainly in the external part of the substrate with an empty centre 
(top right). Compare this plant with a poorly developed one (bottom left). A well-developed root system in 
the centre of the tray substrate is shown after a transplant from a small plug (bottom right).

8.3.3.  Root–shoot interaction and plant 
collapse

The use of intensive planting systems with 
up to 70,000 plants per hectare, both in the 
soil or using artificial substrates in contain-
ers, reduces the volume of soil or substrate 
in the containers available for root growth 
because of the high-density planting. Pro-
duction rates can now be more than 1 kg of 
fruit per plant per season and there is a real 
risk that the photosynthetic potential is not 
sufficient to feed the growing fruits and sim-
ultaneously provide the roots with the 
amount of energy they need to function 
(Fig. 8.14).

The rotation of different species is often 
not convenient, and thus strawberry plants 
are frequently replanted in the same soil, re-
ducing the root efficiency. In these condi-
tions, an excess of fruit production can be a 
problem (Fig. 8.15). The level of carbohy-
drates produced by the leaves and allocated 
to the fruits may become ‘starved’, which 
blocks water absorption. The result is a sud-
den leaf wilting with the possible collapse 

of the whole plant. Differential pruning, as 
shown in Fig. 8.15, with reduction of the 
number of fruits, may restore the shoot-to-
root equilibrium, resulting in a healthy 
plant (Neri et al., 1998).

8.4.  Allelopathic Interactions and 
Replanting Problems

8.4.1.  The ambivalent relationship of 
strawberry with organic residues

As described above, there is mounting evi-
dence that roots can sense (and respond to) 
not only the richness of soil resources but 
also the occurrence (and even the identity) 
of other roots in explored niches, and the 
existence of inert objects, such as the wall of 
a soil container, before they even make con-
tact. Detection mechanisms appear to in-
volve non-toxic signals and allelochemicals 
(Schenk, 2006).

The accumulation of residues (self-
produced or supplemented) in strawberry 
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was studied using bench rhizotrons. The 
strawberry roots were very sensitive to al-
lelopathic substances (Figs 8.7 and 8.8), applied 
locally to the substrate as solid or liquid 

eluates from strawberry residues. In the 
treated area, the roots showed a specific be-
haviour and early reddening without the 
formation of root hairs or laterals (Neri et al., 

Differential pruning in strawberry ‘Marmolada’

Control
50% leaf
removal Control

50% fruit
removal

Fig. 8.15.  Plant collapse due to poor replanting conditions and the results of differential pruning in 
strawberry ‘Marmolada’. Removal of 50% of the leaves induced a worsening of the condition, while 
removal of 50% of the fruit enabled the plants to regain a healthy status. (From Neri et al., 1998.)

Carbohydrate and nutrient partitioning
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Fig. 8.14.  Plant collapse due to replanting conditions may occur when the allocation of carbohydrates is 
directed mainly towards the fruits and thus root starvation occurs, reducing their absorption capacity and 
transpiration. If the environmental conditions are characterized by high irradiation and temperatures and by 
vapour pressure deficit, the plants are more prone to collapse. The collapse can appear after a few harvests 
(there are generally two to three harvests per week over a 4-week period) and occurs at the peak of 
production at the fourth or fifth harvest (indicated by the dotted line). The y-axis indicates the percentage of 
carbohydrates and nutrients partitioned into the roots and shoots. Growth stages are indicated by 0–6.
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2005). This strongly suggests that allelo-
pathic control of root growth guides the 
roots in terms of niche occupation and dis-
tancing. In fact, in the treated layer along 
the substrate profile, the roots grew in 
groups and grew deeper than usual, in a sort 
of avoidance mechanism to limit contact 
with the excess of allelopathic substances.

Supplementation of organic debris 
from other compatible species such as bar-
ley and broad bean limited the adverse ac-
tion of strawberry residues (Fig. 8.16). 
These findings appear to support the prac-
tice of barley and broad bean green manur-
ing prior to replanting strawberries in the 
same field (Neri and Savini, 2006).

8.4.2.  Strategies to overcome replanting 
problems

In temperate climates, soil fertility is firmly 
associated with the presence of humified 

organic matter; the formation of vegetal soil 
is the primary means of expanding biomass 
production per unit area. In the wild, nature 
accomplishes this process efficiently, but in 
cultivated fields, this process is partially 
neglected, leading to an impoverishment of 
soil quality (Neri, 1998; Zucconi, 2003).

The organic residues from a single crop 
disturb the humification process, inducing 
abnormal decompositions, which may limit 
the maintenance of humus content and 
stimulate the release of toxic metabolites. 
These toxic metabolites are the source of 
specific allelopathic effects (dispathy) ac-
counting for ‘soil sickness’ in replanting 
conditions. The toxins from the previous 
crop residues may hamper root absorption 
and promote dystrophic problems. The ap-
plication of soil fumigants to rapidly create 
favourable replanting conditions is particu-
larly aggressive towards soil biological 
equilibrium, in particular against mycor-
rhizae (Branzanti et al., 1998; Baruzzi et al., 

Broad bean
and barley

Broad bean
and barley, plus
strawberry
eluates

Fig. 8.16.  Effect of supplementation of organic debris from compatible species. The impact of a layer of 
broad bean and barley residues 16 days after transplanting was extremely positive on strawberry root growth 
(left) and was partially able to counteract the negative effect of strawberry residue eluates (right).
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2000). Integrated fruit production systems 
and/or organic/ecological farming systems 
do not allow this technique, but conven-
tional farmers often request it when no vir-
gin land is available inside the farm for new 
plantings.

Soil decline due to excess cultivation, 
insufficient organic matter production and 
disturbance of humification cannot con-
tinue. The worse the soil decline, the greater 
is the impact of abiotic and biotic stresses 
due to climate change on plant architecture 
(Neri et al., 2012). The durability of an agri-
cultural system can be significantly im-
proved through enhanced control of soil or-
ganic matter by forcing humification, a 
practice that requires biodiversity, crop rota-
tion, use of organic soil additions and reduc-
tion of pesticides, fertilizers and soil tillage 
to become truly effective (Zucconi, 2003).

Some cover crops fix nitrogen, and or-
ganic mulching often provides significant 
amounts of available phosphorus and potas-
sium, enriching the soil microflora and 
stimulating mycorrhizae, thus helping to 
transform nutrients into forms that can be 
assimilated more easily by the growing 
strawberry plants. Before planting in tem-
perate climates, compost or manure can be 
applied at a rate of up to 20 t ha–1 if the car-
bon:nitrogen (C:N) ratio is high (>20), or at a 
rate of less than 10 t ha–1 with lower C:N 
ratio to limit nitrogen leaching. This ap-
proach increases the levels of humus and 
nutrient accessibility, and aids the develop-
ment of the cover crops in the following 
year. Mulching with straw between the 
rows helps control weeds, reducing compe-
tition for soil nutrients. All these practices 
limit environmental impoverishment by 
stopping soil erosion and nitrogen leaching, 
enhancing diversity and decreasing the 
amount of chemicals applied to the cultiva-
tion (Neri et al., 1998). Defending the land-
scape by establishing farming systems that 
are more sustainable improves the resort 
importance of the land and can promote 
agrotourism, which is a rapidly growing 
sector of developed economies.

Coenotrophy is the concerted inter-
action of diverse microflora acting on a 
polygenic substrate under microaerobic 

conditions and is fundamental for humifica-
tion (Zucconi, 2003). Under coenotrophic 
conditions, the production of humic com-
plexes is highly effective, with limited loss 
of carbon. Humification includes the early 
disruption of organic polymers into soluble 
molecules, which rapidly undergo polymer-
ization and polycondensation (Zucconi et al., 
2003). Strawberry roots like to grow in the 
humic substrate and with other complex 
molecules, but they do like fresh organic 
residues that are rapidly mineralizing.

8.4.3.  How to improve soil quality

Humic complexes are very important stable 
organic components of the soil with col-
loidal properties. They improve the phys-
ical, chemical and biological characteristics 
of the substrate, and help control negative 
allelopathic interactions with other species 
and with self-produced organic residues. 
Conventional agriculture not only disrupts 
the humification process but also promotes 
the mineralization of humic substances in 
the soil and the subsequent nutrient assimi-
lation by crop plants. This reduces durabil-
ity and soil fertility because the humus mat-
ter decays over time. The nutrient and 
energy budgets of the different conventional 
crop systems usually do not take this prob-
lem into account.

Higher erosion and mineralization, 
limited humification and poor soil correc-
tion with external organic compost have 
caused an intense reduction in soil humus 
matter in several Mediterranean, tropical 
and temperate countries. This decrease has 
aggravated the spread of desertification. In 
fewer than 40 years, several Italian regions 
that practice intensive agriculture have lost 
1% of soil organic matter. In the upper 
50 cm of the soil profile, about 65 t ha–1 of 
organic matter has been mineralized, releas-
ing a total of 2 t of nitrogen, or 50 kg ha–1 of 
N per year. This loss of humus means that 
more external organic residues need to be 
added to the soil to maintain the equilib-
rium. Humus creates healthy soil, which 
promotes plant growth, high fruit quality 
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and natural tolerance to diseases and pests. 
Humus is one of the key factors for sustain-
able agriculture that must be recovered in 
integrated or organic crop production.

Although organic residues are subject 
to rapid mineralization, humus mineralizes 
at a reduced rate, 1–2% per year in temper-
ate conditions, and thus can last in the soil 
for decades. ‘Soil sickness’ refers to the pro-
gressive soil quality reduction as a conse-
quence of the repeated culture of a sole 
crop. It mainly affects the sole crop that has 
been repeatedly cultivated, and affects 
other species less, particularly if they are 
unrelated, but it must be considered the first 
symptom of soil degradation (Zucconi 
2003). Monoculture of a sole species fosters 
the accumulation of noxious materials (dis-
pathy) in the soil, which disrupt coenotro-
phy. This situation decreases the transform-
ation of organic matter into humus and 
depresses soil fertility. This less fertile soil 
is progressively unable to sustain the growth 
of the sole species cultivated year after year, 
with pathogen and parasite outbreaks be-
coming more frequent, and nutrient defi-
ciencies become more common. The actual 
origins of these problems are disruption of 

the humification process, loss of suppres-
sivity and the phytotoxic effects of mono-
specific residues (Neri and Savini, 2005; 
Neri et al., 2005; Zucconi et al., 2003; Bona-
nomi et al., 2006), which are able to rapidly 
modify strawberry root functioning and lat-
eral root formation (Neri et al., 2011).

Again, sustainability can be restored by 
increasing the amount of soil organic mat-
ter, which closely imitates the process of 
humification, by enhancing coenoses and 
organic additions, by reducing the use of 
pesticides and fertilizers, and by limiting 
soil tillage. Humification will augment sup-
pressivity, which limits the increase of soilborne 
pathogens and pests. Better availability of 
nutrients due to high humus levels in the 
soil results in plants that are healthier and 
more tolerant to pathogens and parasites, 
decreasing the requirements for pesticides 
(Gangatharan and Neri, 2012). Sustainabil-
ity can thus be improved depending on the 
type of cultivation system (Neri et al., 1996; 
Zucconi, 2003).

Thus, it is evident that the presence of 
humic substrates may improve absorption 
by strawberry roots (Fig. 8.17), although the 
presence of organic residues that are not 

Plant growth of fresh dug plant, 30 days after planting
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Fig. 8.17.  Dry matter (DM) of the young strawberry plant with or without strawberry residues and humus. 
(From Savini and Neri, 2005.)
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completely mineralized or humified can 
have a negative effect on strawberry root 
growth.

Thus, the soil surrounding plants is or-
ganized into discrete niches used by a sin-
gle root (Zucconi, 2003). The presence of 
primary allelopathic factors inhibits new 
roots from entering an occupied niche. 
These factors improve the soil, favour ab-
sorption and produce a favourable rhizo-
sphere, but induce the need for root trans-
migration to other favourable niches. This 
allows soil to be used very efficiently by the 
resident root in the short term and by the 
coenoses in the long term. When the root of 
the resident species ages and dies off, a new 
root of a compatible plant will be able to oc-
cupy the now-empty niche space.

8.5.  Conclusions

Strawberry root growth is influenced by 
environmental and cultural factors, nutri-
ent availability, internal physiological con-
ditions such as carbon supply from the 
leaves (carbon allocation and partitioning, 
and shoot-to-root ratio) and allelopathic 
interactions with residues from previous 
cultures, and exudates, leachates and deb-
ris left by root growth and turn over. Roots 

show discontinuous periods of elongation 
and ramification, associated with shoot 
and root functioning and their reciprocal 
interaction. New crown roots have a posi-
tive geotropic behaviour, and grow a few 
millimetres apart, a response that is prob-
ably due to self-produced allelochemicals. 
This chapter has discussed an architec-
tural model of strawberry root growth 
showing that, if temperature and water 
availability are at optimal levels, the pro-
liferation of roots in favourable soil patches 
is rapid, as is the depletion of nutrients 
and the accumulation of allelochemicals. It 
is suggested that, in sustainable low-input 
strawberry field production systems, it is 
essential to introduce crop rotation over 
several years so that other residues can ac-
cumulate in the soil, and also to improve 
humification (or stabilization) of organic 
residues with the addition of diversified 
organic additions in order to recover soil 
fertility and natural suppressiveness against 
pathogens.

Acknowledgement

The author acknowledges the Polytechnic 
University of Marche for supporting this re-
search work.

References

Baruzzi, G., Branzanti, B., Faedi, W., Gentili, M., Lucchi, P. and Neri, D. (2000) Effetto della micorrizazione 
e della sostanza organica su piante di fragola. Frutticoltura 12, 83–88.

Bonanomi, G., Giorgi, V., Del Sorbo, G., Neri, D. and Scala, F. (2006) Olive mill residues affect saprophytic 
growth and disease incidence of foliar and soilborne plant fungal pathogens. Agriculture, Ecosystems & 
Environment 115, 194–200.

Branzanti, M., Gentili, M. and Neri, D. (1998) Controllo del marciume del colletto in fragola mediante funghi 
micorrizici arbuscolari. Rivista di Frutticoltura 12, 77–80.

Chiatante, D., Di Iorio, A. and Scippa, G.S. (2007a) Modification of root architecture in woody plants is pos-
sible for the presence of two different mechanisms of lateral root production: the effect of slope in Spar-
tium junceum L. seedlings. Plant Biosystems 141, 502–511.

Chiatante, D., Scippa, G.S., Di Iorio, A., De Micco, V. and Sarnataro, M. (2007b) Lateral root emission in 
woody taproots of Fraxinus ornus L. Plant Biosystems 141, 204–213.

Cline, M. (1997) Concepts and terminology of apical dominance. American Journal of Botany 84, 
1064–1069.

Endeshaw, S.T., Lodolini, E.M. and Neri, D. (2015a) Effects of untreated two-phase olive mill pomace on pot-
ted olive plantlets. Annals of Applied Biology 166, 508–519

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Strawberry Root Growth and Architecture	 137

Endeshaw, S.T., Lodolini, E.M. and Neri, D. (2015b) Effects of olive shoot residues on shoot and root growth 
of potted olive plantlets. Scientia Horticulturae 182, 31–40.

Falik, O., Reides, P., Gersani, M. and Novoplansky, A. (2005) Root navigation by self inhibition. Plant, Cell and 
Environment 28, 562–569.

Gangatharan, R. and Neri, D. (2012) Can biodiversity improve soil fertility in agroecosytems? New Medit 4, 
11–18.

Hancock, J.F. (1999) Strawberries. Crop Production Science in Horticulture Series, CABI Publishing, Walling-
ford, UK.

Hodge, A. (2009) Root decisions. Plant, Cell and Environment 32, 628–640.
Inderjit, K.M. and Foy, C.L. (2001) On the significance of field studies in allelopathy. Weed Technology 15, 

792–797.
Kehoe, E., Savini, G. and Neri, D. (2009) The effects of runner grade, harvest date and peat growing media on 

strawberry tray plant fruit production. Acta Horticulturae 842, 699–702.
Kobayashi, K. (2004) Factors affecting phytotoxic activity of allelochemicals in soil. Weed Biology and Man-

agement 4, 1–7.
Lakshmanan, V., Selvaraj, G. and Bais, H.P. (2014) Functional soil microbiome: belowground solutions to an 

aboveground problem. Plant Physiology 166, 689–700.
Laskowski, M.J., Williams, M.E., Nusbaum, H.C. and Sussex, I.M. (1995) Formation of lateral root meristems 

is a two-stage process. Development 121, 3303–3310.
Lieten, P. (2002) The use of cold stored plant material in central Europe. Acta Horticulturae 567, 553–560.
Massetani, F., Gangatharan, R. and Neri, D. (2011). Plant architecture of strawberry in relation to abiotic 

stress, nutrient application and type of propagation system. Genes, Genomes and Genomics 5 (Special 
Issue 1), 1–12.

Massetani, F., Savini, G., Neri, D. (2014) Effect of rooting time, pot size and fertigation technique on straw-
berry plant architecture. Journal of Berry Research 4, 217–224.

McGraw-Hill (2012) McGraw-Hill Encyclopedia of Science & Technology, 11th edn. McGraw-Hill Education, NY.
Neri, D. (1998) Soil organic matter in sustainable agriculture. In: Borsari, B. and Vidrine, M.F. (eds) Low Input 

Agriculture: Feasible Alternatives to Conventional Agricultural Practices. Eunice, Lousiana, pp. 4–13.
Neri, D. (2004) Low-input apple production in central Italy: tree and soil management. Journal of Fruit and 

Ornamental Plant Research 12, 69–76.
Neri, D. and Savini, G. (2005) Root growth and architecture in strawberry. Acta Horticulturae 708, 39–44.
Neri, D. and Savini, G. (2006) Crescita e struttura radicale della fragola: impatto dei residui organici. Italus 

Hortus 13, 60–64.
Neri, D., Madia, T., Zucconi, F. and Guardigli, G. (1996) Root growth of rice seedlings in relation to 

crop-residues metabolism. In: Ito, O., Johansen, C., Adu-Gyamfi, J.J., Katayama, K., Kumar-Rao, 
J.V.D.K. and Rego, T.J. (eds) Roots and Nitrogen in Cropping Systems of the Semi-arid Tropics. Japan 
International Research Center for Agricultural Sciences, Tsukuba, Japan, pp. 389–399.

Neri, D., Bonanomi, G., Cozzolino, E. and Zucconi, F. (1998) Studi sugli apporti di sostanza organica nel 
fragoleto. Frutticoltura 5, 47–54.

Neri, D., Lee, O.N., Savini, G., Kurokura, T. and Sugiyama, N. (2011) Lateral root formation in the strawberry 
Fragaria × ananassa Duch. revealed by histone H4 in situ hybridisation. Plant Biosystems 145, 406–410.

Neri, D., Sugiyama, N. and Inujima, A. (2002) Effects of organic residues on strawberry root growth. Acta 
Horticulturae 567, 503–506.

Neri, D., Sugiyama, N., Iwama, T., Akagi, H., (2003) Effect of apical pinching on the growth of branch crowns 
and stolons in strawberry plants. Journal of the Japanese Society for Horticultural Science 72, 389–392.

Neri, D., Sugiyama, N. and Inujima, A. (2005) Effects of organic residues on strawberry root growth. Inter-
national Journal of Fruit Science 5, 127–137.

Neri, D., Baruzzi, G., Massetani, F. and Faedi, W. (2012) Strawberry production in forced and protected cul-
ture in Europe as a response to climate change. Canadian Journal of Plant Science 92, 1021–1036.

Polverigiani, S., Kelderer, M. and Neri, D. (2014). Growth of ‘M9’ apple root in five Central Europe replanted 
soils. Plant Root 8, 55–63.

Savini, G. and Neri, D. (2004) Strawberry architectural model. Acta Horticulturae 649, 169–176.
Savini, G. and Neri, D. (2005) Acclimatamento radicale e fotosintesi nella fragola. Frutticoltura 4, 49–52.
Savini, G., Letouzé, A., Sabbadini, C. and Neri, D. (2006) Evaluation of tray-plant quality in the propagation 

phase. Acta Horticulturae 708, 231–236.
Savini, G., Giorgi, V., Scarano, E. and Neri, D. (2008) Strawberry plant relationship through the stolon. Physi-

ologia Plantarum 134, 421–429.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



138	 D. Neri	

Schenk, H.J. (2006) Root competition: beyond resource depletion. Journal of Ecology 94, 725–739.
Scheres, B., van den Toorn, H. and Heidstra, R. (2004) Root genomics: towards digital in situ hybridization. 

Genome Biology 5, 227.
Sugiyama, N., Iwama, T., Inaba, Y., Neri, D. (2004) Varietal differences in the formation of branch crowns in 

strawberry plants. Journal of the Japanese Society for Horticultural Science 73, 216–220.
Zucconi, F. (1996) Root dynamics in natural and agricultural plants, and the making of domestication. In: Ito, 

O., Johansen, C., Adu-Gyamfi, J.J., Katayama, K., Kumar-Rao, J.V.D.K. and Rego, T.J. (eds) Roots and Ni-
trogen in Cropping Systems of the Semi-arid Tropics. Japan International Research Center for Agricultural 
Sciences, Tsukuba, Japan, pp. 103–128.

Zucconi, F. (2003) Declino del Suolo e Stanchezza del Terreno. Pitagora, Bologna, Italy.
Zucconi, F., Bonanomi, G., Cozzolino, E., Neri, D. (2003) Il ruolo della sostanza organica nella coltura della 

fragola. In: Atti Convegno Nazionale SOI Sulla Fragola, 10–14 April 2000, Metaponto, Italy, pp. 237–250.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



© CAB International 2016. Strawberry: Growth, Development and Diseases  
(A.M. Husaini and D. Neri)� 139

9.1.  Introduction� 139
9.2.  Plant Production Systems� 140

9.2.1.  Nuclear stock� 140
9.2.2.  Propagation stock I� 141
9.2.3.  Propagation stock II� 141
9.2.4.  Commercial nursery� 142

9.3.  Plant Types and Cycles� 142
9.3.1.  Bare-root plants� 143
9.3.2.  Potted plants� 149
9.3.3.  Cycles� 152

9.4. Plant Certification Systems� 153
9.5. Conclusions� 155

9  Plant Propagation Techniques and  
Types of Plants

Marina Gambardella1*, Francesca Massetani2,3 and Davide Neri3,4

1Departamento de Fruticultura y Enología – Pontificia Universidad Católica de Chile, 
Santiago, Chile; 2HORT Soc. Coop., Università Politecnica delle Marche, Ancona, Italy; 

3Dipartimento di Scienze Agrarie, Alimentari ed Ambientali – Università Politecnica 
delle Marche, Ancona, Italy; 4Centro di Ricerca per la Frutticoltura – Consiglio per la 

Ricerca in Agricoltura e l’Analisi dell’Economia Agraria, Roma, Italy

*  mgambardella@uc.cl

9.1.  Introduction

Although the strawberry is a perennial spe-
cies, the main producing countries use an 
annual or biennial crop system, so farmers 
must replant year after year in planting dens-
ities ranging from 52,000 to 60,000 plants 
ha–1. This continuous replacement of plants 
gives rise to the nursery industry, which has 
dynamism that is as much or more spectacu-
lar than fruit production. The area designated 
for cultivation in each season must be sup-
plied with millions of plants.

Strawberry fruit production is now year 
round with winter production in Mediterra-
nean climates, spring/summer production in 
colder regions, and programmed out-of-season 
production with protecting and forcing sys-
tems (Neri et al., 2012). Each planting system 
needs appropriate plant types and planting 
techniques. Thus, at the time of establishing a 
strawberry orchard, plants must have physio-
logical, health and development characteris-
tics in agreement with the farmer’s needs, 
together with a high content of reserve carbo-
hydrates, and buds should have a proper 
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degree of floral differentiation. These features 
are crucial to the success of the crop.

From a botanical point of view, Fragaria 
× ananassa is a hybrid species that can nat-
urally propagate by seed (gamic) or runners 
(vegetatively, agamic) (Savini et al., 2005). 
Propagation by seed is almost exclusively 
used in breeding for genetic improvement, 
in order to obtain new genotypes from which 
the breeders can select new varieties. In some 
cases, the seed is also used as a propagation 
system to produce fruit, for example with 
some varieties of Fragaria vesca, or with var-
ieties adapted to garden cultivation.

However, the great industry of straw-
berry plants is based on their ability to pro-
duce stolons and runner chains capable of 
developing new self-rooted plants.

Runners grow from axillary buds lo-
cated in the crown, primarily in response to 
high vigour with rapid growth, generally 
during long days (photoperiods) and with 
high temperatures and optimal water and 
nutrient availability. When the runners 
form a new bud, a new crown of a daughter 
plant is produced, which receives water 
and nutrients through the runner’s vascular 
system (Savini et al., 2008). According to 
Strand (2008), a mother plant could pro-
duce about 100 daughter plants during the 
season, but this depends on the variety, nur-
sery location and agricultural works carried 
out. This author also stated that short-day 
varieties usually produce more runners 
than day-neutral varieties.

9.2.  Plant Production Systems

Most strawberry nurseries are located in 
areas with very specific characteristics. 
These facilities require large flat surfaces, 
whose soils are deep, very sandy and well 
drained, with a pH between 6 and 7, and 
with a good water supply. Nurseries must 
be established in isolated areas, away from 
fruit production, in order to promote sani-
tary conditions. Altitude and latitude of the 
nursery should also be taken into account, 
as these elements determine the time when 
the plant’s floral differentiation and physio-
logical maturity occur.

The production of runners is favoured 
in areas whose geographical location – north 
or south – ensures an adequate photoperiod 
and temperatures between 25 and 30°C in 
summer. Autumn temperatures should de-
crease quickly, so that plants receive an ac-
cumulation of chilling hours (below 7°C), 
which in some cases is achieved in high-al-
titude areas (over 1000 m above sea level) or 
in more extreme latitudes. In Europe, nur-
series are mainly located in Spain (prov-
inces of Avila, Segovia and Valladolid), nor-
thern Italy (Veneto and Emilia-Romagna 
regions) and France (Aquitaine and Midi 
Pyrenées). Countries such as Poland and 
Romania have also developed an interesting 
nursery industry.

In North America, the main area for 
nursery production is northern California, 
south-east of Oregon and North Carolina in 
the USA and Ontario in Canada. In South 
America, Chile and Argentina produce 
strawberry plants to meet their own de-
mand and to supply countries such as Mex-
ico, Brazil, Peru, Bolivia and Colombia, 
among others.

It should be noted that the strawberry 
plant production process requires labora-
tory technologies such as in vitro culture, 
techniques of sanitation and detection of 
viral diseases, and prolonged periods of cold 
storage, among others, which imply special-
ization and a high technological level. For 
this reason, in order to obtain plants of ad-
equate genetic and phytosanitary quality, the 
plant production process should be per-
formed in specialized nurseries, following a 
methodology that has been proven and 
internationally accepted.

The production system basically con-
sists of the following four stages.

9.2.1.  Nuclear stock

The first stage of the propagation system is 
to establish a collection of mother plants 
from the varieties to be propagated, i.e. var-
ieties of commercial interest. In the case of 
starting production with plants that have re-
mained in the field for some time and whose 
health condition is not certain, they must 
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undergo a sanitation process (thermother-
apy or meristem culture) and verification of 
their genetic identity.

Under a production scheme of certified 
plants, once sanitation is completed, mother 
plants must be kept in individual contain-
ers, inside greenhouses with anti-aphid 
mesh, observing isolation conditions speci-
fied by regulations. The plants should be 
isolated from the ground, and a sterile, pre-
viously disinfected substrate must be used.

9.2.2.  Propagation stock I

The material to establish the propagation 
stock is obtained from the nuclear stock plants. 
Two methods can be used to accomplish this: 
(i) micropropagation; and (ii)  propagation 
by runners.

Micropropagation involves multipli-
cation entirely in vitro, beginning with 
meristems, apical tips or axillary buds from 
nuclear stock plants. According to the 
methodology developed by Boxus (1992), 
the meristem should be between 0.2 and 
0.4 mm in size, to ensure that it is free of 
viruses. This system of meristem culture is 
also used to obtain plants free from fungi, 
bacteria and other diseases, and to reinvig-
orate plants. Meristem plants produce many 
more daughter plants than are produced by 
conventionally propagated plants. The 
meristem, under in vitro culture conditions, 
gives rise to a plant that can be micropropa-
gated if regulations in the country allow it, 
or taken directly to acclimatization under a 
scheme of ‘one meristem, one mother plant’. 

In the case of using micropropagation to in-
crease the number of plants at this stage 
and thus reduce costs, a limit of ten multi-
plication cycles has been established in 
order to avoid problems of somaclonal vari-
ation. At this stage, pre-base or F0 material 
is obtained.

For propagation by runners, runner tips 
from nuclear stock plants are pinned down 
in separate pots of sterilized growing me-
dium. The pots in which the runner tips are 
rooted are kept at a higher level than the nu-
clear stock pots to avoid transmission of soil 
or root pathogens through watering. When 
the runners have rooted, they are separated 
from the parent nuclear stock plants.

Plants originating from micropropaga-
tion or by runners, so-called F0 material, are 
transferred to the substrate and acclimated 
to establish the propagation stock I, in struc-
tures protected with anti-aphid mesh to 
minimize risks of infection with disease 
vector insects. Each plant is set in an indi-
vidual container (1 × 1 m bins) with a sterile 
substrate. Under these conditions, propaga-
tion is performed through runners at a rate 
ranging from 60 to 100 plants per mother 
plant. The process takes one season, about 
8–9 months, and the plant, described as F1, 
is finally obtained.

9.2.3.  Propagation stock II

Plants are harvested in winter, when they 
are in vegetative recess. They are kept until 
the spring and are established directly in 
the field. Although this stage is carried out 

(a) (b) (c)

Fig. 9.1.  Mother plants (a) and propagation stock I (b, c) in a greenhouse with double doors, a footbath and 
insect mesh.
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(a) (b) (c)

Fig. 9.2.  A commercial nursery showing (a) the establishment of mother plants spring, (b) the plants in 
recess before harvest and (c) the harvesting process.

without isolating structures, it is still neces-
sary to maintain distance from other straw-
berry plants, either in nurseries or in fruit 
production orchards. In these conditions, 
one can estimate a yield of approxumately 
80 plants per mother plant. The plants ob-
tained in this stage are called F2.

9.2.4.  Commercial nursery

F2 plants are used to establish the commer-
cial nursery in previously disinfected sandy 
soil that is highly loose and homogeneous. 
To achieve proper development of mother 
plants and favour runner production, plant-
ing is done in rows arranged directly on the 
surface, without ridges. The recommended 
planting distance is 1.6–1.8  m between 
rows and 0.30–0.6  m within rows, with a 
density of approximately 10,000–18,000 
plants per hectare, depending on varietal 
vigour and the type of propagated plant. For 
example, with the cultivar ‘Gariguette’, the 
distances are 1.6 × 0.30 m and production is 
based on stolon tips for making the misted 
tip plants and/or tray plants in the summer. 
Usually, a sprinkler irrigation system is em-
ployed, which facilitates runner rooting, al-
though care should be taken not to compact 
the nursery’s surface. Weeds may be a major 
problem in strawberry commercial nurser-
ies, especially with the removal of methyl 
bromide, as alternative fumigants do not ef-
ficiently control various weed species. Fre-
quently, soil-active herbicides are applied 
before planting in order to reduce weeds. 
Once the nursery is established, herbicides 

should not be applied, and weeds must be 
controlled manually or with a rotary tiller.

After the plantation is established, the 
following agricultural tasks are carried out: 
removal of all flowers and leaves to promote 
vegetative growth; burying of runners as 
they are formed to stimulate rooting; guid-
ing of runners so they distribute homoge-
neously in the field; raking of the soil be-
tween plantation rows to favour runner 
rooting and root aeration; and strict control 
of pests and diseases.

Depending on the desired type of plant, 
harvest takes place in autumn or winter, 
when the plants have reached the winter 
dormancy period (some cultivars, such 
‘Gariguette’, will show a reddish colour at 
this point, as seen in the middle picture of 
Fig. 9.2.).

9.3.  Plant Types and Cycles

The advances in increasingly specialized 
cultivation techniques, together with the 
expansion of production areas to more ex-
treme climate zones, have forced nurseries 
to produce different types of specific plants 
adapted to modern cultivation require-
ments. Plant types provided by the nurser-
ies through various propagation techniques 
are the starting point for a wide range of 
producing cycles aiming towards expansion 
of the fruiting season and cultivation in dif-
ferent areas. In fact, the cultivation tech-
nique of strawberry has undergone a con-
stant evolution over the last 20 years. The 
most traditional plant cycle is the annual 
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crop cycle with a single fruiting season in 
the spring (using June-bearing, short-day 
varieties) following the summer planting. In 
many areas, other innovative growing tech-
niques have been introduced and the harvest 
of strawberries now covers the whole year.

There are two traditional types of straw-
berry plants: ‘fresh’ and ‘frigo’ (cold stored). 
There also exist six other plant types (Table 9.1) 
that are capable of being adapted to more 
specialized cultivation systems, such as 
programmed cultivation, protected cultiva-
tion and off-soil cultivation.

9.3.1.  Bare-root plants

Fresh plants and frigo plants are lifted from 
the nursery field and cleaned of the soil be-
fore storage and planting; therefore, their 
root system is free of the substrate.

Fresh and green plants are dug plants 
harvested in early autumn, before vegeta-
tive rest. They can be distinguished into 
‘fresh plants’ when defoliated (mechanic-
ally before digging) and ‘green plants’ when 
the leaves are retained. They were used ini-
tially in various cultivation areas, but were 
later abandoned in northern environments 
because of unsatisfactory agronomic results 
compared with cold-stored material. Dug 
plants are ready for transplanting after their 
summer growth in the nursery. In cold cli-
mates, planting can take place from mid-Ju-
ly until early August, while in Mediterra-
nean climates the planting is at the end of 
September to the beginning of October be-
cause earlier summer temperatures are too 
hot. Nevertheless, fresh plants should be 
taken to the field as soon as possible to 
avoid dehydration and rot problems once 
they are harvested. Thus, they are used for 
autumn plantings, when they are removed 
from the nursery and brought directly to the 
fields already prepared for the planting. If 
the operation cannot be done quickly 
enough, plants may be cold stored at 2°C for 
up to 1  week. They generally do not bear 
differentiated inflorescences, and flower in-
duction occurs during the autumn months 
in the field, while the plant is still growing. 

Fruiting takes place from May to June with 
a duration of 1 month in northern climates, 
but the plants can also be used for early for-
cing production in spring (Lieten, 2005) or 
for winter production in Mediterranean cli-
mates with plastic covers.

Nurseries that produce high-altitude 
freshly dug plants are located in areas with a 
high accumulation of chilling hours in early 
autumn (high zones, as in the case of the 
province of Avila in Spain or northern Cali-
fornia, or northern European countries such 
as Poland). These types of plants are well 
adapted to early production, because when 
they are transferred to the field in autumn, 
they have effectively been induced to flower, 
and an adequate transformation of root sugars 
to more complex carbohydrates has taken 
place, thus favouring the transplanting pro-
cess. Due to the environmental conditions 
under which they are rooted at high altitude 
in the summer, at planting the plants already 
have at least one differentiated inflorescence. 
The fruit production occurs early in the 
months of February–March, with a duration 
of 2–3 months, until June. Early winter pro-
duction is possible from January.

Frigo plants, on the other hand, are 
starting from stolons rooted early in the nur-
sery, which are harvested when they have 
already initiated their winter vegetative rest 
period (January–February in the northern 
hemisphere, and July–August in the south-
ern hemisphere). Once harvested, the plants 
undergo a selection and classification pro-
cess, and are stored in transparent plastic 
bags inside wooden or plastic boxes, where 
they remain for 5–6  months at a tempera-
ture of –2°C. At this temperature, respira-
tory activity is strongly reduced to avoid 
consumption of reserve substances and to 
tolerate long storage periods, but no tissue 
damage is produced. Prior to cold storage, 
the plants are disinfected with fungicides 
and moistened in order to prevent dehydra-
tion inside cold-storage rooms. If the plants 
are cold stored for too long, they will suffer 
during transplanting in September–October 
and will not grow well and differentiate in 
order to start production from December to 
January in mild climates (typical conditions 
of the Mediterranean and southern Italy).
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Table 9.1.  Nursery plant classification. For interpretation of the diagrams, see Chapter 7. (Modified from Neri et al., 2009.)

Commercial  
name

Physio- 
logical  
status

Starting  
mate- 
rial

Root 
free of 
sub-
strate 
(bare 
roots) Pots

Cold  
storage

No. of 
crowns and 
inflores-
cences 
(architect- 
ural model)  
at transp- 
lanting

Season  
and  
duration  
of produ- 
ction

Crown 
diameter 
(mm)

Nodes  
on the 
crown (n)

Side 
flower 
buds (n)

Flowers 
per  
plant (n) Plant architecture

Freshly dug  
plant: fresh 
plant =  
without 
leaves; 
green 
plant =  
with  
leaves

Freshly  
dug  
plant;  
not  
flower 
differe- 
ntiated

Runner Yes No No 1 crown,  
0 inf.

Traditio- 
nal crop,  
spring– 
summer/ 
1 month

9–13 9–14 0 0

Freshly dug  
plant high 
altitude  
(two 
categories  
as above)

Freshly  
dug  
plant; 
flower 
differe- 
ntiated

Runner Yes No No 1 crown, 1 
inf.

Winter– 
spring/2– 
3 months

9–13 9–14 0 5–10
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Frigo plant  
(A, A+,  
AA+ plant  
size)

Dug 
plant; 
cold 
stored; 
differe- 
ntiated

Runner Yes No Yes, 7 
months

1–2 crowns, 
3–4 inf.

Spring–
sum-
mer/1 
month

A–, 6–8; 
A, 
8–12; 
A+, 
12–15; 
AA+, 
15–18

A, 7–11; 
A+, 
9–13; 
AA+,12–
17

A, 3–5; 
A+, 
4–6; 
AA+, 
6–8

A, 15–25; 
A+, 
25–35; 
AA+, 
35–45

Waiting- 
bed plant

Large  
dug 
plant; 
cold 
stored; 
flower 
differe- 
ntiated

Freshly 
dug 
plant; 
frigo 
plant; 
rooted 
runner

Yes No Yes,  
3–9 
months

3–4 crowns, 
4–6 inf.

Out-of- 
season, 
spring– 
autumn/ 
1 month

13–19 8–17 6–10 40–70

Rooted  
runner 
(misted  
tip or  
plug  
plants)

Fresh 
plant in 
pot; 
not 
flower 
differ-
entiat-
ed

Runner No Yes No 1 crown,  
0 inf.

Spring/ 
1 month

8–10 5–8 0 0

Continued
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Rooted 
runner 
(misted tip)

Fresh 
plant in 
pot; 
flower 
differ-
entiat-
ed

Runner No Yes No 1 crown,  
1 inf.

Winter–
spring/ 
3 months

8–10 5–8 0–3 15–20

Tray plant Pot plant; 
cold 
stored; 
flower 
differ-
entiat-
ed

Runner No Yes Yes,  
3–9 
months

1 crown,  
2–3 inf.

Out-of- 
season, 
spring–
autumn 
/1–2 
months

12–15 10–16 4–5 20–40

Commercial  
name

Physio- 
logical  
status

Starting  
mate- 
rial

Root 
free of 
sub-
strate 
(bare 
roots) Pots

Cold  
storage

No. of 
crowns and 
inflores-
cences 
(architect- 
ural model)  
at transp- 
lanting

Season  
and  
duration  
of produ- 
ction

Crown 
diameter 
(mm)

Nodes  
on the 
crown (n)

Side 
flower 
buds (n)

Flowers 
per  
plant (n) Plant architecture

Table 9.1.  Continued.
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Tray plant 
from frigo 
plants

Large 
plant in 
pot; 
cold 
stored; 
flower 
differ-
entiat-
ed

Frigo 
plant

No Yes Yes,  
4–9 
months

2–3 crowns, 
3–6 inf.

Out-of- 
season, 
spring– 
autumn/ 
1 month

14–18 8–17 5–10 30–60

Minitray  
plant

Plant in 
pot; 
cold 
stored; 
flower 
differ-
entiat-
ed

Runner No Yes Yes 1 crown, 2–3 
inf.

Out-of-sea-
son, 
spring–
autumn 
/1–2 
months

10–13 8–12 4–5 15–35
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Flower induction takes place in the nur-
sery field, under the photoperiod and tem-
perature conditions of the autumn and win-
ter before digging; therefore, at the beginning 
of cold storage the plants are already flower 
induced and have one to two crowns and 
three to four inflorescences. However, these 
plants in most cases do not have the ability 
to obtain good fruits from the formed inflor-
escences. The common technique involves 
removing the first single poor-quality inflor-
escence by hand as soon as the flowering 
stem is evident. After cold storage, the plants 
are ready to be planted in different seasons, 
commonly during the summer (July–August) 
in the field for annual production systems 
where fruiting occurs in spring–summer, 
lasting 1 month. In northern mountain envir-
onments, planting generally begins in early 
June at the highest altitudes and continues 
throughout the month moving to lower alti-
tude. After transplantation, the growth at the 
end of the summer induces the development 
of several side shoots or crowns (Savini et al., 
2005) during the autumn that undergo 
flower formation and provide fruits in the 
following spring.

During the selection and packaging 
process, the excess soil and sand that re-
mains in the roots is removed and the foli-
age is eliminated, leaving only two to three 
young leaves close to the apex. In both types 
of plants, classification is performed based 
mainly on crown diameter and root length, 
as these are some of the main indicators of 
plant quality. In Europe, according to these 
parameters, plants are classified into:

	•	 Extra quality or A+: 12–15 mm in diam-
eter, 12  cm in length, 250–300 plants 
per box.

	•	 First quality or A: 8–12  mm in diam-
eter, 10  cm in length, 600–700 plants 
per box.

	•	 Second quality or A–: 6–8 mm in diam-
eter, 8  cm in length, 900–1000 plants 
per box.

A+ plants are used when fruit produc-
tion immediately after planting is required, 
taking advantage of the flower buds differen-
tiated in the nursery. Therefore, A+ plants 
are used for programmed in-soil and soil-less 

crops for autumn fruiting (in the Italian Ver-
ona region), where planting starts in the last 
week of August until the first week of Sep-
tember and double fruiting is provided: the 
first crop takes place in the autumn follow-
ing the planting from the flower buds differ-
entiated in the nursery, and the second crop 
starts in the following spring due to plastic 
tunnels applied in January to anticipate the 
production. They are also used for the straw-
berry in-soil and soil-less out-of-season pro-
duction during the summer (in the Italian 
Trentino region). Only large plants (A++ or 
AA+) have a good chance of providing sig-
nificant programmed fruiting after trans-
planting, which is usually carried out in 
May–June, for the summer harvest season 
(early July–late August) (Faby, 1997).

In comparison with cold-stored plants, 
fresh plants show an increase in early ripen-
ing and also increased fruit quality, along 
with the possibility of delaying planting, 
with the corresponding savings in irrigation 
water. The use of fresh plants produced in 
high-altitude nurseries or in northern lati-
tudes (Poland, Spain) allows flower differ-
entiation in early September with a favour-
able thermophotoperiod. Forty  days after 
transplanting, the plants reach full bloom, 
and after a further 40 days, the first fruits are 
ripe. It is worth noting that the use of under-
developed plants from nurseries with a high 
planting density causes the growth of thin 
plants and may prolong the vegetative stage, 
delaying and reducing flower bud differen-
tiation, which must already have been initi-
ated in the nursery.

Waiting-bed plants were developed ini-
tially in the Netherlands in the early 1970s to 
achieve early production, making it possible 
to produce fruit when there is low supply 
and high prices in the markets (Kirschbaum 
et al., 2000). They are cold-stored, large-
sized plants between 18 and 22 mm in diam-
eter (100–150 plants per box), capable of be-
ginning production 5–8 weeks after planting, 
depending on variety, planting date and en-
vironmental conditions (Kirschbaum et al., 
2000). Their use is intended primarily for 
programmed crops: they are planted from 
April until July (Lieten, 2005) and in a short 
time they must ensure high production and 
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high-quality fruits with a uniform size from 
spring (from early July until late August in 
open field) to autumn (under plastic tun-
nels), for about 1 month. The plants can be 
obtained from frigo plants, dug plants or 
rooted runners (the plants from fresh mater-
ial are almost 1  year younger). At the nur-
sery, they follow the same procedure as the 
above two types, the difference being that at 
harvest they are not immediately delivered 
to producers, but are brought to a ‘bed’ or fal-
low area with substrate, in order to thicken 
the crown, thus allowing increased earliness 
and productivity. For this reason, in Europe, 
waiting-bed plants are used mainly for off-
the-ground cultivation and early planting, as 
they are more productive than type A+ 
plants, given that they grow so that they bear 
more than one flower-differentiated crown 
per plant and have better root and crown re-
serves. Before cold storage, the plants show 
some four to six inflorescences distributed in 
three to four crown shoots at digging time, 
along with many flower-differentiated large 
buds (up to 10) bearing 30–70 flowers, al-
though they can contain more than 100 
flowers.

9.3.2.  Potted plants

Some years ago, in various parts of the 
world, a new way of producing strawberry 
plants was developed, the so-called potted 
plants, which are produced by generating 
unrooted runners from mother plants, and 
placing them in seedbeds, trays or speedl
ings with substrate. Afterward, they are 
subjected to a highly humid environment, 
while they develop their root system, in 
order to produce new plants within a short 
period of time, approximately 4  weeks 
(Barclay Poling and Maas, 1998). These 
plants have a higher production cost, which 
influences their low commercial availabil-
ity; however, this method has already spread 
in Europe and USA. It is worth noting 
that in North Carolina there was an increase 
from 1 million to 8 million plants between 
1992 and 1998 (Durner et al., 2002). The 
growing interest in producing these types 

of plants may be explained by the fact that 
they have several advantages compared 
with bare-root plants, such as excellent 
early vigour (Rowley et al., 2010), easy trans-
planting, low mortality (Durner et al., 2002) 
and, according to Bish et al. (2002), a con-
siderably lower water requirement during 
establishment. Furthermore, according to 
Giménez et al. (2009), when transplanted 
with an intact root system, their initial 
growth is better just after plantation is per-
formed, leading to earlier and better quality 
flowering and harvesting.

Bare-root plants, on the other hand, suf-
fer serious root damage, whether physical 
(during planting), through the attack of 
pathogens during the storage period or as a 
result of transplanting stress. Consequently, 
many plants die during the first week after 
plantation, or have poor vegetative growth, 
which causes delayed fruiting and reduced 
yield (Durner et al., 2002).

In recent years, a special interest 
emerged in these potted plants, when the 
process of eliminating methyl bromide as 
a soil fumigant was initiated. This product 
was essential in preparing the soil for straw-
berry nurseries, because it allowed control 
of diseases, nematodes and weeds (García-
Sinovas et al., 2008). Potted plants, on the 
other hand, are established in a sterile sub-
strate mixture, significantly reducing the 
possibility of any soil disease (Bish et al., 
2002). Substrate sterilization can be achieved 
by various treatments, such as water vapour 
(steaming).

There is some confusion regarding the 
designation of the different types of potted 
plants. First, there are les mottes, cime radi-
cate or plug plants, in the French, Italian 
and English literature, respectively. These 
correspond to plants obtained through the 
rooting of runner tips (‘rooted runners’) in 
seedbeds with cells of 10–15  cm in diam-
eter, under a misting system (therefore they 
are also called ‘misted tip’ plants). This type 
of plant is small in size, as it remains for 
less time at the nursery (3–4 weeks), and it 
has partially replaced the traditional bare-
root fresh plant, showing increased earli-
ness, better fruit quality, and a superior sur-
vival rate and cultivation homogeneity.
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These plug plants at transplanting time 
show a single crown, but the inflorescences 
are not yet formed. In late summer, the mist-
ed tip plants are planted and the flower dif-
ferentiation begins. Fruit production in cold 
winter areas (northern Italy) takes place in 
the spring months, from April to June, last-
ing 1  month. In mild winters (Mediterra-
nean climate) with plastic tunnels, produc-
tion starts in January and reaches a peak in 
February and March, with a prolonged 
spring production until the temperature be-
come too high.

Differentiated rooted runners are plug 
misted tips already have differentiated flowers 
at transplantation, which occurs from late 
summer to the beginning of autumn. Fruiting, 
which begins early in the winter months, 
lasts for more than 3 months. More precocious 
(probably before Christmas time, which has 
the highest prices) and long-lasting produc-
tions can be obtained.

In addition, there are tray plants, which 
are of a larger size, as they are placed in cells 
of 7–8 cm and remain for at least 3–4 months 
in the nursery, where the crown is thickened 
during autumn under sprinkler fertigation. 
Subsequently, they remain cold stored (with 
their ‘loaf’ of new roots, and younger leaves), 
and the time frame depends on the variety 
and the needs of the producer, as with this 
type of plant it is possible to obtain early 
production if they are placed in heated nur-
series off the ground. Currently, for out-of-
season production, tray plants are used as 
they are less susceptible to problems associ-
ated with adverse winter conditions. Tray 
plants are produced from stolons or rooted 
runners placed in trays with a peat substrate 
during the summer (August), and then lifted 
from the nursery and cold stored during the 
winter. They are usually kept at –1.5 to 
–2.0°C, to allow preservation for 6-month 
periods. Due to their high cost (approxi-
mately €0.38–0.40 per plant, two to three 
times more expensive than frigo plants), 
they are used almost exclusively for high 
technology, off-the-ground cultivation. After 
the cold storage, planting is possible in dif-
ferent seasons in soil-less cultivation, allow-
ing late out-of-season harvest, lasting 
1–2 months, between summer and autumn.

Cultivation techniques of tray plants in 
the autumn must provide the appropriate 
conditions for flower initiation in order to 
obtain optimum production and quality of 
fruit during the winter and spring. They 
benefit from environments with good sun-
shine and mild temperatures from Septem-
ber to November. They develop one crown 
with two to three differentiated inflores-
cences before transplantation. Most profit-
able inflorescences are located in the apical 
portion of the crown, at the top of two to 
three extension crowns that will grow during 
the cultivation allowing the enlargement of 
the plant and providing good crop potential. 
A further two to six flower-differentiated 
buds may form along the axis of the plant, but 
generally they are not able to grow and pro-
vide fruits (Bosc et al., 2012), because of bud 
mortality during cold storage or because 
they remain dormant. At lifting, the organs 
of the flowers have almost completely ap-
peared. Therefore, after transplanting, only 
a few steps of flower development still have 
to take place (distension and colouring), 
leading to blooming 30 days later and first 
harvest after a further 30 days. Longer per-
manence of the plant under promoting con-
ditions (mild temperature) in the nursery 
allows the formation of a higher number of 
flowers inside the inflorescence, with the 
total ranging from 20 to 40 flowers per plant. 
It is important to evaluate before cold stor-
age the number of inflorescences and the 
number of flowers per inflorescence, plus 
their position along the stem of the crowns 
to estimate the production potential and the 
length of the fruiting period (harvest sea-
son). For this reason, in Europe there are 
several companies that sell tray plants with 
a certificate called flower mapping (or plant 
architecture).

Tray plants can be produced from 
small-sized cold-stored (frigo) plants. In the 
first phase (until early September), the plants 
grow in the same mountain environment 
where they are able to achieve an optimal vege-
tative growth, due to the cooler and milder 
weather. Subsequently, at temperature lower-
ing, the plants are transferred to milder areas 
(e.g. Verona, Po Valley, Italy) where flower 
bud differentiation can continue, potentially  
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obtaining more productive plants to be 
planted in the following summer. The frigo 
plants rapidly produce two to three new 
shoots growing in the pots, and thus at the 
beginning of autumn they already have two 
to three crowns, bearing three to six inflor-
escences. Under the early chilling autumn 
conditions, during dormancy, they are cold 
stored in fridges at –1 to –2°C for a variable 
period, depending on the timing of plant-
ing. Transplanting can take place from early 
spring in March to late summer or Novem-
ber, providing out-of-season production for 
1 month. The advantage of these plants is 
their large size, which allows an abundant 
production in a short time. These plants 
are suitable for forcing to obtain pro-
grammed production in greenhouses. In 
France, for some high-quality productions, 
planting takes place in mid-December in 
heated greenhouses for productions from 
February to April. In this case, at the end of 
November the plants are placed in cold 
rooms at 3–4°C for 3 weeks (to satisfy the 
chilling requirements) and then planted in 
soil-less systems. Because of the high pro-
ducing costs, these plants are used solely 
for soil-less and field programmed cultiva-
tion, providing better fruit quality compared 
with waiting-bed plants.

The same procedure applies to minitray 
plants, which differ only in being rooted 
later in smaller pots (5–6 cm in diameter), 
and for their lower cost, close to €0.22 per 
plant. They usually provide two to three 
good inflorescences with a total of 15–30 
flowers per plant. Possibly, with this type of 

plant, flower induction is earlier than with 
tray plants and the plants are more equili-
brated (fruit:leaf ratio), although they are 
less productive in programmed cycles.

The first stage to obtain potted plants or 
plug plants is the production of runners, 
which grow from the mother plants. Run-
ners should be harvested when the first root-
lets begin to appear and at least two trifoliate 
leaves have sprouted. According to Durner 
et al. (2002), these leaves must not exceed 
10  cm in length from the crown and must 
have a minimum of 6.5  cm; moreover, the 
diameter of the crown must range between 
20 and 50 mm. When cutting, it is necessary 
to leave at least 1 cm of the runner, so that it 
serves as an anchor at the moment of plant-
ing (Fig. 9.3) (Rowley et al., 2010). In the 
case of tray plants, runners are harvested 
when they have a visible root system, i.e. the 
roots have a minimum length of 0.5 cm.

Mother plants should be established in 
mid-spring on light textured soils for runner 
production, as their growth is favoured by 
high temperatures (over 24°C) and long 
photoperiods, greater than 16 h (Rowley et al., 
2010). This may be performed under field 
conditions, or inside a greenhouse or tun-
nel. Contact of runners with the ground 
must be avoided, so if plants are in the field, 
it is necessary to use a mulch over the beds 
(Rowley et al., 2010). In a greenhouse, an 
off-the-ground cultivation system is em-
ployed, i.e. at height. In this way, runner 
harvest is facilitated and production is 
cleaner, as soil fumigation with methyl 
bromide is avoided (Durner et al., 2002).

(a) (b) (c)

Fig. 9.3.  (a, b) A newly cut runner plant (a), showing 1 cm of runner left at its base for anchorage to the 
substrate (b). (c) The runner planted in a container.
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When cutting the runners, they should 
be quickly planted and brought to condi-
tions of high relative humidity (95%) in 
order to avoid dehydration. The storage 
time for runners may be up to 1 week at 0°C, 
but ideally planting should be carried out as 
soon as possible after harvest (Durner et al., 
2002). However, Lieten (2005) was more 
categorical and indicated they may be 
stored for up to 2 days.

Speedlings can be made of various ma-
terials, such as polystyrene, polyethylene or 
polypropylene, which differ in their useful 
life and cost. In addition, there are numer-
ous sizes of seedbeds specially designed for 
strawberries, for example, from 100 to 
200 cm3 per cell for plug plants; neverthe-
less, for tray plants, a volume of 280  cm3 

should be sufficient to obtain adequate root 
development (Lieten, 2005).

The tray’s colour has an effect on the tem-
perature of the peat, which in turn may influ-
ence root growth and development, although 
Lieten (2005) stated that colour does not sig-
nificantly affect yield or size of the crown.

9.3.3.  Cycles

Many different growing cycles (Fig. 9.4) are 
possible using the available nursery material 
and by modulating the planting strategies 
and the growing technique. The planting time 
is fundamental for good results and varies 
depending on the area, the variety and the 

Fig. 9.4.  Different growing cycles according to the available nursery material, the planting strategies and the 
growing technique.
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cultivation technique. In Europe, strawberry 
production starts in the south of Spain and 
Italy beginning in December in protected 
cultivation in Sicily, followed by protected 
productions in Campania and Basilicata. 
Planting begins in mid-August using cold-
stored plants and continues up to the first 
10 days of October using rooted tips and 
bare-root fresh plants. The now widespread 
use of fresh plants, planted in early autumn 
and grown under protection (in tunnels), 
allows an early and prolonged production 
starting about 2 months after planting until 
June, but cultivars with a low chilling re-
quirement are needed. In mid-April, the 
harvest begins in protected cultivations in 
Veneto, Emilia-Romagna and Marche, fol-
lowed after about 15  days by the produc-
tions in the open field using frigo plants. In 
mid-June, programmed crops begin in the 
mountain areas in Piedmont, and later in 
Trentino, and in June and July production 
is possible in central European countries 
and even later in Scandinavian countries 
using tray plants. The remontant varieties 
are used to get multiple out-of-season crop-
ping during the summer–autumn season 
(from the beginning of July until October; 
Lieten, 2005), generally planting cold-
stored plants in the field during the spring 
(March–May). In the autumn, crops are 
started in the Verona area where spring 
production is also provided under plastic 
tunnels. Protecting and forcing systems 
allow strawberry fruiting during most 
parts of the year, from spring until the be-
ginning of the winter season in the Neth-
erlands and Belgium (Lieten, 2005), using 
tray plants and waiting-bed plants in pro-
grammed soil-less crops where the harvest 
season derives from the planting time. The 
nursery production of strawberry plants 
has become established, even in areas less 
suited to this crop, due to the spread of 
plant cold storage, digging from nurseries 
during the winter when they are in full 
rest and then using these plants for 
summer planting. Recently, for cultivation 
in the field, the so-called ‘60-day’ pro-
grammed culture has gained importance, 
using cold-stored flower-differentiated plants 
(waiting bed, A+ frigo and tray plants) for 

summer planting and late summer–autumn 
production. Overall, central European re-
gions are able to provide a long fruiting 
season.

9.4.  Plant Certification Systems

Overall, the certification scheme consists of 
a propagation process, which is controlled 
by official bodies, based on precise tech-
nical standards that ensure plant health in 
every step of the process. Each country has 
its own certification rules, although some 
general aspects are present in every country. 
Nevertheless, current regulations must be 
continuously reviewed, as the nursery in-
dustry has undergone dramatic changes in 
the last decade, forcing them to adapt these 
regulations to the different types of plants 
that are now in the market.

Plant certification rules must be met at 
each stage of the propagation process, re-
garding various technical aspects such as: 
use and treatment of base material, isolation, 
infrastructure availability, use of substrates 
and soil treatments, tool handling, plant 
identification and labelling, and specific 
phytosanitary restrictions. Specialist inspec-
tors, through regular visits, monitor all these 
technical considerations to check proper 
compliance with all regulations. The main 
considerations of the regulations required by 
each of the propagation stages identified in 
the previous item are presented in Table 9.2.

With respect to isolation, each stage of 
the certified plant programme must meet 
specific requirements, as outlined in Table 
9.2. Moreover, the environment of the land 
on which propagation plants are located 
must be free of weeds and at least 10  m 
away from plants, trees and living fences, 
whose pests and diseases could be transmit-
ted to nursery or mother plants.

Greenhouses that are used in the nu-
clear stock and propagation stock I stages 
must be completely isolated, with double 
anti-aphid mesh of 20/10 densities, a 
double door, foot disinfection systems at 
the entrance, and a paved or isolated floor. 
The roof should protect the inside of the 
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greenhouse from rainwater. There must 
also be a hall area prior to the entrance, to 
store the implements used for plant man-
agement and for staff robes.

Soils used in stages III (propagation 
stock II) and IV (commercial nursery) must 
have a controlled rotation of at least 5 years 
without strawberry plants, with species that 
are not affected by the same pathogens that 
attack strawberries. Furthermore, substrates 
and soils must be fumigated with either 
water vapour or authorized chemicals.

Tools used in any stage of the propaga-
tion process must be used exclusively in 
that stage, and must be disinfected between 
one plant and the other with 3% sodium 
hypochlorite. Tools should also be properly 
identified.

The specific phytosanitary restrictions 
are different in each of the propagation 

stages. Becasue it is essential that the nuclear 
stock comprises material that is completely 
free of pathogens and diseases, the intensity 
of control must be increased during this 
stage. To this end, careful monitoring of 
possible organisms present in individuals 
must be carried out. For viruses and phyto-
plasmas, laboratory tests are necessary, 
taking into consideration the restrictive re-
gulations according to the current legisla-
tion of each country. In these cases, differ-
ent mechanisms for microorganism detection 
are available, the selection of which de-
pends directly on the pathogen species in-
volved. Table 9.3 shows the methods recom-
mended by the European and Mediterranean 
Plant Protection Organization (EPPO) for 
detection and identification of viruses, viruses-
like organisms and phytoplasmas that may 
be present in Fragaria × ananassa.

Table 9.2.  Considerations of the regulations required by each of the propagation stages.

Stage Main characteristics Isolation conditions

Intensity of phytosanitary 
and genetic identity  
control

Plant category 
and labelling

Nuclear  
stock

Mother plants cultivated 
under screen house in 
individual containers

100 m away from  
any strawberry 
cultivation area

100% of plants at this  
stage undergo phyto- 
sanitary, visual and 
laboratory controls, 
together with visual 
genetic identity  
controls

‘Pre-base’ 
category, 
white label 
with purple 
stripe

Propagation 
stock I

Mother plants cultivated 
under screen house in 
bin-type large-sized 
individual containers

100 m away from  
any strawberry 
cultivation area

Laboratory phytopatho-
logical analysis: 2% of 
plants in the case of 
bacteria; 30% of  
plants in the case  
of fungi. Genetic  
identity: 100%

‘Base’ 
category, 
white label

Propagation 
stock II

Mother plants cultivated 
under screen house 
tunnel, or directly in  
the field, on fumigated 
land, with rotations of  
at least 5 years

500 m away from  
any strawberry 
cultivation area

Laboratory analysis:  
0.2% of plants in the  
case of viruses and 
phytoplasmas; 30% of 
plants in the case of  
fungi. Genetic  
identity: 2%

‘Base’ 
category, 
white label

Certified 
material

Cultivation in open field, 
on land without 
strawberry for at least 
4 years (or 2 years,  
when soil is fumigated)

250 m away from  
any strawberry 
cultivation area,  
and 5 m away  
from other  
nurseries

Laboratory analysis:  
0.02%. Genetic  
identity: 0.02%

‘Certified’ 
category, 
blue label
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During the different steps of certifica-
tion, it is necessary to perform visual in-
spections of the plants to detect any pest or 
disease that is affecting them. Moreover, tol-
erances at different stages are suggested 
(Table 9.4). It is important to also include 
the bacteria, oomycetes, fungi, arthropods 
and nematodes listed in Table 9.4.

9.5.  Conclusions

Strawberry plant production in the nursery 
is based on the ability of the plants to pro-
duce stolons, which form new buds, result-
ing in new crowns of daughter plants. The 
production of runners is favoured in nur-
series where adequate photoperiods and 
temperatures are ensured. The production 
system for certified material consists of four 
basic stages from the collection of healthy 

mother plants (nuclear stock) of verified 
varieties from which protected propagation 
stock I is established through to micro-
propagation or the production of runners, 
until the propagation stock II is set in the 
field to propagate mother plants of the com-
mercial nursery. In the commercial nursery, 
various propagation techniques lead to the 
production of different plant types (bare-
root or potted) that are the appropriate spe-
cific material to carry out a wide range of 
producing cycles. At the time of establish-
ing a strawberry orchard, plants must 
have physiological (proper floral differ-
entiation and content of carbohydrates), 
development and certified health charac-
teristics. The certification system follows 
the specific certification rules of each 
country, based on technical standards 
that ensure plant health at every step of 
the propagation process.

Table 9.3.  Recommended methods for virus, virus-like and phytoplasma detection. (From OEPP/EPPO 
2008.)

Pathogen
Symptoms  
in cultivars

Mechanical  
inoculation to  
herbaceus host

Indicators for leaf  
graft transmission

Alternative 
tests

Virus and virus-like agents occurring in the EPPO region and which are tested for in this scheme

Aphid-borne (SCV,  
SMYEV, SMoV, SVBV)

+ +

Leafhopper-borne +
Nematode-borne (ArMV,  

RpRSV, SLRV, TBRV)
+

Virus and virus-like agents not present in the EPPO region or of minor importance that may optionally be tested

SPMYEV + +
Strawberry latent C +
Leafhopper-borne virus + +
Nematode-borne (ToRSV) + +
StCFV + +
Leaf roll, witches’ broom + +
Multiplier plant +
Feather-leaf + +
SPaV + +
SNSV + + +
BPYV, FClCV, ClLV, ApMV +

SCV, strawberry crinkle virus; SMYEV, strawberry mild yellow-edge virus; SMoV, strawberry mottle virus; SVBV, strawberry 
vein banding virus; ArMV, Arabis mosaic virus; RpRSV, raspberry ringspot virus; SLRV, strawberry latent ringspot virus; 
TBRV, tomato black ring virus; SPMYEV, Strawberry pseudo mild yellow-edge virus; ToRSV, tomato ringspot virus; StCFV, 
chlorotic fleck virus; SPaV, strawberry pallidosis-associated virus; SNSV, strawberry necrotic shock virus; BPYV, beet pseudo 
yellows virus; FClCV, Fragaria chiloensis cryptic virus; ClLV, Fragaria chiloensis latent virus; ApMV, apple mosaic virus.
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Table 9.4.  Suggested tolerances in visual inspection for strawberry pests at different stages of certification 
(From OEPP/EPPO, 1994.)

Microorganism

Incidence (%)

Nuclear  
stock

Propagation  
stock I

Propagation  
stock II

Commercial 
nursery

Bacteria Xanthomonas fragariae 0 0 0 0
Oomycetes Phytophthora cactorum 0 0 0 1

Phytophthora fragariae  
var. fragariae

0 0 0 0

Fungi Colletotrichum acutatum 0 0 0 0
Verticillium dahliae and  

V. albo-atrum
0 0 0 2

Rhizoctonia fragariae 0 0 0 1
Arthropods Chaetosiphon fragaefolii 0 0 1 1

Phytonemus pallidus  
fragariae

0 0 0 0.1

Nematodes Aphelenchoides spp. 0 0 0 0
Ditylenchus dipsaci 0 0 0 0
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10.1.  Introduction

10.1.1.  Modern strawberry, a domesticated 
species for production

Over the centuries, men have cultivated 
different species of the genus Fragaria for 

strawberry production. The genus Fragaria 
belongs to the family Rosaceae and con-
sists of more than 28 species, including 
several subspecies (Garrido et al., 2011). 
More than 300 years ago, species such as 
Fragaria chiloensis, Fragaria virginiana, 
Fragaria vesca and Fragaria moschata were 
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cultivated across the world for strawberry 
production. Progressively, these species 
were subjected to a ‘domestication’ pro-
cess and became adapted to different cli-
matic regions, developing resistance to 
regional pests and leading to special fruit 
characteristics, resulting in the develop-
ment of new species and subspecies (http://
www.juntadeandalucia.es/organismos/
agriculturapescaydesarrollorural.html). 
The modern strawberry species Fragaria × 
ananassa is the most evident result of 
these processes. This species was devel-
oped in France around the middle of the 
18th century, by crossing of Fragaria vir-
giniana Duchesne (from North America) 
and Fragaria chiloensis Duchesne (from 
South America). After several rounds of 
crossing between hybrids, a plant similar 
to the modern Fragaria  × ananassa was 
obtained. This new species, a hybrid, de-
veloped larger, more fragrant and tastier 
red berries, and showed a great capacity 
for regional adaptation (Maas, 1998). Due 
to these characteristics, this new species 
replaced the old ones, especially after it 
was introduced to America and the rest of 
Europe. Over several decades, F. × ananas-
sa became the most important species 
commercially and is now predominantly 
cultivated for strawberry production world-
wide (Garrido et al., 2011).

Fragaria  ×  ananassa shows a high 
level of regional adaptation due to the 
phenotypic plasticity of its plants. As the 
original hybrid plants were widely culti-
vated in different continents, and in more 
than 50 countries, the regional environ-
mental pressures led to the development 
of new cultivars. Photoperiod, tempera-
ture, humidity, composition of the sub-
stratum, ease of obtaining nutrients and 
the presence of pathogens were some of 
the different environmental characteristics 
that contributed to the appearance of dif-
ferent cultivars. Although it is difficult to 
know the exact number of cultivars pre-
sent in the world, only a dozen of them 
constitute the most common varieties used 
for world strawberry production (Garrido 
et al., 2009a).

10.1.2.  Economic importance of world 
strawberry production

The Statistical Office of The Food and Agri-
culture Organization (FAO) has released es-
timates of crop production in the world, 
classified by commodities × country or by 
countries  ×  commodity (http://faostat.fao.
org). The FAO estimated that the annual 
world production of strawberry exceeded 
7,700,000  t in 2014. This data represented 
an increase of almost 1,200,000  t in com-
parison with 2010 (FAO, 2010–2014). 
Fragaria  × ananassa is cultivated in more 
than 70 countries, with Asia and the Americas 
being the major producers of strawberry, ac-
counting for 49.7 and 25.2%, respectively 
(FAO, 2010–2014). The European Union 
(EU) is third, with 19.2% of world straw-
berry production. Between 2010 and 2014, 
China increased its strawberry production, 
and is currently the country with the high-
est level of production, with an average of 
2,600,000  t per year, relegating the USA, 
traditionally the most important producer, 
to second place with only half the produc-
tion level of China at 1,300,000  t. In the 
USA, production is concentrated mainly in 
three states, California, Florida and Oregon, 
in decreasing order of importance. In the 
EU, Spain is the most important country, 
with an average production between 2010 
and 2014 of 285,000 t. Spanish production 
is concentrated in the provinces of Huelva 
and Cádiz in the south-west of Spain, with a 
total cultivated area of approximately 7000 ha 
(FAO, 2010–2014).

10.1.3.  Pathogen incidence in strawberry 
production

Strawberry plants, like other commercial 
crops, can be damaged by environmental, 
genetic and biological factors, either dir-
ectly or by interactions between these fac-
tors (Garrido et al., 2011). These strawberry 
health problems lead to significant eco-
nomic losses to the growers and producer 
countries. Environmental factors causing 
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damage to the cultivars can be minimized 
by creating good agricultural practice facil-
ities. Strawberry plants are affected by 
arthropods, nematodes, fungi, bacteria and 
viruses. These cause considerable financial 
losses, running into hundreds of millions of 
dollars/euros per year (FAO, 2008–2013) 
(http://www.juntadeandalucia.es/organismos/
agriculturaypesca.html).

There are several governmental agen-
cies dedicated to preventing the spread of 
pathogens during international trade. The 
two major global agencies are the FAO and 
the European and Mediterranean Plant Pro-
tection Organization (EPPO). The EPPO is 
an intergovernmental organization, with 
50 member countries, responsible for co-
operation in plant protection in Europe 
and the Mediterranean region (http://www.
eppo.org). This organization has the aim of 
helping its member countries prevent the 
entry or spread of dangerous pests. For this 
purpose, EPPO identifies pests, makes pro-
posals on the phytosanitary measures that 
could be taken, and makes available several 
standards on Pests Risk Analysis databases. 
Since the 1970s, this organization has peri-
odically published several pest lists that in-
clude: ‘List of pests recommended for 
regulation as quarantine pests’ (A1 and A2 
list), ‘Action List’, ‘Alert List’ and ‘List of in-
vasive alien plants’ (Capote et al., 2012). In 
response to the lists and reports published 
by this organization, the member countries 
adopt various different phytosanitary meas-
ures and plant protection programmes. We 
recommend consulting the relevant one at 
the EPPO website (http://www.eppo.int/
QUARANTINE/quarantine.htm).

More than 50 different species of phy-
topathogenic fungi can infect F. × ananassa 
cultivars, but not all of them have the same 
commercial significance (Table 10.1). In re-
lation to quarantine pest lists, in recent 
years several genera of strawberry fungal 
pathogens, such as Colletotrichum acutatum, 
Botrytis cinerea and Phytophthora spp. 
have been included in the EPPO A2 list (the 
A2 list includes pests that are locally pre-
sent in the EPPO region but not widely dis-
tributed), but in the last public A2 list from 

September 2015, only Phytophthora fragar-
iae (specific for strawberry), Verticillium 
dahliae, Verticillium albo-atrum and Fusar-
ium oxysporum were included (EPPO, 
2015). This is not good news, as it implies 
that Colletotrichum acutatum and B. cinerea 
are currently widespread throughout Europe. 
It has therefore become more important to 
conduct studies on these fungi, as well as 
making an effort to control the spread of 
Phytophthora spp. and Verticillium spp. in 
the EPPO region.

10.2.  The Main Fungal Pathogens of 
Strawberry

Strawberry plants are affected by a large 
number of diseases caused by fungi, bacteria, 
viruses, nematodes and arthropods. These 
pathogens cause damage on the leaves, roots, 
crowns and fruits. Susceptibility of the host 
plant, the particular pathogen and favour-
able environmental conditions (temperature, 
moisture) are the three main factors neces-
sary for the initiation and development of 
plant disease. In the cultivated strawberry 
(F. × ananassa), each cultivar differs in its 
susceptibility to different pathogens and to 
their races or pathotypes. These races are 
not evenly distributed around the world, 
and are often present only in specific straw-
berry crop regions. Therefore, the damage 
caused in strawberry crops and the eco-
nomic losses generated are of different 
scales for each region (Maas, 2004).

The American Phytopathological Society 
(APS) is the premier society dedicated to 
the study and control of plant diseases. The 
APS has published significant breakthroughs 
in plant pathology, mycology, virology, bac-
teriology, nematology and related disciplines 
for more than 100 years. APS members have 
been responsible for publishing a list of the 
most common types of damage affecting 
more than 100 crops, including strawberry 
cultivation (http://www.apsnet.org/publica-
tions/commonnames/Pages/Strawberry.
aspx). This list includes more than 67 spe-
cies of fungal pathogens (Table 10.1), of 
which 47 species belong to the phylum 
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Table 10.1.  Strawberry fungal pathogens.

Genus Species Strawberry disease Referencea

Alternaria alternata Black leaf spot Miyamoto et al. (2009)
tenuissima Alternaria fruit rot Shafique et al. (2009)

Armillaria mellea Armillaria crown rot and root rot Prodorutti et al. (2009)
Aspergillus niger Aspergillus fruit rot Chiotta et al. (2009)
Botrytis cinerea Botrytis rot fruit; grey mould Vallejo et al. (2002)
Cladosporium spp. Cladosporium fruit rot Ruiz-Moyano et al. (2009)
Cercospora fragariae Cercospora leaf spot Maas et al. (1998)

vexans Cercospora leaf spot Maas et al. (1998)
Colletotrichum acutatum Anthracnose on leaves and fruit, 

crown rot and black spot
Garrido et al. (2009a)

gloeosporioides Anthracnose on leaves and fruit, 
crown rot and black leaf spot

Chung et al. (2010)

fragariae Anthracnose on leaves and fruit; 
crown rot and black spot

Ortega-Morales et al. 
(2009)

Coniothyrium fragariae Black root rot Douglas Gubler and 
Converse (1993)

fuckelli Black root rot Pertot et al. (2012)
Cylindrocarpon destructans Root rot Martin et al. (2002)
Diplocarpon earlianum Leaf scorch Whitaker et al. (2009)
Fusarium oxysporum Fusarium wilt Avis et al. (2009)

sambucinum Fruit blotch Hunter et al. (1974)
Gnomonia comari Leaf blotch; stem end rot Morocko et al. (2007)
Hainesia lythri Black root rot; Hainesia leaf spot Douglas Gubler and 

Converse (1993)
Idriella lunata Idriella root rot Maas et al. (1998)
Macrophomina phaseolina Macrophomina leaf blight Maas et al. (1998)

Macrophomina root rot Javaid et al. (2009)
Mucor hiemalis Mucor fruit rot Hauke et al. (2004)

mucedo Mucor fruit rot Hauke et al. (2004)
piriformis Mucor fruit rot Hauke et al. (2004)

Mycosphaerella fragariae Purple leaf spot; black  
seed disease

Ehsani-Moghaddam  
et al. (2006)

louisianae Purple leaf spot Maas et al. (1998)
Olpidium brassicae Olpidium root infection Douglas Gubler and 

Converse (1993)
Pestalotia longisetula Pestalotia fruit rot Maas et al. (1998)
Penicillium cyclopium Penicillium fruit rot Gutierrez et al. (2009)

expansum Penicillium fruit rot Liu et al. (2007)
frequentans Penicillium fruit rot Redondo et al. (2009)
purpurogenum Fruit rot; fruit blotch Redondo et al. (2009)

Peronospora potentillae Downy mildew; fruit blotch Choi et al. (2009)
Phytophthora bisheria Root rot Abad et al. (2008)

cactorum Leather rot of fruit; Phytophthora 
crown and root rot

Nicastro et al. (2009)

citricola Phytophthora crown and root rot Haesler et al. (2008)
citrophthora Leather rot; Phytophthora  

crown and root rot
Kong et al. (2009)

cyptogera Root rot Abad et al. (2008)
fragariae Red stele, red core and root rot Nicastro et al. (2009)
megasperma Crown rot Abad et al. (2008)
nicotianae Leather rot; Phytophthora  

crown and root rot
Böszörményi et al. (2009)

Continued
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Ascomycota, ten to the Oomycota, four to 
the Basidiomycota, one to the Chytridiomy-
cota and five to the Zygomycota. Several 
species of fungi are capable of causing dam-
age to more than one part of the strawberry 
plant (leaf, root, crown and/or fruit), 
whereas other species affect only a specific 
part of the plant; for example, Colletotri-
chum acutatum causes anthracnose on 
leaves and fruits, crown rot and black spot, 

while B. cinerea causes damage to the fruit 
only (Table 10.1).

Various fungi invade the primary roots 
and attack/destroy secondary roots, limiting 
the plant’s ability to take up water and nutri-
ents. Leaf pathogens cause various injuries or 
overwinter in dead leaves and petioles, and 
form spores. These spores are disseminated 
by wind and/or rain and irrigation water, and 
initiate new infections. Fruit can be affected 

Genus Species Strawberry disease Referencea

Phoma lycopersici Leaf stalk rot Maas et al. (1998)
terrestris Grey sterile fungus root rot Douglas Gubler and 

Converse (1993)
Phomopsis obscurans Phomopsis leaf blight Nita et al. (2003)
Pichia membranefaciens Postharvest rot Douglas Gubler and 

Converse (1993)
subpelliculosa Postharvest rot Douglas Gubler and 

Converse (1993)
Pythium ultimum Black root rot Triky-Dotan et al. (2009)
Rhizoctonia fragariae Black root rot; anther and  

pistil blight;
Lamondia et al. (2005)

solani Hard brown rot; Rhizoctonia  
leaf blight

Chiba et al. (2009);  
Liu et al. (2009)

Rhizopus stolonifer Rhizopus rot Maas et al. (1998)
sexualis Rhizopus rot Maas et al. (1998)

Rosellinia necatrix Dematophora crown and  
root rot (white root rot)

Pliego et al. (2012)

Saccharomyces cerevisiae Postharvest rot Douglas Gubler and 
Converse (1993)

kluyveri Postharvest rot Douglas Gubler and 
Converse (1993)

Schizoparme straminea Fruit blotch Douglas Gubler and 
Converse (1993)

Sclerotinia sclerotiorum Sclerotinia crown and fruit rot Ren et al. (2010)
Sclerotium rolfsii Sclerotium rot; southern blight;  

fruit blotch
Errakhi et al. (2009)

fragariae Septoria hard rot and leaf spot Maas et al. (1998)
Septoria aciculosa Septoria leaf spot Maas et al. (1998)

fragariaecola Septoria leaf spot Maas et al. (1998)
Sphaeropsis malorum Fruit blotch Douglas Gubler and 

Converse (1993)
Sphaerotheca macularis Powdery mildew Davik et al. (2005)
Stagonospora fragariae Stagonospora hard rot Maas et al. (1998)
Verticillium albo-atrum Verticillium wilt Larsen et al. (2007)

dahliae Verticillium wilt Costa et al. (2007)
Zygosaccharomyces bailli Postharvest rot Douglas Gubler and 

Converse (1993)
florentinus Postharvest rot Douglas Gubler and 

Converse (1993)

aRelevant publications from authors working with the pathogen in the plant pathology field.

Table 10.1.  Continued.
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by a large number of genera of fungi, with 
B. cinerea, Phytophthora cactorum and 
Colletotrichum spp. being the major straw-
berry fruit disease problems worldwide, re-
sulting in the greatest fruit losses. These also 
account for the highest amounts of fungicide 
use for strawberry fruit protection.

10.2.1.  Botrytis cinerea

B. cinerea Pers.: Fr. is a phytopathogenic 
ascomycete that causes grey mould in more 
than 200 crop species worldwide, without 
any apparent host specificity. In strawberry, 
this pathogen is the cause of the disease 
known as ‘Botrytis rot fruit’ (Table 10.1), 
which causes tremendous losses in the field 
(expected 80–90% loss of both flowers and 
strawberries) during rainy and cloudy 
periods, just before or during harvest and 
storage. This necrotrophic fungus attacks dif-
ferent organs, such as shoots, leaves, flowers 
and fruit, and is more destructive on mature 
or senescent tissue, but usually gains entry to 
such tissues at the flowering stage. Flowers 
are usually infected during blossoming, and 
the pathogen then enters the young fruits at a 
very early stage of their development. It re-
mains latent for a considerable period before 
rapidly decomposing the tissues when envir-
onmental factors, such as relative humidity, 
and fruit physiology are optimal. The fungus 
infects the fruit, causing it to become de-
formed, dried out, dark and rapidly covered 
with a powdery layer of spores, which gives 
a grey appearance. In general, strawberries 
that are in contact with the ground or with 
another rotten strawberry or dead leaves in 
dense foliage are the ones that are commonly 
affected by this phytopathogenic fungus.

The long latency period of the pathogen 
from early infection until symptoms appear 
makes grey mould control very difficult. 
Therefore, the most common method used 
to control the infection and its spread has 
been the regular application of fungicides 
throughout flowering. Another alternative is 
the use of cultivars resistant to grey mould. 
The genetic resistance in strawberry to  
Botrytis infection appears to be multigenic 
and has a very low general combining ability. 

There has been little success in breeding and 
selecting cultivars resistant to this disease 
(Maas, 2004). A recent study determined the 
resistance of new cultivars, currently grown 
in Florida, and advanced selections from the 
University of Florida’s breeding programme 
to Botrytis fruit rot (Seijo et al., 2008). The 
results demonstrated that the cultivars 
‘Camarosa’, ‘Florida Radiance’, ‘Florida Elyana’ 
and advanced selections 99-117 and 99-164 
showed good levels of resistance, whereas 
‘Camino Real’, ‘Ventana’, ‘Treasure’, ‘Candonga’, 
‘Strawberry Festival’ and ‘Sweet Charlie’ 
were more susceptible. The major difficulty 
encountered in the fight against this disease 
is the lack of natural genetic resistance to grey 
mould in strawberry germplasm, making un-
successful all attempts to incorporate toler-
ance to this disease into strawberry lines.

The development of biotechnology has 
provided new opportunities to enhance dis-
ease resistance for strawberry breeding. 
Vellicce et al. (2006) obtained transformed 
strawberry plants (cultivar ‘Pájaro’) using 
three defence-related genes: ch5B, encoding 
a chitinase from Phaseolus vulgaris; and 
gln2 and ap24, encoding a glucanase and a 
thaumatin-like protein, respectively, both 
from Nicotiana tabacum. The results showed 
that constitutive expression of the bean ch5B 
gene in this strawberry cultivar was an ef-
fective strategy to provide protection against 
B. cinerea. The authors concluded that the 
same methodology could be used to intro-
duce resistance into F. × ananassa germplasm. 
Other studies on transformation of straw-
berry plants using Agrobacterium-mediated 
transformation have resulted in the develop-
ment of transgenic lines expressing glucose 
oxidase (Jin et al., 2005) and thaumatin-like 
proteins (Schestibratov and Dolgov, 2005). 
Both of these transgenic strawberry lines 
showed a significantly higher level of resist-
ance to grey mould.

10.2.2.  Colletotrichum spp.

Colletotrichum spp. comprises a diverse 
range of important phytopathogenic fungi 
that cause pre- and postharvest crop losses 
worldwide. Three species have been reported 
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as causal agents of strawberry (F. × ananas-
sa) anthracnose: Colletotrichum acutatum, 
C. fragariae and C. gloeosporioides (tele-
morph, Glomerella cingulata) (Denoyes-Roth-
an et al., 2003) (Table 10.1), which can infect 
strawberry plants in nurseries, field produc-
tion, or during harvest and storage of fruits. 
All three species can be found on all parts of 
the plant (Denoyes-Rothan et al., 2003), al-
though C. fragariae and C. gloeosporioides 
are the principal causal agents of anthrac-
nose crown rot, whereas Colletotrichum 
acutatum has been well documented as the 
principal causal agent of anthracnose fruit 
rot, also known as black spot (Mertely and 
Legard, 2004).

The worldwide distribution of the three 
species may vary. In the USA, C. gloeospori-
oides and C. fragariae have been described 
as causing severe losses, mainly in the south-
east region (Florida), while Colletotrichum 
acutatum is the major species present in the 
south-west (California). However, in Europe, 
anthracnose is most often caused by Colle-
totrichum acutatum. The strawberry an-
thracnose symptoms produced are similar 
and occur most commonly on runners, 
flowers and fruits. In the fruit, the fungus 
causes circular lesions, which are firm and 
sunken and become black spots on mature 
fruit (Garrido et al., 2008). Within the crown 
tissue, Colletotrichum spp. cause red-brown 
discoloration and necrosis of the fruits (Gar-
rido et al., 2008; Smith, 2008), or even the 
wilting of infected plants during periods of 
moisture stress, such as early afternoon in 
the summer. Under environmental condi-
tions that favour infection, this process may 
continue for several days until the crown 
infection is extensive and causes the entire 
plant to wilt and die.

To colonize the host, these fungi develop 
many specialized infection structures, in-
cluding germ tubes, appresoria, intracellu-
lar hyphae and secondary necrotrophic 
hyphae. The infection begins when the co-
nidia adhere to plant surfaces, produce 
germ tubes and then continue forming ap-
presoria, which penetrate the cuticle dir-
ectly (Curry et al., 2002). The pathogen 
grows beneath the cuticle by forming a sub-
cuticular intramural network of hyphae 
before spreading throughout the tissue. 

In  the case of C. gloeosporioides, the pro-
cess continues with the formation of sec-
ondary necrotrophic hyphae, which kill 
plant cells by using cellular debris as nutri-
ents (Bailey et al., 1992).

Control of anthracnose can be difficult, 
as few available fungicides are effective 
against anthracnose of strawberry; once an 
epidemic of anthracnose fruit rot begins in a 
susceptible cultivar, it is nearly impossible 
to control (Maas, 2004). The prospects for 
developing cultivars resistant to anthrac-
nose are relatively good. Although the 
genetics of anthracnose resistance are 
complicated, gains from recurrent selection 
have been possible because of the high 
broad-sense heritability estimates for resist-
ance (Maas, 2004). Currently, only a few re-
sistant cultivars are available. In the work 
performed by Seijo et al. (2008), the culti-
vars ‘Sweet Charlie’, ‘Ruby Gem’, ‘Florida 
Elyana’ and ‘Florida Radiance’ proved to be 
the most resistant; ‘Strawberry Festival’ and 
advanced selection 99-117 were intermedi-
ate in susceptibility; and ‘Albion’, ‘Camarosa’, 
‘Camino Real’, ‘Ventana’, ‘Candonga’ and 
‘Treasure’ were susceptible/highly suscep-
tible. Transformation of strawberry plants 
using Agrobacterium-mediated transform-
ation has shown that expression of a β-1,3- 
glucanase gene, isolated from the antagonist 
soil fungus Trichoderma harzianum, in 
strawberry enhanced anthracnose resist-
ance (Mercado et al., 2007).

10.2.3.  Fusarium oxysporium

Within the genus Fusarium, two species 
have been described, Fusarium oxysporium 
and Fusarium sambucinum (Table 10.1), that 
are capable of causing significant damage to 
strawberry plants. Fusarium oxysporium is 
the main cause of the disease called Fusar-
ium wilt, while Fusarium sambucinum is re-
sponsible for the disease called fruit blotch 
and the root rots or storage rot. However, it is 
Fusarium oxysporum that is the major cause 
of economic loss in the cultivation of straw-
berries, and therefore there have been a 
greater number of studies about its biological 
and morphological description, mode of 
infection and pathogen control.
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The ascomycete Fusarium oxysporium 
causes disease on many economically im-
portant crop species. This cosmopolitan 
soilborne fungus is considered a normal 
constituent of the fungal rhizosphere com-
munity of plants (Fravel et al., 2003). Propa-
gules of the pathogen can survive for long 
periods in soil organic matter or the rhizo-
sphere of many plant species (Fravel et al., 
2003), which may serve as the primary in-
oculum for other susceptible hosts. The fun-
gus penetrates strawberry plants through 
the roots, colonizes the root cortex and then 
grows into the xylem, disrupting water 
transport throughout the plant. This leads 
to the typical symptoms of reddish-brown 
discoloration on the crown, drying and 
early senescence of mature leaves, followed 
by stunting and wilting of the entire plant. 
In addition, transplants are infected through 
runners from infected mother plants (Nam 
et al., 2009).

Wilt-inducing isolates of Fusarium ox-
ysporium are host-specific fungal pathogens 
and have been divided into more than 120 
different formae speciales (f. sp.) based on 
their host specificity (Fravel et al., 2003). 
Among these, Fusarium oxysporium f. sp. 
fragariae is the specific pathogen respon-
sible for the wilt of strawberry. Fusarium 
oxysporium f. sp. fragariae has been re-
ported from strawberry-producing regions 
throughout the world, including Australia, 
Korea, China, Spain and the USA (Fang et al., 
2012). Traditionally, management of Fusar-
ium wilt on strawberry plants has been 
mainly through chemical soil fumigation; 
however, the most cost-effective and envir-
onmentally sustainable strategy is the use of 
resistant cultivars. The successful develop-
ment and deployment of resistant cultivars 
requires an understanding of the defence 
responses of strawberry against Fusarium 
oxysporium f. sp. fragariae, which remain 
poorly understood (Fang et al., 2013). Major 
gene resistance has provided effective con-
trol of Fusarium wilt in many crops, al-
though the durability of resistance has been 
variable, with the emergence of new patho-
genic resistant races (Islas, 2012). Fang et al. 
(2012) has reported that the strawberry cul-
tivar ‘Camarosa’ is the most susceptible 

cultivar to Fusarium oxysporium f. sp. 
fragariae, while ‘Festival’ is the most resist-
ant cultivar. The development of strawberry 
cultivars resistant to Fusarium wilt is cur-
rently one main focus area in the University 
of California strawberry breeding pro-
gramme (Islas, 2012).

10.2.4.  Phytophthora spp.

The oomycete genus Phytophthora com-
prises fungus-like organisms; it includes 
more than 80 species and harbours a group 
of important plant pathogens, capable of 
causing considerable economic losses to 
food crops and ornamentals. Of these, at 
least eight species (Table 10.1) have been 
isolated from the roots, crowns, stolons and 
fruits of affected strawberry plants in differ-
ent regions of the world (Abad et al., 2008). 
Species of Phytophthora associated with 
strawberry include Phytophthora bisheria, 
Phytophthora cactorum, Phytophthora cit-
ricola, Phytophthora citrophthora, Phytoph-
thora cryptogea, Phytophthora fragariae var. 
fragariae, Phytophthora megasperma and 
Phytophthora nicotianae. The species Phy-
tophthora cactorum and Phytophthora fragar-
iae var. fragariae are the most important 
pathogens and occur in almost all countries 
where strawberry is cultivated.

Phytophthora cactorum has been re-
ported as the causal agent of more than 
200 plant species diseases from over 60 
different families (Eikemo et al., 2004). In 
strawberry, it causes leather rot of the fruit, 
stem and crown, and root rot (Abad et al., 
2008). These diseases have been described 
in the USA and other temperate to subtrop-
ical regions. In general, Phytophthora cac-
torum has a wide host range; however, not 
all strains are able to infect all host species. 
Phytophthora cactorum isolated from 
strawberry crowns has been shown to be 
genetically very uniform and has been sug-
gested to originate from a single clone, at 
least within the EU (Chen et al., 2011). The 
analysis of microsatellites of Phytophthora 
cactorum from strawberry showed that lea-
ther rot of strawberry fruit and crown rot are 
not caused by genetically different strains of 
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the species (Hantula et al., 2000). Eikemo 
et  al. (2004) discovered than none of the 
Phytophthora cactorum isolates from other 
hosts could cause crown rot symptoms in 
strawberry. Therefore, the causal agent of 
crown rot is often referred to as a distinct 
pathotype of Phytophthora cactorum, as it 
cannot be distinguished morphologically 
from leather rot (Hantula et al., 2000). Infec-
tion usually occurs during warm periods 
with prolonged wetness. Symptoms typic-
ally develop during early to mid-summer. 
The youngest leaves turn bluish green and 
often wilt suddenly; wilting quickly spreads 
to the entire plant, which collapses and 
dies, typically within a few days.

Red stele root, caused by Phytophthora 
fragariae var fragariae, was first observed in 
Scotland and is generally most severe in 
areas with cool and moist climates. There 
are no known natural hosts other than 
strawberry and loganberry, although artifi-
cial infection of other hosts has been pos-
sible. Symptoms usually appear on the 
upper parts of plants that come under stress 
in late spring or early summer, especially in 
low-lying wet areas. They may die just be-
fore fruiting or may produce a few small 
fruits. Younger leaves can have a blue-green 
coloration, while older ones turn yellow or 
red. In the root, there is a reddish discolor-
ation of the steles, which occurs when the 
soil is cool, and the root later starts to rot 
from the tip upwards. Plants with severe 
root rot are often stunted and may wilt in 
hot weather.

The control of diseases caused by Phy-
tophthora spp. is often difficult due to the 
release into the soil of resistant perennating 
structures, oospores and/or chlamydo-
spores. Traditionally, Phytophthora spp. 
have been controlled by pre-plant soil fumi-
gation or applying fungicides or mixtures of 
the two. Soil fumigation may reduce the in-
oculum in the soil but may not eradicate the 
fungus, and the use of fungicides has led to 
development of resistant strains (Maas, 
2004). The use of resistant cultivars is by far 
the most reliable way to avoid root rot and 
crown rot problems. Many cultivars are 
available in North America and Europe that 
are resistant to this disease. In the case of 

cultivars resistant to Phytophthora fragariae 
var fragariae, there exists a race-specific 
resistance to the simpler races. Thus, most 
strawberry breeding programmes have con-
centrated on incorporating resistance against 
multiple races and have extended the range 
of useful cultivars that can be planted in 
sites infested with multiple races of this 
pathogen. This has been complicated in the 
past because the nature of genetic resistance 
was largely unknown and crossing two red 
stele-resistant parents often gave unpredict-
able results. However, recent studies have 
shown that the control of resistance and 
pathogenicity involves at least five genes for 
resistance (Maas, 2004).

10.2.5.  Verticillium spp.

Verticillium is a genus of fungi belonging to 
the phylum Ascomycota, and causes wilt of 
over 300 plant species. Two Verticillium 
spp., Verticillium dahliae and Verticillium 
albo-atrum (Table 10.1) cause enormous 
economic losses in the cultivation of straw-
berries because they cause vascular diseases 
in the plants (Bhat and Subbarao, 1999). 
These soilborne plant pathogens are distrib-
uted throughout the world. Verticillium 
fungi overwinter in soil and plant debris as 
dormant mycelium or microsclerotia. When 
the conditions are favourable, the micro-
sclerotia germinate and the hyphae may 
penetrate the root hairs directly, but infec-
tion is aided by breaks or wounds in the 
rootlets. Once inside the root, the fungus in-
vades and destroys the xylem, resulting in 
reduced water uptake by the plant, causing 
the plants to wilt and wither. The symptoms 
produced by this pathogen vary depending 
on the susceptibility of the cultivar and can-
not easily be differentiated from those for 
red stele or black root rot. The initial symp-
toms appear rapidly, when a sudden onset 
of high temperatures, high light intensity or 
drought interrupt mild conditions. Verticil-
lium wilt tends to be most severe in plants 
that are already fruiting, and symptoms may 
continue throughout the summer and au-
tumn. When the infection is established, the 
leaves droop, wilt, turn dry and become 
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reddish-brown or dark yellow at the edges 
and between the veins. The strawberry 
plants are stunted and flattened with 
small yellowish leaves due to lack of water. 
Brown-bluish black streaks or smears may 
appear on runners and leaf petioles. The 
new roots growing from the crown often be-
come overshadowed with blackened tips 
and the inside of the crown may appear to 
have brownish stripes.

Excellent long-range control of Verticil-
lium wilt has been obtained by pre-plant 
soil fumigation or by the use of resistant 
strawberry cultivars. Several old and new 
cultivars are available that are moderately 
to highly resistant to Verticillium wilt.  
The transformation of strawberry cultivars  
using Agrobacterium-mediated transform-
ation protocol has also been successful. 
Chalavi et al. (2003) carried out the trans-
formation of ‘Joliette’ strawberry with a 
chitinase gene (pcht28) from Lycopersicon 
chilense. In growth chamber studies, they 
observed that the transgenic strawberry 
plants that expressed pcht28 had signifi-
cantly higher resistance to V. dahliae.

10.2.6.  Other genera

As well as the above-discussed fungal 
pathogens, there are other types of fungi 
capable of causing damage to the fruit, 
crown and root of strawberry plants whose 
incidence in the field is much smaller, and 
therefore the economic losses in strawberry 
cultivation are lower. Within the genera of 
fungi responsible for damage to the fruit are 
Rhizoctonia fragariae (anther and pistil 
blight), Mycosphaerella fragariae (black 
seed disease) and Sclerotinia sclerotiorum 
(sclerotinia fruit rot). This group of fungi 
vary widely in severity of disease, and no 
specific control measures have been devel-
oped against them, although pre-plant soil 
treatment and cultivation practices, such as 
mulching and removal of plant debris, may 
help to minimize their incidence. Others, such 
as Gnomonia comari (stem end rot), Pestalo-
tia longisetula (Pestalotia fruit rot), Alter-
naria spp. (Alternaria rot) and Cladosporium 
spp. (Cladosporium rot), Aspergillus niger 

(Aspergillus rot), and Stagonospora fragariae 
(Stagonospora hard rot) are of less commer-
cial importance. Lastly, there is one group 
of filamentous fungi that are especially im-
portant because they cause postharvest 
losses to strawberry in storage. This group 
includes Rhizopus stolonifer and Rhizopus 
sexualis (Rhizopus rot); Mucor mucedo, Mu-
cor piriformis and Mucor hiemalis (Mucor 
fruit rot); Penicillium cyclopium, Penicil-
lium frequentans, Penicillium expansum 
and Penicillium purpugenum (Penicillium 
fruit rot). Additionally, some yeasts also 
cause damage at postharvest, such as Sac-
charomyces cerevisiae, Saccharomyces 
kluyveri, Pichia membranifaciens, Pichia 
subpelliculosa, Zygosaccharomyces bailii 
and Zygosaccharomyces florentinus (Doug-
las Gubler and Converse, 1993). The im-
portance of these pathogens in causing 
postharvest rot has been substantially re-
duced by modern storage and shipping 
methods (Maas, 1998).

The crowns and roots of strawberry 
plants may be also attacked by other fungi 
(Table 10.1), with less serious commercial 
consequences. These include Armillaria 
mellea (Armillaria root and crown rot), Co-
niothyrium fragariae and Coniothyrium 
fuckelli (black root rot), Cylindrocarpon de-
structans (root rot), Dematophora necatrix 
(Dematophora root and crown rot), Haine-
sia lythri (black root rot), Idriella lunata (Id-
riella root rot), Macrophomina phaseolina 
(Macrophomina root rot), Phoma lycopersi-
ci (leaf stalk rot) and Phoma terrestris (grey 
sterile fungus root rot), Rosellinia necatrix 
(white root rot) and Sclerotinia sclerotio-
rum (Sclerotinia crown rot) (Douglas Gubler 
and Converse, 1993; Agrios, 2011)

The genus Pythium spp., especially the 
species Pythium ultimum, is the most wide-
spread strawberry root pathogen favoured 
by cool climates. This species has been 
shown to be a major cause of black root rot 
disease. Pythium spp. are not only straw-
berry pathogens; they can attack many other 
crops, both annual and perennial. In straw-
berry, Pythium spp. destroy juvenile root 
tissue, such as feeder rootlets. Control of 
Pythium spp. is effective with the applica-
tion of chloropicrin mixtures.
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Two other species that are able to kill 
structural roots as well as feeder rootlets of 
strawberries are Rhizoctonia solani and 
Rhizoctonia fragariae. Lesions on young 
roots are reddish-brown at first, and darken 
with age. The infected crowns show in-
ternal brown discoloration of basal tissues 
and frequently collapse and die. Tradition-
ally, these diseases have been controlled by 
fumigating the soil prior to planting (Garrido 
et al., 2010).

The leaf of the plant is also an organ 
that can be affected by fungal pathogens. 
There are at least 19 species that cause leaf 
damage, some only occasionally, depending 
on the susceptibility of cultivar and envir-
onmental conditions (Table 10.1). When 
enough leaf tissue has been destroyed by 
disease, the plant is weakened, and in such 
cases, the plant is more subject to winter in-
jury. Additionally, the pathogens that cause 
these diseases on leaves can infect the ber-
ries, causing quality problems or even loss 
of fruits. Alternaria alternata (Alternaria 
black leaf spot), Colletotrichum acutatum, 
Colletotrichum gloeosporioides and Colle-
totrichum fragariae (anthracnose leaf spot 
and irregular leaf spot); Diplocarpon earlia-
num (leaf scorch), Mycosphaerella fragariae 
(leaf spot), Phomopsis obscurans (Phomop-
sis leaf blight), Rhizoctonia solani (Rhizoc-
tonia leaf blight) and Sphaerotheca macularis 
(powdery mildew) are fungi causing lesions 
on the leaves. These diseases occur on 
strawberry plants in all areas of the world, 
from temperate climates to subtropical and 
tropical regions. The major effect of these 
pathogens is the progressive destruction of 
the foliage, which may weaken plants and 
reduce yields. Some pathogens cause very 
distinctive leaf symptoms; for example, 
Sphaerotecha macularis forms white 
patches of mycelium on the abaxial surface 
of the leaf. Other species cause similar, even 
identical symptoms, from circular spots 
with grey centres and dark margins to ir-
regular purplish red or brown areas with 
dark reddish purple margins. It is usual in 
the literature to find incorrect identifica-
tions, and many citations confirm that 
symptoms are often confused among patho-
gens; for example, leaf scorch, caused by 

Diplocarpon earlianum is often confused 
with the symptoms of leaf spot caused by 
Mycosphaerella fragariae; and the symp-
toms produced by the latter are also wrongly 
identified as Phomopsis leaf blight caused 
by Phomopsis obscurans (Maas, 1998).

Leaves can be also attacked by fungi 
other than those discussed above, but their 
commercial importance is minor since they 
are limited to a few particular regions or 
countries and they occur only occasionally 
in strawberry. These other minor diseases of 
leaves include Gnominia comari (leaf 
blotch); Mycophaerella louisianae (purple 
leaf spot); Septoria fragariae, S. aciculosa 
and S. fragariaecola (septoria leaf spots); 
Macrophomina phaseolina (macrophomina 
leaf blight); Cercospora fragariae and 
C.  vexans (cercospora leaf spots); Scler-
otium rolfsii (sclerotium rot); and Phoma 
lycopersici (leaf stalk rot) (Maas, 1998).

10.3.  Diagnosis Methods and Field 
Monitoring of Strawberry Diseases

10.3.1.  Molecular methods applied to 
phytopathogenic fungi

Phytopathogenic fungi are able to infect any 
tissue at any stage of strawberry plant 
growth. These fungi show complex life 
cycles, including both sexual and asexual 
reproduction stages (Agrios, 2011). The bio-
logical variability of pathogenic races gives 
them the advantage of adaptation in clima-
tologically different environments, ranging 
from dry and desert zones to wet and hot 
regions. This ability to adapt allows them to 
cause disease in almost all Fragaria × anan-
assa cultivars.

The development of molecular methods 
has led to the generation of much informa-
tion about these diseases (Garrido et al., 
2009b). Traditionally, identification and 
characterization of fungi were focused on 
classical microbiological studies, but mo-
lecular methods have added to our under-
standing of these microorganisms. Molecular 
methods allow a more accurate characteriza-
tion and differentiation of phytopathogenic 
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fungi. These methods include iso-enzyme 
comparisons, restriction fragment length poly
morphism (RFLP) analyses of mitochondrial 
DNA, AT-rich analyses, random amplified 
polymorphic DNA (RAPD) analyses, genus- 
and species-specific polymerase chain reac-
tion (PCR) methods and enzyme-linked 
immunosorbent assays (ELISAs) (Garrido 
et al., 2009a, 2012).

In recent years, many changes in the 
cultural practices have taken place in the 
cultivation of crops in general, and straw-
berry in particular. The use of toxic chem-
ical compounds such as methyl bromide to 
control and prevent the appearance of 
pathogens has been progressively replaced 
by new biological, cultural and physical 
methods. These methods have led to the dis-
covery of alternative approaches to disease 
control. They have reduced the massive fu-
migant use for soil and plant treatment, re-
placing them with biocontrol agents 
(microorganisms), biofumigants and alter-
native non-persistent chemical compounds 
of biological origin.

10.3.2.  Past and present diagnosis methods

The first step in implementing appropriate 
strategies for disease management and ap-
propriate control measures requires the un-
ambiguous identification of the organism(s) 
responsible for the disease of the strawberry 
crop (Garrido et al., 2011). Because many 
fungal pathogens of strawberry produce 
similar symptoms, it is important to be able 
to distinguish between different species. 
After accurate identification of the patho-
gen, it is essential to design a correct pro-
gramme for its management. Many pathogens 
are subjected to special regulation through 
quarantine programmes agreed among pro-
ducer countries. Therefore, pathogen iden-
tification is crucial to all aspects of fungal 
diagnostics and epidemiology in the field of 
plant pathology, and also in medical sci-
ence, environmental studies and biological 
control (McCartney et al., 2003; Atkins and 
Clark, 2004). The best way forward for patho-
gen identification is to use faster methods, 

making it possible to detect diseases even 
before symptoms appear (Debode et al., 
2009; Garrido et al., 2009a).

Fungal pathogens cause diseases in 
strawberry using different reproductive 
structures, including asexual and sexual life 
cycles. Morphological characterization of 
the structures developed by fungal patho-
gens has been the basis used by researchers 
for identifying organisms to the genus/spe-
cies level, and for classifying these patho-
gens into families, orders and classes. This 
classical method has been used for the de-
tection and identification of fungal patho-
gens, including visual interpretation of 
plant symptoms, characterization of fungal 
structures and biochemical/chemical ana-
lyses. These studies have contributed much 
information, increasing our biological 
knowledge of these fungal species, but they 
have many limitations pertaining to accur-
acy and reliability in the detection/diagnosis. 
They are often time-consuming and labori-
ous methods, and the organisms themselves 
must be capable of being cultured in the la-
boratory. This fact is a significant handicap, 
because less than 1% of the microorganisms 
present in an environmental sample can be 
cultured (Lievens et al., 2005). Such clas-
sical analyses also require experienced and 
skilled laboratory staff, who need to have 
extensive knowledge of taxonomy (McCart-
ney et al., 2003).

In the past two decades, new method-
ologies based on molecular and immuno-
logical strategies have been used including 
among others: RFLP analyses of mitochon-
drial DNA (Sreenivasaprasad et al., 1992; 
Garrido et al., 2008), amplified fragment 
length polymorphism (AFLP), AT-rich 
analyses (Freeman et al., 2000), RAPD 
(Whitelaw-Weckert et al., 2007), genus- and 
species-specific PCR analysis (Mills et al., 
1992; Sreenivasaprasad et al., 1992; Martinez-
Culebras et al., 2003; Garrido et al., 2008; 
Capote et al. 2012), real-time PCR studies 
(Garrido et al., 2009a) and ELISA assays 
(Hughes et al., 1997). These techniques 
minimize the time to diagnosis and in-
crease accuracy in identification of the 
microorganisms (Atkins and Clark, 2004; 
Capote et al. 2012).
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10.3.3.  PCR alternatives applied to fungal 
diagnosis

PCR is the most important and sensitive 
technique presently available for the detec-
tion of plant pathogens. Advances in PCR 
technology have opened up alternative ap-
proaches to the detection and identification 
of strawberry fungal pathogens, even on-
site alternatives under field conditions, 
away from the laboratory, are now available, 
providing results in a short time (Capote et al. 
2012). The evolution of PCR towards real-
time PCR allows faster and more accurate 
detection and quantification of plant patho-
gens in an automated reaction. The advan-
tages of PCR techniques are the high 
sensitivity, high specificity and reliability. 
Moreover, it is not necessary to isolate the 
pathogen from the infected material, redu-
cing the diagnosis time from weeks to hours, 
and allowing the detection and identifica-
tion of non-culturable pathogens. This char-
acteristic has been especially useful in the 
analysis of symptomless plants. However, 
the frequent presence of PCR inhibitors in 
plant tissues or soil can reduce consider-
ably the sensitivity of the reactions and may 
even result in false-negative results.

The optimization of an experimental 
PCR set-up focuses on three fundamental 
steps: (i) extraction of total community DNA/
RNA from the environmental sample; (ii) se-
lection of a specific target region of the DNA/
RNA to identify the fungus; (iii) identifica-
tion of the presence of the target DNA/RNA 
region in the sample (Atkins and Clark, 2004; 
Capote et al. 2012). In recent years, many re-
search studies have been published report-
ing improvements to each of the fundamental 
steps described above, and working on some 
of the most serious fungal pathogens of straw
berry, such as B. cinerea (Suarez et al., 2005), 
Colletotrichum acutatum (Debode et al., 
2009; Garrido et al., 2009a), Colletotrichum 
gloeosporioides, Colletotrichum spp. (Gar-
rido et al., 2009a), Fusarium oxysporum 
(Lievens et al., 2003), Verticillium albo-atrum 
(Larsen et al., 2007) and Verticillium dahliae 
(Atallah et al., 2007).

The first step in PCR diagnostic ana-
lysis consists of collection of the samples 

from the plant material. This can be symp-
tomatic or non-symptomatic tissue. An effi-
cient and reliable DNA extraction method is 
then used. Commercial kits are now avail-
able for the extraction of fungal DNA from 
environmental samples such as plant tissue 
or soil, supplied by several companies (e.g. 
Dynabeads® DNA Direct from ThermoFisher 
Scientific; Soil DNA Isolation kit from Mo 
Bio Laboratories), but these kits can be 
costly and are not always totally reliable 
with respect to co-extraction of PCR inhibi-
tors. Garrido et al. (2009a) optimized a 
DNA extraction protocol that can be used 
for samples of strawberry plant material 
directly, or from fungal colonies removed 
from an agar plate. This method uses sam-
ple material physically ground using a 
grinding machine, in the presence of CTAB 
(cetyl trimethyl ammonium bromide) lysis 
buffer. Garrido et al. (2009a) demonstrated 
that this method is very reliable for extract-
ing DNA from any strawberry plant mater-
ial. The sensitivity and accuracy of PCR 
protocols depends mainly on the instru-
mentation and technique used (i.e. conven-
tional PCR versus real-time PCR), but in a 
high proportion of cases, this sensitivity 
depends on the quality of the total commu-
nity DNA/RNA extracted from the environ-
mental samples.

One disadvantage of PCR-based methods 
is the inability to discriminate viable from 
non-viable fungi or fungal structures. The 
detection of mRNA by reverse transcription 
(RT)-PCR is considered an accurate indicator 
of cell viability (Sheridan et al., 1998). In 
RT-PCR, the RNA is reverse transcribed 
using the enzyme reverse transcriptase. 
The resulting cDNA is then amplified using 
a PCR-based method. The most frequent 
application of this technique in phytopath-
ology is the analysis of plant and fungal 
gene expression during disease develop-
ment (Yang et al., 2010). Many PCR vari-
ations have been developed to improve the 
sensitivity, specificity, speed and through-
put, and to allow the quantification of the 
fungal pathogen in the plant and the envir-
onment.

A second disadvantage is the selection 
of the target DNA/RNA to amplify. Known 
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conserved genes with enough sequence 
variation are selected and a PCR diagnostic 
assay can then be designed to perform 
phylogenetic analysis. The ribosomal RNA 
(rRNA) genes are the regions that were used 
by Debode et al. (2009) and Garrido et al. 
(2009a) to develop protocols for identifica-
tion of members of the genus Colletotri-
chum, and to distinguish between the three 
species causing anthracnose in strawberry: 
Colletotrichum acutatum, Colletotrichum 
gloeosporioides and Colletotrichum fragari-
ae. These regions are the most commonly 
used DNA regions targeted to design pri-
mers for PCR-based identification and de-
tection of fungal plant pathogens, because 
of the highly variable sequences of the in-
ternal transcribed spacers, ITS1 and ITS2, 
which separate the 18S/5.8S and 5.8S/28S 
rRNA genes, respectively (Garrido et al., 
2009a). As recent examples, PCR methods 
for identification of Sclerotium rolfsii (Jeeva 
et al., 2010) and Colletotrichum capsici 
(Torres-Calzada et al., 2011) were developed 
based on specific sequences of the ITS re-
gion. Another highly variable region of the 
rRNA genes is the intergenic spacer region, 
which separates the 28S/18S rRNA genes 
(Suarez et al., 2005), but these regions have 
been less used than ITSs. Other regions are 
becoming more widely studied, for ex-
ample, sequences of the β-tubulin gene (Su-
arez et al., 2005; Atallah et al., 2007; Debode 
et al., 2009), translation elongation factor 1α 
(Geiser et al., 2004; Knutsen et al., 2004; 
Kristensen et al., 2005), calmodulin (Mulè 
et al., 2004), avirulence genes (Lievens et al., 
2007, 2008) and mitochondrial genes such 
as the multicopy cox I and cox II and their 
intergenic region (Martin and Tooley, 2003; 
Seifert et  al., 2007; Nguyen and Seifert, 
2008).

The third step in effective screening 
protocol is the detection step. Many vari-
ants of conventional PCR such as nested 
PCR and co-operational amplification (co-
PCR), multiplex PCR, PCR-ELISA, RT-PCR, 
PCR-denaturing gradient gel electrophor-
esis (PCR-DGGE) and real-time-PCR have 
been developed to improve the sensitivity, 
specificity, speed and performance, and to 
permit quantification of the plant pathogenic 

fungus. Co-PCR is a method that enhances 
sensitivity and minimizes contamination 
risks. In co-PCR, a single reaction containing 
four primers, one pair internal to the other, 
enhances the production of the longest frag-
ment by the co-operational action of all 
amplicons (Olmos et al., 2002). Co-PCR is 
usually coupled with dot blot hybridization 
by using a specific probe to enhance the 
specificity of the detection and provides a 
sensitivity level similar to nested PCR. 
Nested PCR consists of two consecutive 
rounds of amplification in which two exter-
nal primers amplify a large amplicon, which 
is then used as a target for a second round of 
amplification using two internal primers 
(Porter-Jordan et al., 1990). This method has 
been widely used for detection and/or fur-
ther characterization of numerous fungi 
(Hong et al., 2010; Meng and Wang, 2010; 
Qin et al., 2011; Wu et al., 2011). In both 
nested and co-PCR, the use of external pri-
mers can be used for generic amplification 
and the internal primers for further and 
more specific characterization of the ampli-
fied product at the species or strain level.

Real-time PCR (also known as quantita-
tive PCR or qPCR) is currently considered 
the best method for detection of plant 
pathogens. There are many advantages of 
real-time PCR over conventional PCR, in-
cluding the fact that this system does not 
require the use of post-PCR processing (e.g. 
electrophoresis, hybridization), avoiding 
the risk of carryover contamination and re-
ducing assay labour and material costs. 
Real-time PCR is more sensitive, more ac-
curate and less time consuming than con-
ventional end-point qPCR (Lievens et al., 
2005). It allows monitoring of the reaction 
during the amplification process by use of a 
fluorescent signal that increases proportion-
ally with the number of amplicons gener-
ated and with the number of targets present 
in the sample. For the fluorescent signal, 
different chemistries can be used, such as 
TaqMan®, SYBR® Green I, molecular bea-
cons, Scorpions® or a new approach, devel-
oped by Invitrogen, called LUX. The 
TaqMan® system consists of a fluorogenic 
probe specific to the DNA target, which an-
neals to the target between the PCR primers. 
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The TaqMan® system tends to be the most 
sensitive of the methods but the new ap-
proach, LUX, is achieving the same level of 
sensitivity while further simplifying the 
techniques, as well as reducing the cost. 
This new system uses two primers, one of 
which has a hairpin-loop structure with a 
fluorophore (Suarez et al., 2005). Although 
this method is replacing TaqMan® probes in 
real-time PCR technology, with the object-
ive of providing cheaper, reliable methods 
with the specificity of TaqMan® probes 
without some of the constraints, to date 
TaqMan® technology continues to be used 
in the majority of research projects working 
with strawberry fungal pathogens. SYBR® 
Green I is a fluorescence intercalating dye 
with a high affinity for double-stranded 
DNA. The overall fluorescent signal from a 
reaction is proportional to the amount of 
double-stranded DNA present in the sam-
ple. Molecular beacons (Tyagi and Kramer, 
1996; Capote et al., 2012) are specific oligo-
nucleotide probes (15–40-mers) flanked by 
two complementary 5–7-mer arm sequences, 
with a fluorescent dye covalently attached 
to the 5′ end and a quencher dye at the 3′ 
end. When the probe hybridizes to the tar-
get sequence, this allows the emission of a 
fluorescent signal. Molecular beacons have 
allowed real-time specific quantification of 
Fusarium equiseti (Maciá-Vicente et al., 2009). 
Scorpions® are bifunctional molecules in 
which an upstream hairpin probe is cova-
lently linked to a downstream primer se-
quence (Whitcombe et al., 1999). The 
hairpin probe contains a fluorophore at 
the 5′ end and a quencher at the 3′ end. The 
loop portion of the scorpion probe is com-
plementary to the target sequence.

The level of specificity and sensitivity 
of real-time PCR-based methods with some 
of the main strawberry fungal pathogens re-
ported in several publications vouch for the 
results offered by this technology. Suarez et al. 
(2005) designed three TaqMan® probe/primer 
sets based on the ribosomal intergenic spa-
cer, the β-tubulin gene and the sequence-
characterized amplified region (SCAR) marker 
of B. cinerea published by Rigotti et al. (2002).

For the detection of Colletotrichum spp. 
and for monitoring strawberry anthracnose 

using real-time PCR, new protocols were 
published by Debode et al. (2009) and Garri-
do et al. (2009a). Both groups mainly used 
the ITS regions to design the sets of probe/
primers. Garrido et al. (2009a) tested the 
specificity of all assays using DNA from iso-
lates of six species of Colletotrichum and 
from DNA of another nine fungal species 
commonly found associated with straw-
berry material. Additionally, they checked 
that samples did not contain PCR inhibitors 
co-extracted during the DNA extractions 
using one universal pair of primers for the 
5.8S rRNA gene by PCR SYBR® Green I 
amplifications. These assays were highly 
specific for Colletotrichum spp., Colletotri-
chum acutatum and Colletotrichum gloe-
osporioides, and no cross-reactions were 
observed with either related plant patho-
gens or healthy strawberry plant material. 
The real-time PCR assay detected the 
equivalent of 7.2 conidia per plant inocu-
lated with a serial dilution of Colletotri-
chum acutatum spores, demonstrating the 
high degree of sensitivity (Garrido et al., 
2009a). The sensitivity of the new real-time 
PCR assays was compared with that of pre-
viously published conventional PCR assays; 
they were confirmed to be 100 times more 
sensitive than the latter.

Bilodeau et al. (2011) developed a new 
assay for rapid detection and quantification 
of V. dahliae, responsible for strawberry 
wilt, which can cause significant crop loss. 
To provide a faster means for estimating pathogen 
populations, a multiplexed TaqMan® real-
time PCR assay based on the rRNA gene in-
tergenic spacer was developed for V. 
dahliae. Variation in copy number of the 
rRNA gene was also evaluated among iso-
lates by SYBR® Green I real-time PCR amp-
lification of the V. dahlia-specific amplicon, 
compared with amplification of several sin-
gle-copy genes, and was estimated to range 
from approximately 24 to 73 copies per 
haploid genome, which translated into pos-
sible differences in results among isolates of 
around 1.8 cycle thresholds. For the assay, 
they used an internal control for valuation 
of inhibition due to the presence of PCR in-
hibitors in DNA extracted from soil sam-
ples. This method provides an accurate and 
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rapid means for quantification of V. dahliae 
over a wide range of inoculum densities. 
The species-specific marker for V. dahliae 
described can be used for pathogen identifi-
cation and quantification in plant tissue, 
but in this case, another internal control 
must be used that will allow comparison of 
the quantity of pathogen relative to the 
plant DNA. Likewise, due to the unique se-
quence of the internal control and the ease 
with which it can be modified to be ampli-
fied with other primers, the internal control 
from the V. dahliae assay could also be used 
in other molecular quantification assays. A 
good correlation was observed in regression 
analysis (R2 = 0.96) between real-time PCR 
results and inoculum densities determined 
by soil plating in a range of field soils with 
pathogen densities as low as one to two mi-
crosclerotia g–1 soil.

Although real-time PCR is currently 
considered the best standard method for de-
tection of plant pathogens, other assay for-
mats are applied to plant pathogens, such as 
multiplex PCR, which is based on the use of 
several PCR primer pairs in the same reac-
tion, allowing the simultaneous and sensi-
tive detection of different DNA targets, 
reducing both time and cost. This method is 
useful in plant pathology, as plants are usu-
ally infected by more than one pathogen. 
This needs an accurate and careful design of 
primers, and optimization of their relative 
concentrations is required to obtain equili-
brate detection of all target fungi. Multiplex 
PCR has been used for differentiating two 
pathotypes of Verticilliun albo-atrum in-
fecting hop (Radišek et al., 2004). Another 
multiplexing method that allows simultan-
eous detection and identification of mul-
tiple oomycetes and fungi in complex plant 
or environmental samples is the use of the 
ligation detection system using padlock 
probes. Padlock probes are long oligo-
nucleotide probes containing asymmetric 
target-complementary regions at their 5′ 
and 3′ ends and also incorporate a desthio-
biotin moiety for specific capture and re-
lease, an internal endonuclease IV cleavage 
site for linearization and a unique sequence 
identifier for standardized microarray hy-
bridization. Padlock probes have been used 

for the simultaneous detection of Phytoph-
thora cactorum, Phytophthora nicotianae, Py-
thium ultimum, Pythium aphanidermatum, 
Pythium undulatum, Rhizoctonia solani, Fu-
sarium oxysporum f. sp. radicis-lycopersici, 
Fusarium solani, Myrothecium roridum, Myro
thecium verrucaria, V. dahliae and V. albo-
atrum in samples collected from horticultural 
water circulation systems in a single assay 
(van Doorn et al., 2009).

10.3.4.  Other molecular techniques  
used to study fungal pathogens

A combination of PCR and ELISA has been 
used for the detection of several species of 
Phytophthora and Pythium. This method is 
as sensitive as nested PCR and can easily be 
automated, and hence is very suitable for 
routine diagnostic purposes. It is based on 
the use of forward and reverse primers car-
rying biotin and an antigenic group at their 
5′ ends. PCR-amplified DNA can be immo-
bilized microtiter plates (e.g. on avidin- or 
streptavidin-coated plates) via the biotin 
moiety of the forward primer and then can 
be quantified by an ELISA specific for the 
antigenic group of the reverse primer.

A PCR-DGGE detection tool based on 
the amplification of the ITS region has been 
applied recently to detect multiple species 
of Phytophthora from plant material and 
environmental samples (Lilja et al., 2008; 
Capote et al., 2012). In PCR-DGGE, target 
DNA from plant or environmental samples 
is first amplified by PCR and is then sub-
jected to denaturing electrophoresis. Se-
quence variants of particular fragments 
migrate to different positions in the de-
naturing gradient gel, allowing very sensi-
tive detection of polymorphisms in DNA 
sequences. The bands obtained in the gel 
can be extracted, cloned or reamplified, and 
sequenced for identification. These tech-
niques are suitable for the identification of 
novel or unknown organisms, and the most 
abundant species can readily be detected. 
However, this method has some problems 
because it is time consuming, is poorly re-
producible and the analysis of complex 
communities of microorganisms may be 
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difficult due to the large number of bands 
obtained.

Fingerprinting analyses have also been 
useful for identifying specific sequences 
used for the detection of fungi at very low 
taxonomic level, and even to differentiate 
strains of the same species with different 
host ranges, virulence, compatibility groups 
or mating types. The most prominent of 
these techniques are RFLP, RAPD, AFLP 
and the use of microsatellites.

RFLP involves restriction enzyme di-
gestion of the pathogen DNA, followed by 
separation of the fragments by electrophor-
esis in agarose or polyacrylamide gels to de-
tect differences in the size of DNA fragments 
(Capote et al., 2012). These differences are 
used to distinguish fungal species. This 
early technique has been progressively sup-
planted by PCR-RFLP, which combines the 
amplification of a target region with the fur-
ther digestion of the PCR products. PCR-
RFLP analysis of the ITS region demonstrated 
the presence of different anastomosis groups 
within isolates of Rhizoctonia solani (Pan-
necoucque and Höfte, 2009; Capote et al., 
2012); PCR primers specific to members of 
the genus Phytophthora were used to amp-
lify and further digest the resulting ampli-
cons, yielding a specific restriction pattern 
of 27 different Phytophthora spp. (Drenth 
et al., 2006).

In some cases, when data obtained us-
ing specific sequences from databases are 
inadequate because a specific primer cannot 
be designed, screening of arbitrary regions 
of the genome is often the next step. This 
strategy consists of an initial RAPD screen-
ing and subsequent analyses of the products 
with the object of developing a SCAR 
marker. This protocol was used by Larsen 
et al. (2007) to develop SCAR markers for 
Verticillium albo-atrum. Rigotti et al. (2002), 
studying B. cinerea isolates, identified SCAR 
markers for the specific identification of this 
pathogen in Fragaria  ×  ananassa. Three 
years later, Suarez et al. (2005) compared 
their primers designed in the intergenic 
spacer regions and showed that this new 
assay was more sensitive than all the previ-
ous assays for B. cinerea. RAPD assays have 
been used to analyse the genetic diversity 

among different species and races of Fusar-
ium spp. (Drenth et al., 2006; Lievens et al., 
2007). SCAR primers have been used to dis-
tinguish among several Fusarium oxysporum 
f. sp. (Lievens et al., 2008). The results ob-
tained from RAPD profiles are easy to inter-
pret. This is a rapid and inexpensive 
technique, but high-quality DNA is needed, 
although only in low quantity (Chandra et al., 
2011). These methods have a problem with 
many basidiomycetes and oomycetes that 
are heterokaryons, diploids or polyploids 
(Fourie et al., 2011) because RAPD is a dom-
inant marker and so cannot measure the 
genetic diversity affected by the number of 
alleles at a locus, or differentiate homozy-
gote and heterozygote individuals.

AFLP technology has the capability to 
amplify between 50 and 100 fragments at 
one time and to detect various polymor-
phisms in different genomic regions simul-
taneously. This technique consists of the 
use of restriction enzymes to digest total 
genomic DNA, followed by ligation of re-
striction half-site specific adaptors to all re-
striction fragments. A selective amplification 
of these restriction fragments is performed 
with PCR primers that have within their 3′ 
end the corresponding adaptor sequence 
and selective bases. Depending on the pri-
mers used and the reaction conditions, 
amplification of fungal genomes produces 
genetic polymorphisms specific to the genus, 
species or strain (Liu et al., 2009; Capote et al., 
2012). This technique is reproducible and 
highly sensitive, but a disadvantage is that 
it requires a larger quantity of DNA. AFLP 
has been used to differentiate fungal iso-
lates at several taxonomic levels and to sep-
arate non-pathogenic strains of Fusarium 
oxysporum (Stewart et al., 2006). AFLP 
profiles have also been widely used for 
the phylogenetic analysis of Fusarium ox-
ysporum complexes (Baayen et al., 2000; 
Groenewald et al., 2006; Fourie et al., 2011; 
Capote et al., 2012).

Microsatellites, also known as simple 
sequence repeats or short tandem repeats, 
can differ in repeat number among indivi
duals, and their distribution in the genome 
is almost random. They have been used for 
studies of the genetic diversity of plant 
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pathogenic fungi within species, for ex-
ample in Sclerotinia sclerotiorum (Winton 
and Hansen, 2001). Recently, they have also 
been utilized for the development of a sys-
tem for detection and differentiation of phy-
topathogenic fungi using DNA hybridization 
technology. Currently, this is one of the 
most suitable techniques for detecting and 
quantifying multiple pathogens present in a 
sample (plant, soil or water) in a single 
assay. A DNA array is a collection of species-
specific oligonucleotides or cDNAs (known 
as probes) immobilized on a solid support 
that is subjected to hybridization with a la-
belled target DNA. This technology has 
been applied to the detection of oomycete 
plant pathogens using specific oligonucleo-
tides designed on the ITS region (Anderson 
et al., 2006; Izzo and Mazzola, 2009). Lievens 
et al. (2005) developed a DNA array for the 
specific detection and identification, within 
24  h, of the strawberry fungal pathogen 
Fusarium oxysporium and the quarantine 
pathogens V. albo-atrum and V. dahliae. 
This assay has proved to be highly sensitive, 
detecting 2.5 pg of DNA for V. dahliae, 0.35 
pg of DNA for V. albo-atrum and 0.5 pg of 
DNA for F. oxysporium. Using a cox I 
high-density oligonucleotide microarray, 
Chen et al. (2009) could identify Penicillium 
spp. Moreover, Lievens et al. (2007) could 
detect and differentiate F. oxysporum f. sp. 
cucumerinum and F. oxysporum f. sp. radi-
cis-cucumerinum pathogens using a DNA 
array containing genus-, species- and f. 
sp.-specific oligonucleotides. This array-
based detection procedure for plant patho-
gens has been shown to be relatively cost- 
effective, and may lead to a comprehensive 
pathogen assessment method for detecting 
and quantifying all known pathogens (fungi, 
bacteria and nematodes, as well as viruses) 
(Capote et al., 2012).

In 2011, Huang et al. (2011) demon-
strated the usefulness of the heteroduplex 
mobility assay for phylogenetic analysis 
and for the discrimination of closely re-
lated Colletotrichum spp. This assay is a 
sequence-dependent method that has been 
widely used to determine sequence diver-
gence and phylogenetic relationships of 
closely related organisms including fungi, 

viruses, phytoplasma, bacteria and proto-
zoan parasites. It was demonstrated to de-
tect single-base differences among sequences. 
For this reason, heteroduplex DNA patterns 
(HPs) using ITS regions were used as a tool 
to simplify the methodology for Colletotri-
chum spp. identification, as the unique HPs 
observed resemble a ‘barcode’ (White et al., 
1990). In this study, 29 monoconidial strains 
of Colletotrichum spp., including 18 Colle-
totrichum gloeosporioides, two Colletotri-
chum capsici, two Colletotrichum graminicola, 
one Colletotrichum acutatum, one Colle-
totrichum musae, one Colletotrichum dema-
tium, one Colletotrichum lindemuthianum 
and three other unidentified species of 
Colletotrichum, were used. The fragments 
for HP analysis were prepared by PCR amp-
lification of the ITS regions from 29 Colle-
totrichum strains using primers ITS1 and 
ITS4 (White et al., 1990). The fragments 
amplified from six Colletotrichum strains, 
named Cg1, Cg2, Cg16, Cgr1, Cl1 and Cm1, 
were used as references. The barcode-like 
HPs obtained by cross-pairing HP analyses 
of these six reference strains appeared to 
create a model system for species/strain 
identification. The analysis required low-
cost electrophoresis equipment and could 
discriminate single-based differences in se-
quences. The unique HPs obtained indi-
cated a possibility of using this method as a 
barcode-like DNA system for discriminating 
economically important anthracnose fungi 
and possibly for the detection of newly 
evolved strains. HP analysis using cross-
pairing of ITS fragments from taxonomi
cally defined strains was suggested as a 
cost-effective and reliable method for dis-
criminating closely related species of Colle-
totrichum.

10.3.5.  Web-based decision support systems

Identificator is a new tool proposed by Per-
tot et al. (2012), which is based on the use of 
the web for visual identification of plant 
diseases, and, although it can be used in any 
crop, initially it was developed using straw-
berry as the crop type. The system is based 
on a multiaccess key of identification and 
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specifically on the selection of pictures by 
the user, and can be used remotely from a 
desktop as well as from a smart phone or 
personal digital assistant. The system was 
developed following a simple approach: 
visual identification where images and/or 
short descriptions are used to uniquely 
identify diseases where possible and to sug-
gest refining the visual identification pro-
cess in cases of ambiguous identification. 
The identification procedure follows a four-
step process: (i) the user is requested to 
identify the infected parts of the plant; 
(ii) the user is presented with a set of im-
ages and descriptions of possible symptoms 
that may appear on these plant parts; (iii) the 
user selects all the images/descriptions that 
match the plant at hand; (iv) the system pre-
sents all pictures of the disease (even ones 
that the user did not select, possibly on 
other parts of the plant), together with a 
short description of the disease. Sometimes, 
a laboratory analysis is required, which 
may be indicated at this step by the system. 
There are two aspects that make Identifica-
tor unique: (i) its simplicity and (ii) its flexi-
bility, as the system can be adapted to any 
crop in any language, because the informa-
tion on diseases and their characteristics 
can be edited by the user directly into the 
system tables. In fact, the internet opens up 
new opportunities for knowledge dissem-
ination in the form of web-based expert/ 
decision support systems.

Scientific journals publish research 
from research groups across the world. This 
data is compiled by several associations or 
agencies for the scientific community, who 
are producing very useful databases. We will 
discuss three of these: the Centre for Agricul-
ture and Biosciences International (CABI), 
Rothamsted Research, and the Broad Insti-
tute of Massachusetts Institute of Technology 
(MIT) and Harvard, for their contribution to 
the scientific and crop producer community.

CABI (http://www.cabi.org) is a not-for-
profit international organization that has a 
special relevance in the agriculture commu-
nity because of its aim of improving people’s 
lives by providing information and apply-
ing scientific expertise to solve problems. 
Knowledge transfer from the laboratory to 

the field is the mission of this organization, 
using scientific publishing, development 
projects, and research and microbial ser-
vices.

Rothamsted Research (http://www.
rothamsted.ac.uk/index.php) is the longest 
running agricultural research station in the 
world, providing science advances and in-
novation since its foundation in 1843. This 
station was founded by the Biotechnology 
and Biological Sciences Research Council 
(BBSRC; http://www.bbsrc.ac.uk/home/
home.aspx), and their mission is to deliver 
knowledge and new practices to increase 
crop productivity and quality and to de-
velop environmentally sustainable solu-
tions for food production and bioenergy. 
Rothamsted Research manages a very useful 
database, the Pathogen–Host Interaction 
base (PHI-base). PHI-base is an open access 
internet resource that provides information 
on pathogenicity, virulence and effector 
genes from different pathogens. This infor-
mation is only added to the database when 
it is clearly demonstrated that the research 
group has experimentally tested the role of 
each gene.

The third institution is the Broad Insti-
tute of MIT and Harvard. This is a younger 
institution, founded less than 10 years ago, 
and supports many research projects and 
compiles useful information that includes 
fungal pathogens of agriculture and crop 
relevance. The information available in this 
database will be described in more detail 
below.

The last updated version of PHI-base 
was released in February 2013 and includes 
a total of 2421 genes from 107 pathogens. 
Nine species of strawberry fungal pathogens 
are included in the updated list version: 
Alternaria alternata, B. cinerea, Cladospori-
um fulvum, Colletotrichum acutatum, 
Colletotrichum gloeosporioides, Fusarium 
oxysporum, Phytophthora cactorum, Scle-
rotinia sclerotiorum and V. dahliae. Between 
them, a total of 143 genes are described in 
the databases (Table 10.2), with B. cinerea 
and Fusarium oxysporum having the high-
est number of characterized genes, 66 and 
38, respectively. This database is updated 
with the information that research groups 
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Table 10.2.  List of studied genes from strawberry fungal pathogens included in the Pathogen–Host Interaction database (PHI-base) 2013.

Pathogen species Gene_name Phenotype of mutant PHI_ID Database Accession no. Reference

Alternaria alternata AKT1 Loss of pathogenicity PHI:133 EMBL BAA36588 Tanaka et al. (1999)
AKT2 Loss of pathogenicity PHI:134 EMBL BAA36589 Tanaka et al. (1999)
AMT Loss of pathogenicity PHI:160 EMBL AAF01762 Johnson et al. (2000)
AaFUS3 Loss of pathogenicity PHI:2303 EMBL GQ414506 Lin et al. (2009)
aapk1 Reduced virulence PHI:2317 Uniprot B0LW64 –
RLAP1 Loss of pathogenicity PHI:2320 Uniprot C0LD25 –
YAP1 Loss of pathogenicity PHI:2373 Uniprot B9V258 Lin et al. (2009)
AaGa1 Unaffected pathogenicity PHI:2414 Uniprot D2X3B5 Wang et al. (2010)
ACTT2 Reduced virulence PHI:2431 Uniprot C9K1M7 Miyamoto et al. (2008)
AaNoxA Reduced virulence PHI:2448 Uniprot H9AWW9 Yang et al. (2012)
AFT1 Loss of pathogenicity PHI:508 EMBL BAB69076 Hatta et al. (2002)
AFT3 Loss of pathogenicity PHI:509 EMBL BAB69078 Hatta et al. (2002)
AaSLT2 Reduced virulence PHI:2318 Uniprot D3J127 Yago et al. (2011)

Botrytis cinerea bcnoxA Reduced virulence PHI:1023 EMBL CAP12516 Segmüller et al. (2008)
bcnoxB Reduced virulence PHI:1024 EMBL CAP12517 Segmüller et al. (2008)
bcnoxR Reduced virulence PHI:1025 EMBL CAP12326 Segmüller et al. (2008)
bcplc1 Reduced virulence PHI:1026 EMBL AAB39564 Schumacher et al. (2008)
bcpg1 Reduced virulence PHI:1027 EMBL AAC64374 –
bcpme1 Reduced virulence PHI:1028 EMBL CAC29255 Valette-Collet et al. (2003)
bcpme2 Unaffected pathogenicity PHI:1029 EMBL CAD21438 –
BCPGA1 Reduced virulence PHI:103 EMBL AAC64374 ten Have et al. (1998)
bcatrA Unaffected pathogenicity PHI:1030 EMBL CAA93142 Del Sorbo et al. (2008)
bcSAK1 Reduced virulence PHI:1031 EMBL CAJ85638 Segmüller et al. (2007)
Bmp3 Reduced virulence PHI:1032 EMBL ABJ51957 –
BcatrB Sensitive to chemical PHI:1160 EMBL CAB52402 Schoonbeek et al. (2001)
BMP1 Loss of pathogenicity PHI:161 EMBL AAG23132 Zheng et al. (2000)
BcatrB Reduced virulence PHI:202 EMBL CAB52402 Schoonbeek et al. (2001)
BCG1 Reduced virulence PHI:203 EMBL CAC19871 Gronover et al. (2001)
BcBOA2 Reduced virulence PHI:2289 Uniprot JQ665433 Dalmais et al. (2011)
BcBOA6 Reduced virulence PHI:2290 Uniprot B1GVX7 Dalmais et al. (2011)
BcSpl1 Reduced virulence PHI:2291 Uniprot A6RNZ1 Frías et al. (2011)
BcFRP1 Unaffected pathogenicity PHI:2295 Uniprot A6SB12 Jonkers et al. (2011)
BcCdc42 Reduced virulence PHI:2298 Uniprot A6SSN8 Kokkelink et al. (2011)
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Pathogen species Gene_name Phenotype of mutant PHI_ID Database Accession no. Reference

BCFHG1 Unaffected pathogenicity PHI:2304 EMBL CAP74387 Turrion-Gomez et al. (2010)
BcFKBP12 Increased virulence PHI:2305 EMBL ABA25866 Melendez et al. (2009)
BcCRZ1 Reduced virulence PHI:2308 Uniprot A6RI22 Schumacher et al. (2008)
BcatrB Reduced virulence PHI:2309 Uniprot Q9UW03 Stefanato et al. (2009)
bos5 Loss of pathogenicity PHI:2319 Uniprot A6S644 Yan et al. (2010)
BcNma Reduced virulence PHI:2334 Uniprot E2GL14 Finkelshtein et al. (2011)
BcPIE3 Reduced virulence PHI:2335 Genbank DQ140394 Gioti et al. (2008)
PGIP2 Effectora PHI:2347 Uniprot Q5TIP4 Ferrari et al. (2008)
Bcchs3a Reduced virulence PHI:2359 Uniprot Q8TG14 Arbelet et al. (2010)
bac Reduced virulence PHI:2368 Uniprot Q9P880 Schumacher et al. (2008)
bcpka2 Unaffected pathogenicity PHI:2369 Uniprot A6S414 Schumacher et al. (2008)
bcpka1 Reduced virulence PHI:2370 Uniprot C0H5W3 Schumacher et al. (2008)
bcpkaR Reduced virulence PHI:2371 Uniprot C0H5W5 Schumacher et al. (2008)
bcras2 Reduced virulence PHI:2372 Uniprot A6RUJ6 Schumacher et al. (2008)
Bap1 Unaffected pathogenicity PHI:2374 Uniprot D2T177 Temme et al. (2009)
BAC Reduced virulence PHI:240 EMBL CAB77164 –
BcAtf1 Increased virulence PHI:2447 Broad B0510_6765 Temme et al. (2012)
Bcchs1 Reduced virulence PHI:276 EMBL CAA54909 Soulié et al. (2003)
BCP1 Reduced virulence PHI:277 EMBL AAQ16572 Viaud et al. (2003)
BCPME1 Reduced virulence PHI:278 EMBL CAC29255 Valette-Collet et al. (2003)
BcPLS1 Loss of pathogenicity PHI:329 EMBL CAD43406 Gourgues et al. (2004)
BcSOD1 Reduced virulence PHI:330 EMBL CAD88591 –
BcBOT1 (CND5) Reduced virulence PHI:438 EMBL AAQ16576 Siewers et al. (2005)
BTP1 Reduced virulence PHI:441 EMBL CAE55153 –
BcPG2 Reduced virulence PHI:492 EMBL AAV84614 Kars et al. (2005)
FRT1 Unaffected pathogenicity PHI:538 EMBL AAU87358 Doehlemann et al. (2005)
BCPME2 Unaffected pathogenicity PHI:540 EMBL CAD21438 –
LIP1 Unaffected pathogenicity PHI:541 EMBL AAU87359 –
BCCAT2 Unaffected pathogenicity PHI:542 EMBL AAK77951 –
BCATRD Unaffected pathogenicity PHI:543 EMBL CAC41639 –
BCMFS1 Unaffected pathogenicity PHI:544 EMBL AAF64435 Hayashi et al. (2002)
BMP1 Loss of pathogenicity PHI:545 EMBL AAG23132 Doehlemann et al. (2006a)
XYN11A Reduced virulence PHI:546 EMBL AAZ03776 Brito et al. (2006)
CEL5A Unaffected pathogenicity PHI:547 EMBL AAT40313 –
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Pathogen species Gene_name Phenotype of mutant PHI_ID Database Accession no. Reference

BcPIC5 Reduced virulence PHI:548 EMBL ABA25866 Gioti et al. (2006)
BCCHS3a Reduced virulence PHI:549 EMBL AAM14606 Soulié et al. (2006)
BOS1 Reduced virulence PHI:550 EMBL AAL37947 Viaud et al. (2006)
BcLCC2 Unaffected pathogenicity PHI:552 EMBL AAK77953 Schouten et al. (2002)
BCG3 Reduced virulence PHI:574 EMBL BAD93277 Doehlemann et al. (2006a)
TPS1 Unaffected pathogenicity PHI:650 EMBL ABG25558 Doehlemann et al. (2006b)
TRE1 Unaffected pathogenicity PHI:651 EMBL ABG25559 Doehlemann et al. (2006b)
CUTA Unaffected pathogenicity PHI:69 EMBL CAA93255 –
os-1/bos1/barA Resistant to chemical PHI:837 EMBL AAL30826 Cui et al. (2002)
BcCCC2 Loss of pathogenicity PHI:2483 Uniprot A6SEF3 Saitoh et al. (2010)
Ste11 Loss of pathogenicity PHI:2484 Uniprot B6VCT9 Schamber et al. (2010)
Ste7 Loss of pathogenicity PHI:2485 Uniprot A6RT73 Schamber et al. (2010)
Ste50 Loss of pathogenicity PHI:2486 Uniprot A6S3X7 Schamber et al. (2010)
ste12 Reduced virulence PHI:2487 Uniprot B6VCT8 Schamber et al. (2010)

Cladosporium fulvum AVR4 Effectora PHI:18 EMBL CAA69643 Westerink et al. (2004)
AOX1 Reduced virulence PHI:199 EMBL AAF82788 Segers et al. (2001)
Avr2 Effectora PHI:2344 Uniprot Q8NID8 van Esse et al. (2008)
AVR2 Effectora PHI:472 EMBL CAD16675 Rooney et al. (2005)
AVR4E Effectora PHI:529 EMBL AAT28197 Takken et al. (1999)
AVR9 Effector PHI:7 EMBL CAA42824 Snoeijers et al. (2003)
ECP1 Reduced virulence PHI:70 EMBL CAA78400 Lauge et al. (1997)
ECP2 Effector PHI:71 EMBL CAA78401 Lauge et al. (1997)

Colletotrichum  
acutatum

KLAP1 Loss of pathogenicity PHI:481 EMBL AAX14039 Chen et al. (2005)

Colletotrichum  
gloeosporioides

CgDN3 Loss of pathogenicity PHI:164 EMBL AAB92221 Stephenson et al. (2000)

CgMEK1 (EMK1) Loss of pathogenicity PHI:165 EMBL AAD55385 Kim et al. (2000)
CHIP2 Unaffected pathogenicity PHI:166 EMBL AAD53262 Kim et al. (2000)
CHIP3 Unaffected pathogenicity PHI:167 EMBL AAF00024 Kim et al. (2000)
PELB Reduced virulence PHI:222 EMBL AAD09857 Yacoby et al. (2001)
CHIP6 Reduced virulence PHI:243 EMBL AAD00894 Kim et al. (2002)
CAP20 Loss of pathogenicity PHI:27 EMBL AAA77678 Hwang et al. (1995)

Table 10.2.  Continued.
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Pathogen species Gene_name Phenotype of mutant PHI_ID Database Accession no. Reference

CgDN24 Unaffected pathogenicity PHI:521 EMBL AAB92223 Stephenson et al. (2005)
Fusarium oxysporum XlnR Unaffected pathogenicity PHI:1020 Uniprot A8QJI7 Calero-Nieto et al. (2007)

CTF1 Unaffected pathogenicity PHI:1021 EMBL ABR12478 –
XLNR Unaffected pathogenicity PHI:1022 EMBL ABN41464 –
FOXG_00076 Unaffected pathogenicity PHI:1101 Uniprot J9MB32 López-Berges et al. (2009)
FOXG_02277 Unaffected pathogenicity PHI:1103 Uniprot J9MHC1 López-Berges et al. (2009)
FOXG_08661 Unaffected pathogenicity PHI:1106 Uniprot J9N0G7 López-Berges et al. (2009)
FOXG_00016 Reduced virulence PHI:1107 Uniprot J9MAX2 López-Berges et al. (2009)
PG1 Unaffected pathogenicity PHI:114 EMBL AAC05015 –
PGX1 Unaffected pathogenicity PHI:181 EMBL AAK81847 –
ARG1 Reduced virulence PHI:200 EMBL BAB40769 Namiki et al. (2001)
FMK1 Loss of pathogenicity PHI:215 EMBL AAG01162 Di Pietro et al. (2001)
Fhk1 Reduced virulence PHI:2252 Genbank GQ871928 Rispail and Di Pietro (2010)
Fmk1 Reduced virulence PHI:2253 Genbank AF286533 Rispail and Di Pietro (2010)
Putative zinc finger  

transcription factor
Unaffected pathogenicity PHI:2277 Uniprot J9MB32 López-Berges et al. (2009)

MeaB Unaffected pathogenicity PHI:2278 Uniprot J9MHC1 López-Berges et al. (2009)
Conserved  

hypothetical protein
Unaffected pathogenicity PHI:2279 Uniprot J9N0G7 López-Berges et al. (2009)

Velvet protein family Reduced virulence PHI:2280 Uniprot J9MAX2 López-Berges et al. (2009)
MeaB Increased virulence PHI:2282 Uniprot J9MHC1 López-Berges et al. (2010)
AreA Reduced virulence PHI:2283 Uniprot J9MJU9 López-Berges et al. (2010)
Msb2 Loss of pathogenicity PHI:2284 Uniprot J9N257 Pérez-Nadales and  

Di Pietro (2011)
Fmk1 Loss of pathogenicity PHI:2285 Genbank AF286533 Pérez-Nadales and  

Di Pietro (2011)
ftf1 Unaffected pathogenicity PHI:2307 Uniprot Q2V9X3 Ramos et al. (2007)
FGA1 Reduced virulence PHI:251 EMBL BAB69488 Jain et al. (2002)
FOW1 Reduced virulence PHI:254 EMBL BAB85760 Inoue et al. (2002)
CHSV Increased virulence PHI:285 EMBL AAO49384 Ortoneda et al. (2004)
FGB1 Reduced virulence PHI:300 EMBL AAO91808 Jain et al. (2003)
foSNF1 Reduced virulence PHI:301 EMBL AAN32715 Ospina-Giraldo et al. (2003)
PacC Increased virulence PHI:315 EMBL AAM95700 Caracuel et al. (2003)
CHS2 Reduced virulence PHI:336 EMBL AAT77182 Martín-Udíroz et al. (2004)
CHS7 Reduced virulence PHI:337 EMBL AAT77184 Martín-Udíroz et al. (2004)
REN1 Unaffected pathogenicity PHI:375 EMBL BAC55015 Ohara et al. (2004)

Continued
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Pathogen species Gene_name Phenotype of mutant PHI_ID Database Accession no. Reference

SIX1 Effectora PHI:379 EMBL CAE55866 Rep et al. (2004)
FGA2 Loss of pathogenicity PHI:395 EMBL BAD44729 Jain et al. (2005)
FRP1 Loss of pathogenicity PHI:490 EMBL AAT85969 Duyvesteijn et al. (2005)
GAS1 Reduced virulence PHI:522 EMBL AAX78216 Caracuel et al. (2005)
XYL3 Unaffected pathogenicity PHI:569 EMBL AAC06239 Gómez-Gómez et al. (2002)
XYL4 Unaffected pathogenicity PHI:570 EMBL AAK27975 Gómez-Gómez et al. (2002)
FOW2 Loss of pathogenicity PHI:734 EMBL BAE98264 Imazaki et al. (2007)

Phytophthora cactorum PcF Effectora PHI:665 EMBL AAK63068 Orsomando et al. (2001)
Sclerotinia sclerotiorum Sssod1 Reduced virulence PHI:2314 Uniprot A7E5X4

cna1 Reduced virulence PHI:2361 Uniprot Q0H744 Harel et al. (2006)
Ss-ggt1 Reduced virulence PHI:2411 Uniprot A7F946 Li et al. (2012)
PAC1 Reduced virulence PHI:314 EMBL AAF93178 Rollins (2003)

Verticillium dahliae VGB Reduced virulence PHI:2310 Genbank JQ665433 Tzima et al. (2012)
Ave1 Effectora PHI:2331 Uniprot H9DUR1 de Jonge et al. (2012)
VMK1 Loss of pathogenicity PHI:483 EMBL AAW71477 Rauyaree et al. (2005)

aPlant avirulence determinant.

Table 10.2.  Continued.
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provide to the organization after an experi-
ment has been validated and the role of the 
gene has been demonstrated sufficiently. 
The organization database includes not only 
pathogenicity factors, but also ‘loss of patho-
genicity’, ‘reduced virulence’, ‘increased 
virulence’ or ‘unaffected pathogenicity’.

A total of 25 new genes have been in-
cluded in Table 10.2 since 2010. There have 
been 13 new B. cinerea genes. Seven genes 
(BcBOA2, BcBOA6, BcSpl1, BcCdc42, BcN-
ma, Bcchs3a and Ste12) reduce virulence in 
B. cinerea. Four new pathogenicity factors, 
BcCCC2, Ste11, Ste7 and Ste50 have been 
described by Saitoh et al. (2010) and Scham-
ber et al. (2010). More recently, one gene 
catalogued as having ‘increased virulence’ 
has been described by Temme et al. (2012) 
in this fungus.

In the case of B. cinerea, the genomes of 
two strains have been sequenced and pub-
lished, and are available in the Broad Insti-
tute database. B. cinerea has a total genome 
size of approximately 42 Mb, and more than 
16,000 of its genes have been sequenced 
(Table 10.3 and Fig. 10.1). Currently, the gen-
ome is being annotated by different groups, 
due to the genomics information obtained 
from molecular studies of the fungus, in-
cluding knock-out mutants, pathogenicity 
tests, metabolic studies and morphological 
characterization of mutants.

There were a total of six new entries for 
Fusarium oxysporum in the PHI-base dur-
ing 2010–2013. These included two genes 
that reduced the virulence, Fhk1 (Rispail 
and Di Pietro, 2010) and AreA (López-Berges 
et al., 2009); two new pathogenicity factors, 
Msb2 and Fmk1 (Pérez-Nadales and Di Pie-
tro, 2011); and one gene that increases the 
virulence level, MeaB (López-Berges et al., 
2010). This fungus is very important be-
cause of a very wide host range of crops and 
is included as quarantine pathogen in Europe 
for the EPPO agency. The sequence of 
the  total genome is also available in the 
Broad Institute database, with a 61 Mb gen-
ome size and 17,708 sequenced genes, to-
gether with the sequences of two other 
species: Fusarium verticillioides, with a 
total genome size of 41 Mb and 14,169 se-
quenced genes; and Fusarium graminearum, 

with a smaller genome size of 36  Mb and 
13,321 sequenced genes.

Another six new genes were included 
in the PHI-base during the 2010–2013. Yang 
et al. (2010) and Yago et al. (2011) described 
the role of the AaNoxA and AsSLT2 genes, 
respectively, catalogued as ‘reduced viru-
lence’ in Alternaria alternata. This fungus 
can cause disease in other important crops 
such as pear, apple, calamondin and to-
bacco, among others. More than 60% of its 
genes, included in the PHI-base, are anno-
tated as ‘loss of pathogenicity’ (Table 10.2). 
Sclerotinia sclerotiorum and V. dahliae 
must also be mentioned because, during 
2012, three genes were included in PHI-
base, and their genomes have also been 
completely sequenced and are available 
in the Broad Institute genome project 
database. They have a total genome size 
of 38  Mb (14,503 genes) for Sclerotinia 
sclerotiorum and 33 Mb (10,535 genes) for 
V. dahliae (Table 10.2 and Fig. 10.1).

10.3.6.  Proteomics advances in strawberry 
fungal pathogens

Proteomics studies have made considerable 
progress in recent years, accumulating rele-
vant information about the biology of fungal 
pathogens. Proteomic techniques have been 
useful for obtaining extensive and decisive 
biological information about the life cycles 
of many organisms (Garrido et al., 2010). 
However, these techniques are dependent 
on advances in the genetic information ac-
cumulated in databases, as the result of pro-
tein sequencing must be compared with 
genome databases. In other cases, proteins 
can be identified by de novo peptide se-
quencing and sequence alignment (Garrido 
et al., 2010). Another important limitation 
of the techniques is the need to have an ef-
fective protein extraction method to obtain 
a good and representative biological sam-
ple, and the majority of proteins spots then 
need to be identified by two-dimensional 
electrophoresis for a complete proteomics 
study. All these limitations are progres-
sively being overcome; we strongly recom-
mended the specific reviews by Garrido 
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Fig. 10.1.  Number of genes sequenced from each genome sequencing project of fungal strawberry genera 
available in the Broad Institute of MIT and Harvard database.

Table 10.3.  Genome sequence projects of fungal strawberry genera available in the Broad Institute of MIT 
and Harvard database.

Genus Species Strain sequenced Genome size (Mb)

Aspergillus fumigatus AF293 29.4
clavatus NRRL1
fischeri NRRL 181
niger ATCC 1015
oryzae RIB40/ATCC 42149
terreus NIH 264
flavus NRRL3357
nidulans FGSC A4

Botrytis cinerea B05.10/T4 42.66/41.61
Colletotrichum graminicola M1.001 51.60

higginsianum IMI349063 49.08
Fusarium verticillioides 7600 41.78

oxysporum 4287 61.36
graminearum PH-1 36.45

Phytophthora infestans T30-4 228.54
parasitica INRA-310 (V2) 82.39

Rhizopus delemar RA 99-880 46.09
oryzae 1006PhL 36.35

Sclerotinia sclerotiorum ATCC18683 38.33
Stagonospora nodorum SN15 37.24
Verticillium dahliae VdLs.17 33.83

albo-atrum VaMs.102 32.83
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et al. (2010) and González-Fernández et al. 
(2010) for more information regarding the 
experimental design of proteomics studies.

The biocontrol agent Trichoderma spp. 
is one of the microorganisms, in relation to 
strawberry crops, about which much bio-
logical information has accumulated using 
proteomics techniques. This fungus provides 
an abundance of biotechnologically valuable 
proteins and secondary metabolites. The 
Trichoderma harzianum and Trichoderma 
atroviride proteomes were first described by 
Grinyer et al. (2004) and subsequently by 
Woo et al. (2006). They concluded that sev-
eral resistance genes are upregulated or acti-
vated, which allows the plant to recognize 
them (Woo et al., 2006). Proteomics studies 
have demonstrated the presence of large 
numbers of effective membrane pumps in 
Trichoderma spp., allowing their adapta-
tion to environmental and biochemical 
stresses (Woo et al., 2006). Trichoderma spp. 
establishes a strong molecular-based com-
munication/interaction with infected plants. 
The fungus induces resistance mechanisms. 
Three types of elicitor are produced by the 
fungus: (i) proteins, such as proteases, xyla-
nases, chitinases and glucanases; (ii) Avr-
like proteins; and (iii) cell wall degradation 
enzymes (Woo et al., 2006).

In relation to phytopathogenic fungi, 
B. cinerea is one of the most studied fungi 
from the proteomics point of view. Several 
research groups have determined much bio-
logical information about this pathogen 
(Fernández-Acero et al., 2006, 2007; Shah 
et al., 2009a,b; Fernández and Novo, 2010). 
Fernández-Acero et al. (2006) reported the 
first proteome analysis of B. cinerea, compar-
ing two strains with different levels of viru-
lence (Fernández-Acero et al., 2007). Malate 
dehydrogenase proteins were identified and 
found to be overexpressed in the more viru-
lent strain (B. cinerea CECT-2100). The role 
of malate dehydrogenase as a pathogenicity 
factor had been suggested previously, as this 
enzyme catalyses the reversible conversion 
of oxalacetate and malate; oxalacetate has 
been shown to be an oxalic acid precursor, 
which has been described as a pathogenicity 
factor in B. cinerea (Lyon et al., 2007).

In a subsequent study, Fernández-Acero 
et al. (2009) analysed the proteins produced 

by B. cinerea during cellulose degradation. 
A total of 267 spots were identified, and 
proteins were found that could play a sig-
nificant role in plant infection, specifically 
B. cinerea peptidyl-prolyl cis-trans isomer-
ase and glyceraldehyde 3-phosphate de-
hydrogenase (Fernández-Acero et al., 2009). 
Shah et al. (2009a) published an approach 
to the secretome of B. cinerea using a high-
throughput liquid chromatography tandem 
mass spectrometry (MS/MS) approach.  
B. cinerea-secreted proteins were identified 
as transport proteins, carbohydrate metab-
olism proteins, peptidases and oxidation/
reduction proteins used by B. cinerea for plant 
infection and colonization (Shah et al., 2009a). 
In 2010, our group developed a proteomics 
approach for studying the secretome of 
B.  cinerea using two-dimensional electro-
phoresis combined with MS/MS analysis. 
More than 70 protein spots were identified, 
and although many of these have not yet 
been functionally assigned, their regulation 
under the conditions assayed demonstrated 
their functional significance in the mech-
anisms of infection used by B. cinerea, 
which will advance our functional under-
standing of Botrytis pathogenesis (Fernán-
dez-Acero et al., 2010). For further details 
of the specific case of B. cinerea, we recom-
mend the review by González-Fernández 
et al. (2010).

A proteomic study of strawberry was 
published by Fang et al. (2012). This work 
tried to elucidate the defence mechanisms 
used by strawberry against anthracnose causal 
agents. The authors inoculated strawberry 
leaves with Colletotrichum fragariae and 
characterized at different times the changes 
in protein synthesis by the plant. They 
showed a dynamic overview of the altered 
protein expression involved in metabolism, 
photosynthesis, energy production, antioxi-
dant activity and chaperone activity. The re-
sults demonstrated that there exists a protein 
network consisting of several functional 
components in the plants, including a dy-
namic balance between reactive oxygen spe-
cies production and scavenging, accelerated 
biosynthesis of heat-shock proteins, im-
paired glycolysis and enhanced cell wall 
lignin formation, in response to infection 
by Colletotrichum fragariae. The authors 
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indicated the possible existence of a system-
atic Colletotrichum fragariae resistance 
mechanism in strawberry leaves. An under-
standing of how plants and pathogens rec-
ognize each other and establish a successful 
or unsuccessful relationship is crucial for 
exploring the defence mechanisms of plants 
(Fang et al., 2012).

10.4.  Conclusions

More than 50 genera of fungal pathogens are 
known to cause diseases in Fragaria × ananas-
sa. This crop is one of the most commercially im-
portant fruit crops in the world and is 
continually subjected to the risk of fungal 
disease, with subsequent economic losses for 
growers and producer countries. In recent years, 
many studies have focused on the development 
of new molecular methods, leading to a better 
understanding of fungal pathogens and improv-
ing the strategies available for disease control. 
This chapter has discussed the latest results, 
based on genomics, transcriptomics and prote-
omics approaches, for the study of strawberry 

fungal pathogens. We have described the most 
important diseases of strawberry crops caused 
by phytopathogenic fungi, and have discussed 
the most recent advances in the development 
and optimization of molecular methods and 
better tools for detection, identification, control 
and understanding of these pathogens, and their 
application in strawberry production fields.
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11.1.  Introduction

Strawberry (Fragaria  ×  ananassa) is an 
important high-value commercial crop pro-
duced both conventionally and organically 
in open fields and in plastic-covered tunnels. 
The strawberry plants are susceptible to dam-
age caused by environmental factors such as 
dehydration of the fruit or physiological dis-
orders, and can be infected by different patho-
gens such as arthropods, nematodes and various 
fungi, bacteria and viruses, among other pests, 
causing enormous economic losses to straw-
berry growers.

The group of phytopathogenic fungi 
that attack this crop is especially extensive. 
More than 60 species of fungus can affect 
Fragaria × ananassa cultivars, but not all of 
them have the same commercial import-
ance. Damage caused by these pathogens 
represents economic losses to the agricul-
tural sector valued at hundreds of millions 
of dollars/euros per year (FAO, 2008–2013). 
Among the most significant fungal genera 
are Botrytis, Colletotrichum, Phytophthora, 
Fusarium, Verticillium and Rhizopus. These 
pathogens are capable of infecting both the 
strawberry plant and the fruit postharvest, 
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and cause significant damage to more than 
100 other crops cultivated around the world. 
Colletotrichum spp., and more specifically 
Colletotrichum acutatum, Colletotrichum 
gloeosporioides and Colletotrichum fragariae 
(anthracnose leaf spot and irregular leaf 
spot) and the species Rhizoctonia solani 
(Rhizoctonia leaf blight) cause destruction 
of the foliage, which can weaken the plants 
and thus reduce crop yields (Garrido et al., 
2011). These diseases often occur in tem-
perate areas of the tropical and subtropical 
regions where strawberry is cultivated.

Botrytis cinerea is considered the main 
causative agent of fruit rot, a disease known 
as Botrytis fruit rot and also as grey mould. 
However, it is known that other fungi such 
as Colletotrichum spp., Phytophthora cac-
torum and Rhizopus stolonifer are able to 
attack the fruit in the field and postharvest 
(Washington et al., 1992). These rots start in 
the field during cultivation and continue 
throughout the processes of collection, cold 
storage and exposure at room temperature in 
the markets. The percentage of each of these 
genera of fungi in the total number of phyto-
pathogenic fungi varies depending on the en-
vironmental conditions of each marketing 
year, the locality and even the different times 
when fruit collection is made (Sánchez et al., 
2003). In either case, damage to the fruit repre-
sents the most direct and visible business loss.

The roots and crown of the strawberry 
plants are also attacked by various fungi, 
such as Phytophthora (P. fragariae and P. cac-
torum), Colletotrichum (C. acutatum, C. fragar-
iae and C. gloesporoides), Verticillium (V. 
albo-atrum and V. dahliae) and Rhizopus 
(R. fragariae and R. solani) (Garrido et al., 2011). 
These fungi may attack and destroy secondary 
roots and invade primary roots, limiting the 
plant’s ability to take up water and nutrients, 
resulting in the fruit drying and undergoing 
poor development, with wilting and plant col-
lapse (Maas, 2004). Crown infection may de-
rive from root infection from or direct infection 
of the crown itself; in either case, the infected 
strawberry plants fail to grow successfully.

Traditionally, the control of fungi and 
bacteria in crops was based on the use of 
chemical compounds such as fungicides 
and bactericides. According to the Food and 

Agriculture Organization, the use of fungi-
cide decreased from 355,000  t in 2005 to 
215,600 t in 2013 (FAO, 2005–2013).

Figure 11.1 shows the use of fungicides 
across the different continents, and shows 
that the USA and Europe consumed the 
highest quantities of fungicides, with max-
imum values in 2010 and 2011, respect-
ively. After these time points, they reduced 
the use of fungicides, with the USA show-
ing the greatest reduction. Asia, Africa and 
Oceania maintained the same level of use 
during 2005–2010, and these levels were 
lower than those in Europe and America. A 
possible explanation for the decrease in the 
use of fungicide in the USA and Europe 
could be the stricter regulations that these 
countries have applied for protection of the 
environment and consumer health. Accord-
ing to data available from the Business As-
sociation for Plant Protection (AEPLA), the 
plant protection market worldwide repre-
sented an expense of US$47,255 million in 
2012. The expense in Europe due to the use 
of phytosanitary measures was estimated at 
€8,977,038 million in 2011, of which €679 
million was the cost for Spanish farmers 
(AEPLA, 2012).

Worldwide, the most prevalent straw-
berry disease management practice is the ap-
plication of chemical treatments, in 
conjunction with other practices for man-
aging plant health, including, for example, 
the reduction of overcrowding and overwater-
ing of plants, rapid removal of diseased plants 
and plant debris, and constant monitoring of 
plants to ensure healthy production stocks 
(Maas, 2004). Soil fumigation has been of para-
mount importance for strawberry fruit and 
nursery-plant production in recent decades, 
and has enabled growers to develop systems 
for high-value annual crop production. How-
ever, increasing the use of biological control 
agents for the control of pathogens of fruits 
and vegetables is becoming more common.

The use of biological methods for the 
control of plant pathogens has been studied 
for more than 70 years and appears to be a 
feasible option. However, and in view of the 
results obtained by Martin and Bull (2002), 
there is still a long way to go to develop an 
effective system of strawberry production 
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based on the use of biological control 
methods with results similar to those obtained 
with soil fumigation by methyl bromide. In 
order to achieve successful control by these 
methods, it is necessary to have extensive 
knowledge about which pathogens are con-
trolled, how they contribute to the growth 
and destruction of the field plantings, their 
distribution in the areas of production, the 
time of the year when they have the most 
significant impact on strawberry plants, 
how environmental parameters affect the 
damage, the influence of cropping practices 
on the severity of the damage and how bio-
logical control agents can exert their protect-
ive effects in plants (Martin and Bull, 2002).

11.2.  Methyl Bromide and Other 
Fungicides

For the last 50 years, intensive strawberry 
cultivation in most regions of the world was 
done using pre-plant soil disinfestation with 
methyl bromide (MeBr) and chloropicrin, 

individually or in mixtures to control key 
soilborne pathogens, weeds and pests. Fu-
migation with MeBr causes: (i) an increased 
growth response in strawberries of about 
30% in soils with low pathogen and weed 
pressures; (ii) a reduction in nitrogen fertil-
izer requirement of about 50%; and (iii) im-
proved nutrient uptake (Wilhelm and Paulus, 
1980; Porter et al., 2006). Such benefits are 
due partly to the changes in soil biology and 
chemistry that fumigation induces, and the 
associated beneficial impacts in the rhizo-
sphere of strawberries (Porter et al., 2005). 
However, MeBr emissions can degrade strato-
spheric ozone (Butler, 1995), and therefore 
it was listed for phase-out for non-quarantine, 
soil disinfestation purposes under the Mon-
treal Protocol on Substances that Degrade 
the Ozone Layer (Montreal Protocol). Accord-
ing to the Montreal Protocol, the import and 
manufacture of MeBr in the USA and other 
developed countries has been banned since 
2005, after stepwise reductions in 1999, 
2001 and 2003. Currently, there is no single 
registered alternative fumigant for all of the 
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Fig. 11.1.  The amount (t) of fungicides and bactericides used in different continents between 2005 and 2013.
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MeBr uses and there is a need for environ-
mentally sound and economically feasible 
alternatives. Initially, the efforts of the sci-
entific community focused on finding new 
chemical compounds that had the same effi-
ciency as that of MeBr for soil disinfestation 
and strawberry production. Some of the al-
ternative fumigants to MeBr included met-
am sodium and 1,3-dichloropropene (1,3-D), 
but none have completely replaced MeBr. 
The fumigants 1,3-D and chloropicrin in 
combination with methyl isothiocyanate 
generators have shown to be the most prom-
ising alternatives to MeBr for strawberry 
production. Studies with the experimental 
fumigants methyl iodide and propargyl brom-
ide have suggested that these compounds have 
higher reactivity than MeBr as stand-alone fu-
migants (Ajwa et al., 2003). Samtani et al. 
(2011) evaluated the efficacy of steam disin-
festations and other non-fumigant alterna-
tives for soil disinfestation and strawberry 
production, and concluded that steam treat-
ment applied pre-plant provided weed con-
trol similar to that of MeBr/chloropicrin 
and therefore this treatment could be con-
sidered as a viable replacement for MeBr.

However, the use of chemical com-
pounds to control crop pathogens has many 
negative effects on the environment, and can 
cause the appearance of fungal strains resist-
ant to these fungicides. Therefore, industries 
and regulatory authorities as well as the sci-
entific community are focusing increasingly 
on the search for alternative methods for the 
control of strawberry diseases, including bio-
logical control, cultural measures and other 
measures that could be integrated into the 
production system of this crop.

The search for an alternative to MeBr is 
also important for nursery-plant produc-
tion, and the transplantation of these plants 
in the field. If these plants are not pathogen 
free, the nursery industry may not be able to 
provide an appropriate number of trans-
plants for commercial fruit production.

11.3.  New Biological Control Agents

The biological control of plant disease was 
defined by Baker as ‘the decrease in inoculum 

or the disease-producing activity of a patho-
gen accomplished through one or more 
organisms, including the host plant, but ex-
cluding man’ (Baker, 1987). Based on this 
definition, a number of potential biological 
control methods have been developed, in-
cluding: (i) plant-derived fungicides from 
secondary plant metabolites; (ii) the use of 
antagonistic microorganisms; and (iii) the 
manipulation of resistance responses in har-
vested commodities (Wilson et al., 1991).

Tens of thousands of compounds that 
plants produce during secondary metabol-
ism appear to be involved in plant fitness, 
because of their ability to ‘repel or attract 
other organisms’ (Wilson et al., 1991). Sev-
eral plant extracts (Grainge and Ahmed, 
1988; Davidson and Parish, 1989; Qasem 
and Aau-Blan, 1996; Wilson et al., 1997) 
and essential oils (Singh et al., 1980; Kurita 
et al., 1981; Wilson et al., 1997) have shown 
antifungal activity against a wide range of 
fungi, such as Botrytis cinerea, Rhizopus 
stolonifera and Monilinia fructicola. Within 
the large reservoir of natural fungicides that 
exist in plants, it is reasonable to assume 
that these compounds may serve as a safe 
and effective alternative to synthetic fungi-
cides. Such compounds, if properly formu-
lated and applied, could be used directly or 
could serve as templates for synthetic ana-
logues.

The biological control of fungal plant 
pathogens by microorganisms has been de-
veloped as an alternative to fungicide treat-
ment and considerable success has been 
achieved in controlling both preharvest and 
postharvest diseases. These antagonistic 
microorganisms must interact with the crop 
plants, potential pathogens, environmental 
variables and indigenous organisms under 
the prevailing microclimatic conditions 
(Sutton, 1994). They must also be natural 
colonizers of strawberry fruits, leaves and 
roots, and be capable of interacting success-
fully with the plant, microbiological and 
other environmental conditions (Maas, 2004). 
Several mechanisms, including antibiosis, 
competition for limited nutrients and space, 
induction of plant defence responses, sup-
pression of sporulation and mycoparasit-
ism, have been proposed to be responsible 
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for the biological control of fungal pathogens 
by these microbial agents. In strawberry, two 
main groups of microorganisms have been 
studied as biocontrol agents against straw-
berry fungal pathogens: (i) rhizobacteria, 
with Pseudomonas and Streptomyces spp. 
being the main members of this group; and 
(ii) members of the antagonistic fungal genus 
Trichoderma, the most effective fungal bio-
control agent identified to date (Berg et al., 
2000; Woo et al., 2006; Garrido et al., 2011).

11.3.1.  Biofumigation

One of the biological approaches suggested 
by the United Nations Methyl Bromide 
Technical Options Committee as a possible 
component of soil disinfestation systems is 
biofumigation (Anon., 2006). Biofumigation 
refers to the agronomic practice based on in-
corporating soil amendment (fresh plant 
mass and manure) into the soil, which will 
release chemical substances (allelochem-
icals), known as isothiocyanates, able to 
suppress soilborne pests and diseases, plus 
a soil heater to enhance biological activities. 
These allelochemicals released from dam-
aged tissues of members of the Brassicaceae 
and other minor families have the capacity 
to kill fungal, bacterial and nematode patho-
gens, and also weeds. Brassicaceae residues 
contain glucosinolates that yield isothio-
cyanates and other biologically active com-
pounds when hydrolysed by the enzyme 
myrosinase. In addition to biofumigation, 
pest control attained in response to Brassica 
residue amendments has been attributed to 

altered soil biology (Cohen et al., 2005; Maz-
zola et al., 2007; Friberg et al., 2009), at times 
acting through the modulation of host de-
fence responses (Cohen and Mazzola, 2006). 
This practice involves growing selected 
Brassicaceae plants as biocidal green ma-
nure crops to amend the soil with a high 
level of organic matter and natural bioactive 
compounds. A preliminary study on the 
drying of some Brassicaceae plant organs to 
produce biocidal pellets to be used as or-
ganic treatments in addition to or as alterna-
tive to biocidal green manure was conducted 
by Lazzeri et al. (2004). The dried plants 
showed in vitro fungitoxic activity on two 
of the main agents of ‘root rot’, Pythium ir-
regulare and Rhizoctonia solani (AG-5 strain) 
(Table 11.1). The authors concluded that, if 
tested on an industrial scale, these dried 
treatments might open up interesting appli-
cations as ecological alternatives to MeBr 
for the control of soilborne fungi, both in or-
ganic as well as in conventional agriculture.

The results obtained in laboratory tests 
by Mattner et al. (2008) showed that the 
Brassica rapa/B. napus fumigant crop had the 
capacity to suppress a diversity of soilborne 
fungal pathogens of strawberry (Table 11.1). 
At high doses, volatiles from the biofumi-
gant crop were lethal to six different soil-
borne pathogens: Alternaria alternata, 
Colletotrichum dematium, Cylindrocarpon 
destructans, Fusarium oxysporum, Pythium 
ultimum, Pythium cactorum and Rhizocto-
nia fragariae (Table 11.1). They also sug-
gested that allelochemicals other than 
isothiocyanates, such as nitriles, or other 
biological mechanisms might play a role in 

Table 11.1.  Biofumigants used as biological control in strawberry crops.

Plants Allelochemical Fungal pathogens Reference

Brassicacea Isothiocyanates Phythium irregular, Rhizoctonia solani Lazzeri et al. (2004)
Brassica rapa,  

Brassica napus
Isothiocyanates  

and nitriles
Alternaria alternata, Colletotrichum 

dematium, Cylindrocarpon 
destructans, Fusarium oxysporum, 
Penicillium ultimum, P. cactorum, 
Rhizoctonia fragariae

Mattner et al. (2008)

Lavandula angustifolia 
‘Maillette’, Lavandula 
intermedia ‘Grosso’

Monoterpenoids Verticillium dahliae Yohalem and Passey 
(2011)
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biofumigation. Subsequent work by Yohalem 
and Passey (2011) has shown that various 
Lavandula-based materials (Lavandula an-
gustifolia ‘Maillette’, Lavandula intermedia 
‘Grosso’ and their waste material) can re-
duce the number of viable microsclerotia of 
V. dahliae in soil and inhibit wilt in straw-
berry (Table 11.1). The monoterpenoids as-
sociated with Lavandula spp. affect the 
viability of fungi by interference with mem-
brane integrity. The presence and persist-
ence of the monoterpenoids were correlated 
with a reduction in pathogen population. 
As such, these authors recommended the 
use of biocidal green manure in combin-
ation with other physical (solarization) or 
biological techniques with low environ-
mental impact, and the use of genetically 
resistant strawberry varieties for effective 
control of several soil pests.

11.3.2.  Antagonistic rhizobacteria

The rhizosphere is the site for interactions 
between plants, pathogenic microorganisms 
and antagonistic rhizobacteria/fungi. An-
tagonistic rhizobacteria have often been the 
focus of research in sustainable systems of 
agriculture because of their ability to sup-
press soilborne diseases. With the objective 
of isolating new biocontrol agents against 
strawberry Verticillium wilt, Berg et al. (2000) 
developed a strategy for effective selection 
and evaluation of these agents. A variety of 
different antagonistic bacteria was found 
for the two strawberry species under study 
(Fragaria  ×  ananassa Thuill. ‘Elanta’ and 
Fragaria viridis). The bacterial species Pseudo
monas fluorescens, Streptomyces albidoflavus, 
Streptomyces rimosus and Streptomyces di-
astachromogenes were found in rhizospheres 
of both strawberry species, while Pseudo-
monas chlororaphis was found only in the 
rhizosphere of Fragaria  ×  ananassa, and 
Streptomyces exfoliatus only in the rhizo-
sphere of Fragaria viridis. After in vitro as-
says, the authors concluded that all isolates 
inhibited the growth of V. dahliae. In bio-
control experiments in the greenhouse and 
in the field, bacterial treatment also resulted 
in efficient suppression of the pathogen, in 

addition to increased production of straw-
berries. It was found that Pseudomonas 
treatment enhanced the yield of strawberry 
fruits by as much as 344% (Berg et al., 2000). 
The explanation of this effect lies in the 
interactions that take place between the host 
and the microorganisms; this association 
provides the plant with the nutrients and 
environmental conditions for enhanced de-
velopment of its root systems. On the basis of 
all these results, the authors concluded that it 
was possible to patent three effective biocontrol 
agents (two isolates of Pseudomonas fluo-
rescens and one Streptomyces diastachromo-
genes isolate) antagonistic to the Verticillium 
wilt pathogen. Anandhakumar and Zeller 
(2008) performed in vitro screening of more 
than 100 rhizobacteria to control Phytoph-
thora disease. They found three bacteria of 
different genera, Raoultella terrigena, Bacillus 
amyloliquefaciens and Pseudomonas fluo-
rescens, with inhibitory effects on the myce-
lial growth of Phytophthora fragariae var. 
fragariae and Phytophthora cactorum. Of 
these three species, Raoultella terrigena had 
the highest inhibitor activity. A parameter 
that plays an important role in the efficacy 
of the applied agent on the target pathogen 
is the method of its application or treatment 
of the biological agents. They can be ap-
plied prior to sowing, on transplants, on tis-
sue culture plantlets or as drenches. In the 
study by Anandhakumar and Zeller (2008), 
the roots of strawberry plants were dipped 
in the bacterial cell solution before plant-
ing. The advantages of this method are that: 
(i) the roots are directly exposed to the bac-
terial inoculum free of soil; and (ii) the 
pre-treatment ensures higher levels of activ-
ity, reduces production costs, simplifies for-
mulation and application, reduces extension 
costs and minimizes environmental impact. 
Anandhakumar and Zeller, (2008) also in-
vestigated whether a mixture of bacterial 
species gave better control against crown rot 
and red stele disease of strawberry than a 
single bacterial species alone. Under nat-
ural conditions, Raoultella terrigena and 
Bacillus amyloliquefaciens both showed a 
significant effect in the first season (37.5%), 
while in second season Raoultella terrigena 
showed more effectiveness (45.1%).
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The development of novel molecular 
biology techniques has allowed a deeper 
understanding of the molecular mechan-
isms and genes involved in the antagonist 
capacity of rhizobacteria (Garrido et al., 2011). 
Costa et al. (2007) employed a suite of tools 
to test whether antagonistic Pseudomonas spp. 
corresponded to dominant populations in 
the rhizosphere of V. dahliae host plants. 
They developed a novel polymerase chain 
reaction/electrophoresis denaturing gradient 
gel (PCR-DGGE) system to characterize gacA 
gene types within Pseudomonas spp. It is 
known that the gacA gene is required for the 
production of many secondary metabolites 
and exoenzymes in Pseudomonas spp. 
(Heeb and Haas, 2001) and that it promotes 
the synthesis of molecules involved in an-
tagonistic interactions and disease suppres-
sion, such as antibiotics and biocides. A study 
carried out by Costa et al. (2007) suggested 
that this family of genes, in conjunction 
with the PCR-DGGE system, might be a suit-
able strategy for the simultaneous analysis 
of Pseudomonas community structure and 
function in soil studies.

In order to develop a biocontrol product 
for commercial strawberry production based 
on the use of the chitinolytic rhizobacteri-
um Serratia plymuthica, Kurze et al. (2001) 
evaluated the potential of a strain isolated 
from the rhizosphere of oilseed rape for 
controlling Verticillium wilt and Phytoph-
thora root rot of strawberry. Artificial inocu-
lation with Serratia plymuthica controlled 
the wilt and root rot of the strawberry plants 
and even produced an increase in the num-
ber of buds, blossoms and fruit. On the basis 
of these results, they patented Serratia ply-
muthica (HRO-C48 strain) as a biological 
control (Berg et al., 2002)

11.3.3.  Plant growth-promoting bacteria

Another alternative for crop protection 
against pathogens is the biological control 
exerted by some plant growth-promoting 
bacteria (PGPB). These PGPB are beneficial 
for plant growth, yield and crop quality. 
This group of bacteria includes members of 
the genera Acinetobacter, Alcaligenes, 

Arthrobacter, Azospirillum, Azotobacter, 
Bacillus, Beijerinckia, Burkholderia, Entero-
bacter, Erwinia, Flavobacterium, Rhizobium 
and Serratia (Bashan and de Bashan, 2005). 
The mechanisms by which PGPB promote 
plant growth are not fully understood, but 
are thought to include: (i) the ability to pro-
duce plant hormones, such as auxins, cytoki-
nins and gibberellins, and to inhibit ethylene 
production; (ii) asymbiotic nitrogen fixation; 
(iii) solubilization of inorganic phosphate 
and mineralization of organic phosphate and/
or other nutrients; and (iv) antagonism against 
phytopathogenic microorganisms by pro-
duction of siderophores, the synthesis of 
antibiotics, enzymes and/or fungicidal com-
pounds, and competition with detrimental 
microorganisms. Azospirillum is a well-
studied PGPB capable of naturally coloniz-
ing many plant species, including strawberry. 
Different Azospirillum brasilense strains iso-
lated from strawberry plants show important 
characteristics within the PGPB group: (i) 
nitrogen-fixing activity; (ii) the production 
of siderophores and indoles; (iii) the promo-
tion of growth of strawberry plants (Pedraza 
et al., 2010; Tortora et al., 2011, 2012); and 
(iv) protection of strawberry plants against 
anthracnose disease (Tortora et al., 2012). 
Tortora et al. (2012) characterized the sys-
temic resistance induced by Azospirillum 
brasilense on strawberry plants at the bio-
chemical and molecular levels. Their re-
sults revealed the accumulation of salicylic 
acid and induction of defence-related genes, 
suggesting that this response is related to 
structural cell wall modifications as a con-
sequence of the increase in phenolic com-
pounds and callose deposition. They 
concluded that Azospirillum brasilense pro-
tected the strawberry plants against anthrac-
nose disease caused by Colletotrichum 
acutatum.

In a later work, Guerrero-Molina et al. 
(2012) demonstrated the existence of an ef-
fective Azospirillum brasilense root associ-
ation and further colonization through 
stolons from a single bacteria-inoculated 
strawberry mother plant to newborn daugh-
ter plants. As strawberry plants are commer-
cially reproduced in nurseries by planting 
stolons into the soil, these results suggest 
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the possibility of using a single inoculation 
with the selected PGPB to produce numer-
ous plant generations in the nursery that are 
already inoculated and ready for planting in 
the field.

Another characteristic that has been 
studied is the growth-promoting effect of 
flower and foliar spraying and root inocula-
tion of Bacillus and Pseudomonas on straw-
berry yield, growth and mineral content 
under organic growing conditions (Esitken 
et al., 2010). The results of this study showed 
that root inoculation of Bacillius (M3 strain) 
and spraying of Pseudomonas (BA-8 strain) 
or Bacillus (OSU-142 strain) significantly 
affected fruit yield, vitamin C content and 
fruit number per plant, increased both the 
growth and phosphorus (P), iron (Fe), cop-
per and zinc (Zn) content of the strawberry 
plant and increased the soil P, Fe, Zn, potas-
sium and magnesium availability. The au-
thors concluded that the bacteria tested in 
their study are a promising biofertilizer for 
fruit and vegetable production in sustain-
able and organic agricultural systems.

11.3.4.  Antagonistic fungi

Biological control based on the use of antag-
onistic fungal agents has gained wide accept-
ance, next to antagonistic bacteria, primarily 
because of their broader spectrum in terms 
of disease control. In several assays per-
formed on strawberry, table grape berries 
and kiwifruit, the yeast-like fungus Aure-
obasidium pullulans and the yeasts Can-
dida vanderwaltii and Candida oleophila 
were the most effective antagonists of Botry-
tis cinerea and Rhizopus stolonifer. In 1997, 
Aureobasidium pullulans and Candida 
oleophila isolates were utilized in trials on 
strawberry grown in plastic tunnels (Lima 
et al., 1997). Both antagonists showed activ-
ity against Botrytis cinerea and Rhizopus 
stolonifer, being more active when applied 
at full bloom and late petal fall than at fruit 
maturity. In both cases, competition for nu-
trients seemed to be the mode of action of 
these biocontrol agents. After microscopic 
examination of the Candida oleophila strain, 
the authors observed that there could also 

be a direct interaction between this yeast 
and Botrytis cinerea.

Another fungus antagonist that has 
proved capable of reducing the incidence of 
Botrytis cinerea on strawberry has been 
Gliocladium roseum. The mode of action of 
this ascomycete is by the reduction of inoc-
ula from infected leaves and protection of 
the flower parts from attack by the phyto-
pathogen (Maas, 2004). Strangely, in some 
studies published in 1991, it was observed 
that inoculation of strawberry plants with 
non-pathogenic isolates of Fusarium ox-
ysporum could be used to control wilt 
caused by Fusarium itself (Okayama, 1991; 
Tezuka and Makino, 1991).

When the biocontrol agent is studied 
under controlled environmental conditions, 
such as postharvest biological control, it is 
possible to modify and/or control the con-
ditions so that the agent’s activity is as opti-
mal as possible. However, this control 
cannot be exercised when the antagonistic 
fungal agent is applied in the field, where 
fluctuations in environmental conditions 
may prevent the biocontrol agent from es-
tablishing, and may hamper its activity or 
survival in the phyllosphere. The fungus 
Clonostachys rosea (syn. Gliocladium roseum: 
teleomorph Bionectria ochroleuca) (Schroers 
et al., 1999) is an antagonist that controls 
Botrytis cinerea efficiently on strawberry 
leaves, petals and stamens in experimental 
conditions (Peng and Sutton, 1991; Sutton 
and Peng, 1993; Sutton et al., 1997). Based 
on these preliminary data, Cota et al. (2008) 
evaluated the efficiency of four Clonostachys 
rosea isolates in the biological control of 
strawberry grey mould under field condi-
tions. In their experiments, applying Clon-
ostachys rosea was as efficient as the use of 
fungicides (procymidone and captan) in re-
ducing leaf colonization by Botrytis cinerea, 
as well as grey mould incidence in both 
flowers and fruits. The competition for nu-
trients and substrate is the major mechan-
ism that Clonostachys rosea uses against 
Botrytis cinerea (Sutton et al., 1997). The 
authors concluded that Clonostachys rosea 
reduced sporulation of Botrytis cinerea in 
leaves by competition with the saprophytic 
pathogen resulting in an effective reduction 
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of the inoculum produced in crop debris, 
which contributed to the reduction in dam-
age to flowers and fruits (Cota et al., 2008). 
Furthermore, they observed that the effect 
was most striking when the isolates were 
applied twice a week, probably because the 
antagonist reached a larger number of 
flowers at several developmental stages. 
The application of Clonostachys rosea twice 
a week was more efficient in controlling grey 
mould than a weekly application of fungi-
cides (procymidone and captan). More re-
cently, it has been shown that Clonostachys 
rosea is highly susceptible to UV radiation 
and has reduced ability to antagonize a patho-
gen in the presence of sunlight (Morandi et al., 
2008; Costa et al., 2012). Therefore, Costa et al. 
(2013) evaluated the ability of an isolate of 
Clonostachys rosea, selected previously for 
its tolerance to UV-B radiation, to control 
Botrytis cinerea on strawberry leaves in con-
trolled experiments. The results indicated 
that UV-B radiation reduced the ability of 
Clonostachys rosea to control pathogens on 
strawberry leaves and that the applied in-
oculum of the biocontrol agent must there-
fore be higher than the effective dose to 
control Botrytis cinerea. They concluded 
that, for the development of products based 
on biological control agents, the effect of 
UV-B should be studied in efficacy studies 
(Costa et al., 2013).

Another fungus that has been studied 
for its ability as a biocontrol agent against 
Botrytis cinerea is the ballistosporous yeast 
Sporidiobolus pararoseus belonging to Ba-
sidiomycota (Huang et al., 2012). The au-
thors evaluated the efficacy of the live yeast 
cells and their volatile organic compounds 
(VOCs) in the suppression of strawberry 
grey mould under controlled conditions. 
They found that, on strawberry fruits natur-
ally infected with Botrytis cinerea, Sporidi-
obolus pararoseus not only suppressed this 
pathogen but also suppressed other fungi, 
including Mucor spp., Penicillium spp. and 
Rhizopus spp. Therefore, they suggested 
that Sporidiobolus pararoseus may have the 
potential to suppress a wide range of decay-
inducing fungi on postharvest fruits. They 
also noticed that the VOCs produced by 
Sporidiobolus pararoseus could effectively 

inhibit both conidial germination and my-
celial growth of Botrytis cinerea on agar me-
dium and that it could suppress strawberry 
grey mould disease. Based on these results, 
Huang et al. (2012) suggested that the com-
petition for limited nutrients and space 
and/or the production of antifungal VOCs 
could be the mechanism used by Sporidi-
obolus pararoseus for the suppression of 
Botrytis cinerea on postharvest strawberry 
fruits. The authors concluded that Sporidi-
obolus pararoseus has the potential to be 
developed as a biofumigant to control grey 
mould disease of strawberry fruits stored in 
cartons (Huang et al., 2012).

Among the alternatives that have been 
described for the control of fungal diseases 
in crops, biological control is less effective 
than many of the commercial fungicides cur-
rently in use. Organic and inorganic addi-
tives have been applied in combination with 
biocontrol agents to obtain beneficial effects 
(El-Ghaouth et al., 2000; Meng et al., 2010). 
Phytic acid (PA) is a natural plant com-
pound that has properties such as antioxi-
dant or iron chelation. This compound is 
routinely added to foods to prevent product 
discoloration, increase nutritional quality 
and prolong shelf-life. However, there is no 
information concerning the effect of a com-
bination of antagonistic yeast and PA on the 
control of postharvest diseases of straw-
berry. Against this background, Zhang et al. 
(2013) published a paper studying the ef-
fects of the yeast antagonist Rhodotorula 
mucilaginosa, used alone or in combination 
with PA, for controlling postharvest grey 
mould spoilage of strawberry and evaluated 
the efficacy of this yeast and PA, used alone 
or in combination, for controlling the nat-
ural spoilage of strawberry. They observed 
that Rhodotorula mucilaginosa as a stand-
alone treatment had potential as a biocon-
trol agent for the control of postharvest grey 
mould decay of strawberry. Furthermore, 
they concluded that PA at a concentration 
of 4 μmol ml–1 could significantly enhance 
the biocontrol activity of Rhodotorula mu-
cilaginosa against postharvest grey mould 
decay and natural decay development in 
strawberry. The mode of action of PA may 
be its direct inhibition of the growth of the 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 New Biocontrol Strategies	 205

pathogens, while promoting the growth of 
Rhodotorula mucilaginosa in strawberry 
and thus enhancing nutrient competition 
between them (Zhang et al., 2013).

It has been observed that biological con-
trol of plant pathogens can be enhanced 
with the use of multiple-strain treatments as 
opposed to single-strain treatment (Elad et al., 
1998; Guetsky et al., 2002a,b; Elad and Stewart, 
2007), especially when applying biological 
control agents with different modes of ac-
tion (Xu et al., 2010). However, it is possible 
that such interactions between various bio-
logical control agents may cause a reduction 
in the effectiveness of biocontrol. Guetsky et al. 
(2001) investigated the use of a combination 
of the yeast Pichia guilliermondii and the 
bacterium Bacillus mycoides as an effective 
method to suppress Botrytis cinerea on straw-
berry leaves. Applied separately, the bio-
logical agents significantly inhibited spore 
germination, lesion formation and lesion de-
velopment at most temperatures, relative 
humidities and spray-time combinations. 
However, the results were not totally repro-
ducible under all conditions studied by the 
authors. However, when combined, the mix-
ture of Bacillus mycoides and Pichia guiller-
mondii suppressed Botrytis cinerea 
effectively under all conditions studied 
(Guetsky et al., 2001).

The control of Botrytis cinerea on de-
tached strawberry leaves was studied by 
Robinson-Boyer et al. (2009) and the effi-
ciency of combinations of commercially 
available biological control agents was deter-
mined. Combinations were tested as a mix-
ture or as sequential treatments before and 
after disease loading. The results demon-
strated that combinations of biological con-
trol agents as mixtures resulted in less control 
(i.e. higher disease) than when the most ef-
fective biological control agent within the 
combination was applied alone, indicating 
possible antagonism between them. How-
ever, when two biological control agents 
were applied sequentially about 48 h apart, 
there was no strong evidence for antagon-
ism between the agents. They concluded 
that there was usually no benefit in apply-
ing two biological control agents either to-
gether or sequentially, so in general they did 

not recommend a combination as the best 
method to control infections of strawberry 
leaves by Botrytis cinerea.

Control of powdery mildew, caused by 
Podosphaera aphanis, can be achieved by 
application of a single strain of antagonistic 
fungi as a biological control agent (Kiss, 2003). 
Sylla et al. (2013) developed a dual-culture 
method and leaf disc assays, and showed 
that there were various interactions in vitro 
between bacterial and fungal biocontrol 
strains against Podosphaera aphanis. For 
example, the combination of Beauveria bas-
siana and Bacillus amyloliquefaciens (FZB42 
strain) presented the lowest inhibitory effects, 
while the combination of Trichoderma har-
zianum (strain T58) and Bacillus subtilis 
(strain FZB24), caused the greatest inhib-
ition. On leaf discs, some of the multiple-
strain treatments contributed to improved 
biological control (e.g. Bacillus subtilis + 
Metarhizium anisopliae (strain 43) or Beauver-
ia bassiana + Penicillium oxalicum), while 
others did not show any significant effects 
(e.g. Bacillus amyloliquefaciens + T. harzia-
num (strain T22)). Moreover, it appeared 
that the entomopathogenic fungus Metarhi-
zium anisopliae was a promising agent for 
multiple biological control agent treatments 
against Podosphaera aphanis conidiation 
in strawberry, while multiple treatments in-
cluding T. harzianum and Bacillus subtilis 
was not. Sylla et al. (2013) concluded that, 
in order to consider treatment with multiple 
strains as an alternative for the control of 
powdery mildew in strawberry, it is neces-
sary to have a greater knowledge of the mi-
crobial biogeography of strawberry plants/
leaves, as well as the spectrum of exuded 
organic compounds from leaves and exud-
ation sites (e.g. stomata, trichomes).

11.3.5.  Trichoderma spp.

The genus Trichoderma has been the focus 
of many researchers and is the most effect-
ive fungal biocontrol agent found to date. 
Trichoderma spp. comprise almost 50% of 
the fungal biological control agents market, 
mostly as soil/growth enhancers, and this 
makes them interesting candidates for 
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investigation. This genus has been known 
for a long time (since 1865), but its taxonomy 
and identification of the different species 
was not known until about 1969 (Rafai, 1969). 
The difficulty of distinguishing among the 
different species lay in the few morpho-
logical differences associated with the vari-
ous species. However, the enormous progress 
made in the application of molecular tech-
niques has enabled phylogenetic classifica-
tion of Trichoderma spp. (Druzhinina et al., 
2006). Fungal species belonging to this 
genus are widely distributed throughout the 
world and can be isolated from soil, decay-
ing wood and other forms of plant organic 
matter (Howell, 2003). Since the 1930s, it 
has been known that fungi of the genus 
Trichoderma have the potential to act as 
biocontrol agents of plant diseases. Tricho-
derma spp. have developed an antagonizing 
ability to interact, both parasitically and 
symbiotically, with different substrates and 
living organisms, including plants and other 
microbes (Woo et al., 2006). There are cur-
rently a large number of publications dem-
onstrating the ability of this fungus as a 
biocontrol agent; however, there is still a lack 
of knowledge about the molecular mechan-
isms that the fungus employs to carry out its 
antagonist activity. The reviews by Howell 
(2003), Woo et al. (2006) and Daguerre et al. 
(2014) summarize the main results obtained 
from genomic and proteomic studies of this 
fungus, with the aim of deepening our under-
standing of the mechanisms involved in the 
interactions that exist between Trichoderma 
spp., plants and fungal pathogens.

A number of studies have been con-
ducted with the aim of selecting strains of 
Trichoderma spp. capable of carrying out ef-
fective control of infections caused by phyto-
pathogenic fungi in strawberry production. 
Intensive research into biocontrol using T. 
harzianum has been carried out, and there 
have been some significant achievements in 
greenhouse crops and vineyards. The first 
biocontrol agent to be commercialized, regis-
tered and used was isolate T-39 of T. harzia-
num (TRICHODEX), which is effective 
against Botrytis cinerea, Sclerotinia scleroti-
orum, Cladosporium fluvum and Colletotri-
chum acutatum. In 2004, Freeman et al. (2004) 

conducted a study that used various isolates 
of Trichoderma, including isolate T-39, to 
determine the influence of the use of differ-
ent isolate combinations, timing applica-
tions and dosage rates on disease control. 
They concluded that all combinations of 
concentrations and application time inter-
vals were effective in anthracnose disease 
reduction. However, it appeared that the 
time period between applications and con-
centrations are important parameters for 
grey mould control in strawberry. The iso-
lates used in this study belonged to the spe-
cies T. harzianum, Trichoderma hamatum, 
Trichoderma longibrachiatum and Tricho-
derma atroviride, indicating the taxonomic 
diversity of Trichoderma agents for biocontrol. 
Currently, more than 250 different Trichoderma-
based agricultural products have been regis-
tered in the world, and are sold and applied to 
protect and improve yields of vegetables, or-
namental plants and fruit trees (Woo et al., 
2014).

In recent decades, much effort has been 
made to understand the mechanisms used 
by Trichoderma spp. in their action as bio-
control agents against plant diseases. These 
fungi are characterized by: (i) the ability to 
use a variety of nutrient sources; (ii) being 
among the microorganisms that are most re-
sistant to natural and man-made chemicals 
and toxins; (iii) the ability to effectively de-
grade some of these compounds, including 
hydrocarbons, chlorophenolic compounds, 
polysaccharides and xenobiotic pesticides 
(Harman et al., 2004); (iv) their high versa-
tility in adapting to many different environ-
mental conditions; and (v) their large arsenal 
of molecular weapons to use against a par-
ticular microbe that they confront. Regard-
ing the modes of action of members of the 
genus Trichoderma, several mechanisms 
have been described such as mycoparasit-
ism, competition, the use of enzymes and 
antibiosis.

According to Punja and Utkhede (2003), 
Trichoderma spp. are the most widely stud-
ied mycoparasitic fungi. This fungal bio-
control agent is able to parasitize other 
fungi, and the mechanisms include coiling 
around the hyphae of the pathogen, pene-
tration and subsequent dissolution of the 
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host cytoplasm (Howell, 2003). It has been 
reported that the fungus is able to excrete 
various toxins that are toxic to Rhizoctonia 
solani and Sclerotinia americana, and are 
even strongly inhibitory for Pythium ulti-
mum and Phytophthora spp.; two of the 
most important toxins excreted by Tricho-
derma virens are gliotoxin and gliovirin 
(Howell, 2003). In subsequent studies, a mu-
tant of T. virens deficient for both mycopara-
sitism and toxin biosynthesis still retained 
biocontrol efficacy, indicating that neither 
mycoparasitism nor toxins are essential for 
biocontrol of these pathogens (Liu et al., 
2007). Another relevant feature of mycopara-
sitism is related to the production of extra-
cellular enzymes (e.g. proteolytic enzymes, 
the glucanolytic system, chitinase) (Verma 
et al., 2007). The role of these enzymes has 
been well documented and it has been ob-
served that they are a key factor in pathogen 
cell wall lysis during mycoparasitism (Verma 
et al., 2007; Daguerre et al., 2014).

Trichoderma spp. are capable of grow-
ing rapidly and colonizing the root system 
of the treated plant, a condition necessary 
for the biocontrol agent to compete for space 
and nutrients efficiently. However, Howell 
(2003) described that strains of Trichoder-
ma koningii were excellent root colonizers 
but exhibited little or no biocontrol activity 
against Rhizopus solani on cotton seedlings. 
In addition, Trichoderma spp. were shown 
to compete and sequester ions of iron by re-
leasing siderophore-type compounds (Verma 
et al., 2007), which are also used by PGPB, 
as previously. These compounds are cap-
able of generating complex interactions be-
tween plants and pathogens, which may 
contribute to the plant’s ability to reach a 
certain level of tolerance or resistance to 
damage. This mechanism is similar to that 
employed by Pseudomonas spp., in that it 
induces plant root and shoot growth, resist-
ance to biotic and abiotic stresses, and im-
provements in the nutritional status of the 
plant. Harman (2000) showed that, after 
treatment of seed with T. harzianum (T-22 
strain), corn planted in low-nitrogen soil 
produced plants that were greener and lar-
ger in the early part of the growing season. 
The authors reported a strong interaction 

between T-22 and the nitrogen-fixing bac-
terium Bradyrhizobium japonicum. Theor-
etically, the combination of a nitrogen-fixing 
bacterium and a fungus that enables the plant 
to utilize nitrogen more efficiently is directly 
related to a general beneficial growth effect 
on the root system, which thereby gives the 
plant more resistance against pathogens 
(Harman, 2000).

Antibiosis is the process of secretion of 
antimicrobial compounds by antagonistic 
fungi to suppress and/or kill pathogenic 
fungi in the vicinity of its growth area (Verma 
et al., 2007). The elements that are probably 
related to the antibiosis of Trichoderma spp. 
are some antagonistic metabolites produced 
by the fungus. These metabolites have the 
characteristics of being linear, amphipathic 
polypeptides, namely peptaibols and peptai-
biotics (Szekeres et al., 2005). Szekeres et al. 
(2005) discussed the physico-chemical and 
biological properties of these antibiotic com-
pounds, which included the disruption of 
lipid membranes, antimicrobial activities 
and induction of plant resistance.

Recent research into the possible mech-
anisms involved in biological control by 
Trichoderma spp. has revealed that enzymes 
such as chitinases, glucanases and proteases 
produced by the biocontrol agent are respon-
sible for suppression of the plant pathogen 
(Howell, 2003). The first two function by 
breaking down the polysaccharides, chitin 
and β-glucans that are responsible for the ri-
gidity of fungal cell walls, thereby destroying 
cell wall integrity In the case of proteases, 
the enzymes break down hydrolytic enzymes 
into peptide chains and/or their constituent 
amino acids and thereby destroy the cap-
acity of the pathogen to act on plant cells. 
Nevertheless, when considering enzyme bio-
synthesis as a mechanism of biocontrol, one 
must take into account the synergistic effect 
between enzymes and antibiotics produced 
by Trichoderma spp. (Howell, 2003).

11.3.6.  Summary

The possible strategies for biological control 
of phytopathogenic fungi that damage straw-
berry plants include the use of biofumigation, 
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antagonistic rhizobacteria, PGPB and antagon-
istic fungal agents. The mechanisms used by 
these biocontrol agents are many and com-
plex, and the use of a particular one will de-
pend mainly on the type of interactions 
established between the plant host, the phyto-
pathogenic fungus and the biocontrol agent. It 
is also important to consider that there are 
many factors that influence the effectiveness 
of the agent: soil type, pH, temperature, hu-
midity, soil environment, rhizosphere, and 
method of application or treatment. Therefore, 
for effective biocontrol, there has to be a proper 
understanding of the combination of different 
mechanisms and factors that work synergistic-
ally in exercising adequate control of diseases 
of strawberry plants. It is therefore important 
and necessary to continue to deepen our 
knowledge of the mechanisms used by differ-
ent biocontrol agents, including those already 
known and newly discovered agents.

11.4.  Conclusion

Strawberry is a fruit of high commercial 
value, and its cultivation extends to numer-
ous regions around the world. The straw-
berry plant is susceptible to many diseases 
including those caused by fungal pathogens, 
which are responsible for high economic 
losses to the strawberry sector. Traditionally, 
the control of these diseases is done by 
applying fungicides. Today, in almost all 
countries, application of fungicides is partially 

prohibited for the control of fungal rot dur-
ing cultivation of strawberry and is com-
pletely prohibited after harvesting the fruit. 
Therefore, the use of biological control 
agents against these pathogens has become 
the most interesting alternative, and the sci-
entific community is focusing its efforts in 
this area. In this chapter, we have discussed 
the use of MeBr and other fungicides to con-
trol fungal damage in strawberry cultivation. 
We also discussed the various alternatives 
that are being developed for biological con-
trol of strawberry crop diseases, as well as 
the mode of action of these biological control 
agents to control the various diseases of the 
crown, stem, leaves and strawberry fruit.
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12.1.  Introduction

Strawberry (Fragaria × ananassa Duch.) is 
one of the most widely consumed fruits 
throughout the world. World production 
has increased steadily over the years, sur-
passing 4.5 million t in 2013. Most of the 
production is located in the northern hemi-
sphere, led by the USA with 30.3% (1,366,850 t) 
of worldwide production, followed by Mexico 
(360,426 t),Turkey (353,173 t),  Spain (289,900 t), 
Egypt (242,297 t) and the Republic of Korea 
(231,803 t) in 2012 (http://faostat3.fao.org). 
Although data from the Food and Agricul-
ture Organization of the United Nations 
(FAO) Statistics Division indicated that pro-
duction in China was only 15,250 t in 2012, 
Zhang et  al. (2012) stated that China was 

ranked first worldwide in terms of output of 
area of strawberry production in 2012, and 
the Office of Agricultural Affairs (Beijing, 
China) determined that China’s fresh and 
frozen strawberry production was 2.1 million t 
and 150,000 t, respectively, in 2012. China 
only exports a small amount of fresh straw-
berries to neighbouring countries due to 
high shipping costs (http://gain.fas.usda.
gov/Recent%20GAIN%20Publications/
Strawberries_Beijing_China%20-%20
Peoples%20Republic%20of_12-17-2012.pdf).

Fungal diseases cause numerous economic 
losses in all world crop areas, but mainly in 
those where the same soil is used year after 
year. In recent years, novel plant collapse 
problems have been detected (charcoal rot 
and Fusarium wilt), and outbreaks of crown 
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and root disease have impacted severely on 
strawberry production (Fang et  al., 2011b). 
The increase in the prevalence of crown and 
root rot may be related to the phase-out of me-
thyl bromide (MeBr). In the mid-1990s, the 
Montreal Protocol marked the beginning of 
the end for MeBr utilization for soil disinfest-
ation. Article 2 (developed) countries phased 
out MeBr use in 2005. Some of these coun-
tries are important strawberry fruit and plant 
producers (i.e. Australia, Canada, France, 
Germany, Italy, Israel, Japan, Poland, Republic 
of Korea, Spain, USA). In Article 5 (develop-
ing) countries, MeBr was phased out by 31 
December 2014 (López-Aranda, 2014). Some 
authors have associated the changes in the fu-
migation products used and methods of ap-
plying them prior to planting strawberries 
with the establishment of Macrophomina pha-
seolina (causal agent of charcoal rot) (Mertely 
et al., 2005; Zveibil and Freeman, 2005; Avilés 
et al., 2008; Koike, 2008a, 2012). The develop-
ment of Fusarium wilt (caused by Fusarium 
oxysporum) has also been associated with 
changes in the practices of pre-plant soil fu-
migation, but this has so far only been con-
firmed in southern California (Koike, 2012), 
although the establishment of Fusarium ox-
ysporum is not usually associated with the 
use of fumigants (Phillips and Golzar, 2008). 
Furthermore, Sugimura et  al. (2001) sug-
gested that Fusarium wilt of strawberry could 
be controlled better by soil solarization than by 
fumigation with either MeBr or chloropicrin.

M. phaseolina and F. oxysporum cause 
similar symptoms: poor growth, plant stunt-
ing, dieback, plant collapse and crown dis-
colour. Both pathogens are soilborne fungi, 
have a long persistence and are spread via 
soil (Koike, 2011).

12.2.  Fusarium Wilt (Fusarium Yellows)

Fusarium spp. used to be considered a weak 
or sublethal pathogen in strawberries (Particka 
and Hancock, 2008; Gliessman and Muramoto, 
2010) and had been reported as one of the 
soilborne pathogens involved in the black 
root rot disease complex (Miller, 1949; D’Ercole 
et al., 1989; Kukkonen et al., 2004). It was 

shown to interact with Pratylenchus pene-
trans in the occurrence of black root rot 
(Maas, 1998). In strawberry production fields, 
Albregts et  al. (1996) and Locascio et  al. 
(1999a) observed stunted and chlorotic straw-
berry plants. Fusarium spp. and Rhizoctonia 
were found on the brown roots of these 
small plants. However, pathogenicity tests 
with potential pathogens were not conducted, 
and thus the possible roles of any of the in-
dividual fungi in the disease were not eluci-
dated (Locascio et al., 1999a). Mortality due 
to lethal pathogens was rare in the USA or 
Spain, two of the major strawberry-producing 
countries, until the outbreak of charcoal rot 
and Fusarium wilt, although Fusarium spp. 
had been isolated from soils and plants (Al-
bregts et al., 1996; Fort et al., 1996; de los 
Santos et al., 2003; De Cal et al., 2005).

Fusarium oxysporum is a cosmopolitan 
and common soilborne hemibiotrophic fun-
gus, and is responsible for an enormous 
range of plant diseases, usually involving a 
vascular wilt syndrome, often as a result of 
the xylem vessels becoming blocked (Leslie 
and Summerell, 2006). The majority of iso-
lates causing vascular wilts are specific strains 
that infect only a small number of host plants 
and that are differentiated on the basis of patho-
genicity as formae specialis (f. sp.) (Leslie and 
Summerell, 2006). The strain that commonly 
attacks strawberry is Fusarium oxysporum 
Schlechtend.: Fr. f. sp. fragariae Winks & Wil-
liams, which causes Fusarium wilt, also known 
as Fusarium yellows (Maas, 1998).

Fusarium oxysporum f. sp. fragariae was 
first observed and described in Australia 
(Winks and Williams, 1965) and has been a 
problem primarily in this country and in 
Japan (Hancock, 1999). The disease has also 
been detected in: Argentina (Mena et  al., 
1975; Baino et al., 2010); Chile, where the 
fruit production has suffered important eco-
nomic losses principally due to this disease 
(González et al., 2005); China, where Fusar-
ium wilt is considered a replant disease and 
occurs with Verticillium wilt, the major limi-
tation for strawberry production in green-
houses (Zhang et al., 2012); Japan (Tezuka 
and Makino, 1991); and Korea (Cho and 
Moon, 1984), where it is considered the 
most serious soilborne disease of nursery 
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plants (Nam et  al., 2011a). In the USA, 
Fusarium wilt was first detected in California 
(Koike et  al., 2009a), and later in South 
Carolina (Williamson et al., 2012). F. oxysporum 
survival in soil and pathogen-related plant 
mortality are under investigation in Califor-
nia (Daugovish and Fennimore, 2011; Koike 
et  al., 2013). In Spain, F. oxysporum was 
found to cause wilt and the death of straw-
berry plants in soil-less culture systems in 
the Huelva region (south-western Spain) 
(Arroyo et al., 2009), although De Cal et al. 
(2005) had already detected the presence of 
Fusarium spp. in nursery soils. Later, Fusar-
ium spp. was detected in soil and symptom-
atic plants in fruit production fields in 
Huelva (Miranda et al., 2012). Redondo et al. 
(2012) found an increase of the pathogenic 
species of Fusarium in soil and plants in 
Spanish strawberry nurseries. More recently, 
Fusarium solani was detected in strawberry 
fruit production fields in south-western 
Spain, with symptoms comprising foliage 
wilt, plant stunting and drying, and death of 
older leaves (Pastrana et al., 2013).

Symptoms of Fusarium wilt consist of 
wilting of foliage, drying and withering of 
older leaves, stunting of plants and reduced 
fruit production (Koike et al., 2009b). As the 
disease progresses, only the central youngest 
leaves remain green (Koike, 2012). Chlor-
osis of the foliage (yellowing) rather than 
wilting may occur under cool conditions 
(Maas, 1998; Williamson et al., 2012). The 
plants eventually collapse and die. The in-
ternal vascular and cortical tissues of the 
plant crowns show a brown-to-orange-brown 
discoloration (Fig. 12.1), and the lower crown 
tissues may decay extensively as the disease 
advances. Slimy, white or pink masses of 
micro- and macroconidia may be produced 
on infected plant parts (Maas, 1998; Koike 
et al., 2009b; Williamson et al., 2012). Al-
though F. oxysporum can attack strawberry 
roots, causing discoloration and stripping, 
it is most frequently isolated from the crowns 
(Phillips and Golzar, 2008; Fang et al., 2011a).

Symptoms of Fusarium wilt develop-
ment in strawberry are favoured by high tem-
peratures, which cause the infected leaves to 

Fig. 12.1.  A strawberry crown showing symptoms of Fusarium wilt.
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wilt and die rapidly (Maas, 1998). With an 
increase in temperature from 17 to 27°C, the 
disease severity in plants inoculated with 
F. oxysporum increased significantly. While 
little disease developed at 17°C, in contrast, 
at 27°C, symptoms of Fusarium wilt were evi-
dent by 2 weeks after inoculation, with rapid 
wilt or death of the plants within 4 weeks, 
including severe disease symptoms on the 
crown, root and vascular tissues, along with 
poor development of the roots (Fang et al., 
2011a). If infected plants are subjected to 
stress, the disease progresses more rapidly 
and the symptoms are more severe. Such 
stress factors include environmental extremes 
(hot weather), underwatering, the presence 
of pests and physiological stress from heavy 
fruit loads (Koike, 2012). Other factors influ-
encing the severity of Fusarium wilt are the 
inoculum level in the soil, environmental 
conditions and cultivar susceptibility (http://
ceventura.ucdavis.edu/files/121665.pdf). 
F. oxysporum can be dispersed by many dif-
ferent means including wind and in soil, and 
through seeds or infected plant material 
(Leslie and Summerell, 2006).

In nurseries, F. oxysporum persists in 
the soil after the plants have been removed 
(Zhang et al., 2012). F. oxysporum f. sp. fragariae 
penetrates strawberry plants through the 
roots, severely affecting the roots and crowns, 
and resulting in a rapid wilting and eventu-
ally death of the strawberry plants (Koike 
et al., 2009b; Fang et al., 2011a,b). Infection by 
F.  oxysporum through runner propagation 
from infected mother plants of strawberry 
was shown in stolons and daughter plants 
hanging from raised beds (Nam et al., 2011a). 
Fusarium spp. have also been isolated from 
strawberry plants coming from nurseries, so 
in strawberry fruit production fields, the in-
oculum could come from the soil and/or the 
mother plant (de los Santos, 2010).

Fusarium wilt of strawberry is caused 
by a formae speciale of F. oxysporum 
Schlechtendahl emend. Snyder & Hansen, 
which is host specific to strawberry and can 
only infect this crop (Snyder and Hansen, 
1940; Koike, 2012). There are other formae 
speciales of F. oxysporum. Morphologically, 
these strains are very similar or identical. 
Identification has traditionally involved 

pathogenicity testing with sets of host 
differentials appropriate for the formae spe-
ciales in question (Leslie and Summerell, 
2006). Molecular methods, such as polymer-
ase chain reaction (PCR) have been described 
to resolve genetic variation among isolates 
within or between formae speciales of 
F. oxysporum (McDonald, 1997).

F. oxysporum has pathogenic, sapro-
phytic and biocontrol strains that cannot be 
distinguished from each other by morpho-
logical analysis or sexual compatibility stud-
ies. The high genetic diversity among isolates 
has led to F. oxysporum being considered a 
complex of several different species (known 
as Fusarium spp. complex) (Baayen et  al., 
2000).

The colony morphology of F. oxysporum 
on potato dextrose agar varies widely. As 
described by Arroyo et  al. (2009) and Wil-
liamson et al. (2012), colonies of F. oxysporum 
isolated from strawberry tissues had a light 
purple mycelium and beige or orange reverse 
colony colours on acidified potato dextrose 
agar after 5  days of incubation at 25°C, 
whereas colonies on quarter-strength acid-
ified agar were light purple (Fig. 12.2). The 
mycelia may be floccose, sparse or abun-
dant, and range in colour from white to pale 
violet. Abundant pale orange or pale violet 
macroconidia are produced in a central 
spore mass in some isolates. Small pale 
brown, blue to blue-black or violet sclerotia 
may be produced abundantly by some iso-
lates (Leslie and Summerell, 2006).

F. oxysporum has no known sexual stage 
but produces three types of asexual spores: 
microconidia, macroconidia and chlamy-
dospores. The microconidia are abundant, 
generally single-celled, hyaline, and oval, ellip-
tical or kidney shaped (5.9–9.2 × 2.1–3.4 μm) 
and are produced only in false heads. The 
macroconidia are abundant, of short or me-
dium length (28.8–37.3 × 3.2–4.3 μm), three 
to five septate, thin-walled, straight to slightly 
curved and fusoid subulate with an attenu-
ated apical cell and a foot-shaped basal 
cell (Nelson et  al., 1983; Leslie and Sum-
merell, 2006; Arroyo et al., 2009). The co-
nidiophores are unbranched or branched 
monophialides (Nelson et al., 1983). Chlamy-
dospores are present and are usually formed 
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singly or in pairs, but also may be found in 
clusters or in short chains. They can be ei-
ther terminal or intercalary in aerial, sub-
merged or surface hyphae. Chlamydospores 
are smooth or rough walled. In most isolates, 
they form readily and profusely in culture 
(Nelson et al., 1983; Leslie and Summerell, 
2006). These resilient structures allow the 
pathogen to survive in the soil for long 
periods of time (Koike, 2012). Thus, the most 
distinguishing characteristics of F. oxysporum 
are: the presence of chlamydospores, and 
microconidia borne in false heads on short 
monophialides (Nelson et al., 1983).

Traditionally, the most prevalent tech-
niques used to identify F. oxysporum re-
lied on culture-based morphological ap-
proaches. However, these methods are often 
time consuming, laborious and require ex-
tensive knowledge of classical taxonomy. 
These limitations led to the development of 
molecular approaches based on the detec-
tion of pathogen DNA or RNA, with im-
proved accuracy, rapidity and reliability. A 
wide variety of molecular methods have 
been used to detect, identify and quantify 

Fusarium spp. in plants and environmental 
samples.

PCR is the most prevalent method for 
Fusarium spp. detection. PCR allows the 
amplification of millions of copies of spe-
cific DNA sequences without the need to 
isolate the pathogen from the infected ma-
terial, reducing the diagnosis time from 
weeks to hours. Conventional PCR for gen-
eric detection of Fusarium spp. can be per-
formed using a set of primers based on the 
translation elongation factor 1α gene (TEF 1α: 
primer ef1, 5′-ATGGGTAAGGARGACAAGAC-3′, 
and primer ef2, 5′- GGARGTACCAGTSAT-
CATGTT-3′) (O’Donnell et al., 1998). For the 
specific detection by conventional PCR of 
F. oxysporum sensu lato, including sapro-
phytic, biocontrol and pathogenic forms, 
several sets of primers have been reported: 
primers PFO2 (5′-CGGGGGATAAAGGCGG-3′) 
and PFO3 (5′-ACCGTGTAATACCCTGGG-3′), 
based in the 28S ribosomal RNA (rRNA) 
gene (Edel et al., 2000), and primers FOF1 
(5′-ACATACCACTTGTTGCCTCG-3′) and 
FOR1 (5′-CGCCAATCAATTTGAGGAACG-3′) 
designed within the internal transcribed 

Fig. 12.2.  Colony morphology of Fusarium oxysporum growing on potato dextrose agar.
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spacer (ITS) region of the rRNA gene (Mishra 
et al., 2003). Advances in PCR-based methods, 
such as real-time PCR, allow the rapid and 
accurate detection of F. oxysporum with im-
proved sensitivity and specificity, as well as 
quantification of the pathogen in plants or 
environmental samples (Jiménez-Fernández 
et al., 2010). Quantification allows the estab-
lishment of the damage threshold at which 
a pathogen can cause disease and the opti-
mum time for applying preventative measures 
to avoid losses.

Different PCR-based protocols for spe-
cific detection of F. oxysporum belonging to 
different formae speciales or even races or 
pathotypes within a forma specialis have 
been developed for: F. oxysporum f. sp. al-
bedinis (Fernandez et  al., 1998); F. ox-
ysporum f. sp. gladioli (de Haan et al., 2000); 
F. oxysporum f. sp. phaseoli (Alves-Santos 
et  al., 2002); F. oxysporum f. sp. ciceris 
(Jiménez-Gasco and Jiménez-Díaz, 2003); 
F. oxysporum f. sp. asparragi (Mulè et  al., 
2004); F. oxysporum f. sp. chrysanthemi 
(Pasquali et  al., 2004); F. oxysporum f. sp. 
basilici (Pasquali et al., 2006); F. oxysporum 
f. sp. lactucae (Pasquali et al., 2007); F. ox-
ysporum f. sp. niveum (Zhang et al., 2005); 
F. oxysporum f. sp. lycopersici and radicis-
lycopersici (Hirano and Arie, 2006; Inami 
et al., 2010); F. oxysporum f. sp. cucumeri-
num and f. sp. radicis-cucumerinum (Lievens 
et al., 2007); F. oxysporum f. sp. vasinfectum 
(Zambounis et al., 2007); F. oxysporum f. sp. 
cubense (Lin et al., 2009) and F. oxysporum 
f. sp. melonis (Luongo et al., 2012). Biocon-
trol strains of F. oxysporum can also be iden-
tified by PCR-based methods (Cipriani et al., 
2009; Edel-Hermann et al., 2011). As cited by 
Mirmajlessi et al. (2015), Suga et al. (2013) 
characterized and used some transposable 
elements in F. oxysporum f. sp. fragariae to 
design a specific set of PCR primers. The 
genomic region between Han and Skippy (as 
transposable elements) was amplified by an 
inter-retrotransposon-amplified polymorph-
ism technique (IRAP-PCR), and specific pri-
mers were designed from this region. The 
developed PCR primers discriminated F. ox-
ysporum f. sp. fragariae strains from non-
pathogenic F. oxysporum strains and five 
other formae speciales. To the best of our 

knowledge, there are no other PCR-based 
techniques for strawberry Fusarium wilt 
diagnosis.

Several works have investigated the 
variability of F. oxysporum f. sp. fragariae 
related to vegetative compatibility groups 
(VCGs) and pathogenicity. Two strains be-
long to the same VCG if they are able to form 
a stable heterokaryon. These strains are said 
to be vegetatively compatible. The vegeta-
tive compatibility phenotype has a multi-
genic basis, as the number of alleles govern-
ing the trait is large. In fact, many formae 
speciales comprise strains that belong to 
multiple VCGs, suggesting a polyphyletic 
nature (independent origins) for most of 
them, including F. oxysporum f. sp. fragariae. 
Hyun et  al. (1996) identified four major 
VCGs in F. oxysporum f. sp. fragariae iso-
lates from Korea, by means of a nitrate re-
ductase complementation test. These VCGs 
significantly correlated with four isozyme 
polymorphism groups with isozyme pat-
terns of sterase, catalase, acid phosphate and 
leucine aminopeptidase. However, no correl-
ation was found between VCGs and patho-
genicity of the isolates. Using 22 pathogenic 
and non-pathogenic isolates of F. oxysporum 
f. sp. fragariae from the same country, Naga-
rajan et al. (2006) described three VCGs and 
one incompatible group. A high correlation 
between VCG groups and the three major 
clusters determined by random amplified 
polymorphic DNA (RAPD) markers analysis 
was established. In addition, VCG and RAPD 
patterns between pathogenic and non-
pathogenic F. oxysporum isolates from straw-
berry were distinctly different. In an ana-
lysis of 27 pathogenic F. oxysporum f. sp. 
fragariae isolates from California, USA, two 
somatic compatibility groups were identi-
fied, each of which was associated with a 
different sequence of the TEF-1α gene (Islas 
et al., 2011).

Molecular characterization of Fusarium 
spp. implies the use of identification strat-
egies based on comparative sequences (Sum-
merbell et al., 2005). This method consists of 
PCR amplification of a selected region of the 
genomic DNA (target locus), followed by se-
quencing of the resulting amplicon and 
comparison against a database library such 
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as GenBank (http://www.ncbi.nlm.nih.gov/), 
the European Molecular Biology Laboratory 
nucleotide sequence database (EMBL, http://
www.ebi.ac.uk/embl/) or the DNA Data 
Bank of Japan (DDBJ, http://www.ddbj.nig.
ac.jp/). GenBank is the most widely used 
database and contains a large number of se-
quences from different species and loci. 
However, a considerable percentage of the 
sequences reported in this database are erro-
neous or incomplete, or have been associ-
ated with misidentified organisms, leading 
to false identifications (Kang et al., 2010). To 
overcome this problem, specific sequence 
databases for supporting strain identifica-
tion and phylogenetic analyses of Fusarium 
have been developed: Fusarium-ID (http://
isolate.fusariumdb.org/), Fusarium Com-
parative Genomics Platform (FCGP, http://
genomics.fusariumdb.org/) and the Fusar-
ium Community Platform (FCP, http://www.
fusariumdb.org/wordpress/), an online re-
search forum. Together, these platforms form 
the Cyber Infrastructure for Fusarium (CiF, 
http://www.fusariumdb.org/) (Park et  al., 
2010). Different loci from F. oxysporum f. sp. 
fragariae have been sequenced and reported 
in GenBank, including a partial region of 
TEF-1α (O’Donnell et  al., 2009), β-tubulin, 
rRNA and the ITS region (O’Donnell et al., 
2009), exopolygalacturonase (pgx1 and pgx4) 
and endopolygalacturonase (pg1 and pg5) 
genes, the mat1-1-1 gene for mating type 
protein, and trichothecene 3-O-acetyltrans-
ferase (all of which are non-referenced, pub-
lished as direct submissions).

The choice of the appropriate locus is 
crucial for an accurate identification by se-
quencing. Among the loci used for identifi-
cation and differentiation of Fusarium spp., 
the most informative is TEF1-α, which has a 
high level of interspecies variation com-
bined with low levels of intraspecific vari-
ation. Other genes such as tubulin, cal-
modulin and the ITS region have lower 
levels of genetic variation and are moder-
ately informative, while the ITS region of 
the rRNA gene constitutes the most prob-
lematic loci for Fusarium identification and 
differentiation because it fails to distinguish 
between closely related species (Balajee 
et al., 2009).

Different PCR-based marker systems 
have been applied to studies of the genetic 
variability of F. oxysporum populations. A 
high level of genetic variation has been 
demonstrated among F. oxysporum f. sp. 
fragariae isolates from Korea. Analysis by 
RAPD and restriction fragment length poly-
morphism (RFLP) analyses separated the 
F. oxysporum f. sp. fragariae isolates into 
eight distinct groups (Nagarajan et al., 2004, 
2006).

12.2.1.  Fusarium wilt management

Fusarium wilt is difficult to control due to 
the long viability of the resting structures 
(chlamydospores), the broad host range of 
the pathogen and the inability of fungicides 
to affect the pathogen (Zhang et al., 2012). 
Recommended disease reduction measures 
include host plant resistance and numerous 
biological and chemical control methods.

Identifying and deploying resistant cul-
tivars is considered to be the most cost-
effective and environmentally sustainable 
strategy for control of Fusarium wilt (Fravel 
et  al., 2003; Particka and Hancock, 2005; 
MacKenzie et al., 2006). Fang et al. (2012b) 
found that strawberry ‘Camarosa’ was the 
most susceptible cultivar to F. oxysporum 
f. sp. fragariae, while strawberry cultivars 
‘Festival’, ‘Aromas’ and ‘Camino Real’ were 
relatively resistant to F. oxysporum, with 
‘Festival’ being the most resistant cultivar. 
This resistant cultivar significantly impeded 
spore germination and penetration from 4 to 
12 h post-inoculation and subsequent growth 
and colonization by this pathogen until 
7 days post-inoculation compared with the 
susceptible ‘Camarosa’. At 7 days post-inoc-
ulation, fungal colonization in the resistant 
‘Festival’ remained confined mainly to the 
epidermal layer of the roots, while in the 
susceptible ‘Camarosa’, hyphae had heavily 
colonized the cortical tissue throughout and 
had also colonized the vascular tissues. The 
authors concluded that this study demon-
strated for the first time that resistance of a 
strawberry cultivar to F. oxysporum f. sp. 
fragariae is a result of impedance of patho-
gen growth and colonization both on the 
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plant surface and within host tissues (Fang 
et al., 2012a).

Among the commonly used cultivars in 
the USA, ‘Ventana’, ‘San Andreas’ and ‘Camino 
Real’ are the most resistant to Fusarium wilt, 
whereas ‘Albion’, ‘Monterey’, ‘Camarosa’, 
‘Benicia’ and ‘Palomar’ are the most suscep-
tible (htpp://ceventura.ucdavis.edu/files/121665.
pdf). Koike (2011) also reported the cultivars 
‘San Andreas’ and ‘Ventana’ as resistant but 
not immune, and included ‘Monterey’ in 
this group, whereas ‘Chandler’ and ‘Seascape’ 
were considered as susceptible. Takahashi 
et al. (2003) studied the resistance to F. ox-
ysporum in strawberry lines and cultivars 
used commonly in Japan.

Toyoda et al. (1991) used a system for 
plant regeneration from leaf-derived callus 
tissues of strawberry developed by Toyoda 
et al. (1990) and determined the resistance 
to Fusarium wilt following transplantation 
of regenerated plants to a pathogen-infested 
soil. They demonstrated the existence of so-
maclonal resistance against F. oxysporum.

Currently, the search for alternatives to 
the use of chemicals to control plant dis-
eases is a major goal in the usage of bio-
logical methods. An environment-friendly 
alternative to protect roots against soilborne 
fungal pathogens is based on using natur-
ally occurring rizhosphere-associated bac-
teria and fungi with antagonistic properties 
as biological control agents (Berg, 2007). 
The plant species or cultivar plays a key 
role in the composition of the rhizobacterial 
populations colonizing the roots (Smalla 
et  al., 2001). Antagonistic microorganisms 
found in the strawberry rhizosphere are typ-
ical for this crop (Berg et al., 2002). The bac-
terial antagonistic community of strawberry 
is characterized by a high proportion of iso-
lates with antifungal properties and a low 
diversity of species. Approximately 90% of 
antagonists isolated from the rhizosphere of 
field-grown strawberry plants belong to the 
Pseudomonas cluster. Other antagonistic 
species found in the strawberry rhizosphere 
are Acinetobacter spp., Bacillus megaterium, 
Burkholderia cepacia, Comamonas acidovor-
ans, Serratia grimesii, and Strenotropho-
monas maltophilia (Berg, 2007). Fluorescent 
Pseudomonas spp. were revealed to be highly 

abundant in strawberry rhizospheres in plants 
grown in Californian soils. Surprisingly, 
however, the fluorescent Pseudomonas popu-
lation in soil was enhanced in fumigated 
fields in comparison with non-fumigated 
fields (Martin and Bull, 2002). De los Santos 
et al. (2003) studied the effects of repeated 
fumigation treatments on crop yields and 
Trichoderma soil populations over a period 
of 3 years, at two different places in the pro-
vince of Huelva (south-western Spain). They 
concluded that the repeated applications of 
MeBr and other fumigants, such as chloro-
picrin, produce a significant increment in 
the soil population of Trichoderma (Tricho-
derma inhamatum, Trichoderma viride and 
Trichoderma harzianum) and in the crop 
yield, whereas in untreated soil, both Tricho-
derma populations and yield decreased year 
by year. Furthermore, the authors concluded 
that the results of their work showed a gener-
alized presence of wild Trichoderma spp. in 
the soil in Huelva where strawberries are 
grown. Trichoderma spp. are among the most 
common saprophytic fungi and are well 
documented as effective biological control 
agents of plant disease caused by soilborne 
fungi. These species are often very fast grow-
ing and rapidly colonize substrates, thus 
excluding pathogens such as Fusarium spp. 
(Ozbay and Newman, 2004). Soil treatments 
with T. harzianum spores suppressed infest-
ation with F. oxysporum f. sp. vasinfectum 
and F. oxysporum f. sp. melonis. Competi-
tion was a proposed mechanism, although it 
was not proven to be the main activity (Sivan 
and Chet, 1989). Perveen and Bokhari (2012) 
suggested that the secretion of diffusible 
non-volatile inhibitory substances by a 
Trichoderma isolate resulted in an inhibition 
zone in dual culture without any hyphae 
contact between Trichoderma and F. oxysporum. 
T. harzianum has been shown to occur along 
with a decreasing incidence of Fusarium 
wilt in strawberries (Moon et  al., 1995). 
However, despite a long history of using bio-
logical control for Fusarium wilt, most con-
trol methods are either ineffective or difficult 
to apply (Alabouvette et al., 1998).

Non-pathogenic isolates of Fusarium 
oxysporum isolated from strawberry plants 
were found to control Fusarium wilt in field 
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test when the plants were inoculated with 
the non-pathogenic isolates prior to plant-
ing (Okayama, 1991; Tezuka and Makino, 
1991). These non-pathogenic isolates are 
common inhabitants of the strawberry 
rhizosphere and appear to be well-adapted 
to the ecological niche that otherwise would 
be colonized by the pathogenic species 
(Maas, 2004).

Induced systemic resistance to Fusar-
ium wilt and changes in antioxidative abil-
ities in mycorrizal strawberry plants have 
been investigated. Runner plants were in-
oculated with the arbuscular mycorrhizal 
fungus Glomus mosseae and analysed with 
a split root system. Six weeks after this in-
oculation, F. oxysporum f. sp. fragariae was 
inoculated. The disease incidence and se-
verity of symptoms were lower in the shoots 
and root of the mycorrhizal plants, and in-
duced resistance also appeared in the split 
root-treated mycorrhizal plants. After patho-
gen inoculation, the mycorrhizal plants 
showed higher values in the following 
parameters: superoxide dismutase activity, 
DPPH (2,2-diphenyl-1-picrylhydrazyl) rad-
ical (a stable organic nitrogen-centred free 
radical), scavenging activity, and total poly-
phenol and ascorbic acid contents. The au-
thors concluded that plant growth en-
hancement and tolerance to Fusarium wilt 
including induced resistance had occurred 
in the mycorrhizal strawberry plants. In this 
case, the antioxidative abilities increased 
under pathogen-stressed conditions (Matsub-
ara et al., 2012). Bull et al. (2005) tested the 
effect of commercially prepared mycor-
rhizal inoculants on strawberry yield. None 
of the tested arbuscular mycorrhizae fungi 
inoculants influenced market yield and 
only one increased total yield. Additionally, 
the inoculants only sporadically increased 
the colonization of roots by the arbuscular 
mycorrhizae fungi. Although these inocu-
lants were not effective under the condi-
tions tested in this study, this does not rule 
out their usefulness with other cultivars or 
in other locations. However, these data sug-
gest that naturally occurring inoculum from 
field soil and/or transplants was sufficient. 
Organic production fields might be the 
source for the inoculum colonizing non-

inoculated plants, as these fields are not 
fumigated with MeBr and chloropicrin, in 
comparison with conventional production 
fields, although Trichoderma spp. and fluor-
escent Pseudomonas populations have been 
shown to increase after chemical fumiga-
tion (Martin and Bull, 2002; de los Santos 
et al., 2003).

Fusarium wilt suppression has been at-
tempted using antagonistic bacteria. Two iso-
lates of Bacillus velezensis (BS87 and RK1), 
selected from soil in strawberry fields in 
Korea, showed high levels of antagonism to-
wards F. oxysporum f. sp. fragariae in vitro 
(Nam et al., 2009). The isolates were evalu-
ated for control of Fusarium wilt in straw-
berries in pot trials and field trials. The an-
tagonistic bacteria were applied using the 
root-dip method. In the pot trials, the opti-
mum applied concentration of Bacillus ve-
lezensis for pre-plant root-dip application 
to control Fusarium wilt was 105–106 colo-
ny-forming units. However, in the field 
trials, the biological control efficacies of for-
mulations of RK1 were similar to that of a 
conventional fungicide (copper hydroxide) 
when compared with a non-treated control. 
Thus, to increase the control of Fusarium 
wilt in strawberry it was suggested that an-
tagonistic bacteria should be applied based 
on an optimal concentration. Zhang et  al. 
(2012) isolated a strain of Bacillus subtilis 
that can control Fusarium and Verticillium 
wilts from replanted strawberry field soil.

In general, strawberries are planted as 
whole plants, or as bare-root plants without 
leaves (transplants) or runner plants. Prior 
to planting strawberries, use of the root-dip 
method is an excellent approach to intro-
duce biological control agents (BCAs), as 
the almost-microorganism-free roots are 
more easily colonizable. For other plants, 
it is sometimes difficult to introduce BCAs 
into a stable microbial ecosystem such as 
the rhizosphere. However, because rhizo-
sphere establishment is a key aspect of ef-
fective biological control, this makes straw-
berries an ideal host plant for BCAs. Another 
possibility for BCA application is via a 
drip-irrigation system (Berg, 2007). Some 
products on the market are suitable for con-
trolling soilborne pathogens in strawberry. 
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These products are based on Trichoderma 
spp., Bacillus subtilis or Bacillus amyloliq-
uefaciens (Berg, 2007; Nam et al., 2009).

12.3.  Charcoal Rot

Macrophomina phaseolina (Tassi) Goidan-
ich is a primarily soilborne pathogen with a 
wide distribution, varied host range, great 
longevity and high competitive saprophytic 
ability (Babu et al., 2010). About 500 plant 
diseases are caused by this fungus (Su et al., 
2001), and in strawberry it is often termed 
‘charcoal rot’ due to the discoloration or 
blackening of the crown and roots caused 
by the presence of the fungus in afflicted 
plants (Agostini, 2011) and the presence of 
small, black, macroscopically visible scler-
otia that form in the shredded, parasitized 
host tissue and look like charcoal (Pratt, 
2006).

Charcoal rot has emerged as an import-
ant disease in strawberry production sys-
tems that have abandoned soil fumigation 
with MeBr and that are in a period of transi-
tion in the implementation of alternatives 
(Mertely et al., 2005; Zveibil and Freeman, 
2005; Avilés et  al., 2008; Zveibil et  al., 
2012). Charcoal rot of strawberry has been 
reported in: Argentina, where the disease 
was observed in commercial farms in 2007, 
and where it is considered a potential threat 
for north-western Argentina’s strawberry in-
dustry (Baino et al., 2011); Iran (Sharifi and 
Mahdavi, 2012); Italy (Angelini and nad 
Faedi, 2010); Spain (Avilés et  al., 2008); 
Australia, where devastating outbreaks of 
crown and root diseases impacted severely 
on strawberry production in the 2007–2009 
seasons (Golzar et  al., 2007; Fang et  al., 
2011a); Greece, where in non-fumigated 
plots almost 25% of diseased plants are at-
tributed mainly to mixed infection by F. ox-
ysporum f. sp. fragariae and M. phaseolina 
(Tjamos et al., 2006); Turkey, where it is re-
ported as Macrophomina spp. (Benlioğlu 
et  al., 2004); and Israel, where one study 
suggested that the soil fumigation regimen 
for control of fungal pathogens, utilizing al-
ternatives to MeBr, was not adequate to 
maintain healthy strawberry material at any 
of the production stages (Zveibil and 

Freeman, 2005). In the USA, M. phaseolina 
was first isolated from collapsed and dying 
plants from a commercial field in Florida 
(Mertely et al., 2005). The authors also sug-
gested that M. phaseolina would be an 
emerging threat as the Florida strawberry 
industry transitioned from MeBr to other 
fumigants in 2005. Later, Koike (2008b) ob-
served severely diseased strawberry plants 
in commercial fields in southern California, 
and noted that many of the Californian af-
fected fields were not pre-plant fumigated 
with MeBr:chloropicrin fumigants. How-
ever, Sanchez et  al. (2012) reported the 
presence of M. phaseolina in both fumi-
gated (with MeBr) and non-fumigated fields, 
suggesting that the emergence of this patho-
gen in the Chilean strawberry crop was not 
related to the MeBr phase-out.

The first report of charcoal rot occur-
rence as a serious strawberry crown disease 
was in Illinois, USA (Tweedy and Powell, 
1958). Other earlier records of M. phaseoli-
na affecting strawberry were from India, 
France and Egypt. In Egypt, M. phaseolina 
was detected as causing a serious root rot of 
strawberries (Madkour and Aly, 1981). In 
1989, in a few strawberry fields of Aquita-
nia in south-western France, M. phaseolina 
was isolated from internal crown lesions of 
strawberry plants of several cultivars. The 
disease was frequently observed from fields 
where sunflowers were cultivated (Baudry 
and Morzieres, 1993). In India, Macropho-
mina leaf blight and dry crown rot, caused 
by M. phaseolina (syn. Rhizoctonia batati-
cola (Taubenhaus) E.J. Butler) and Sclero-
tinia bataticola Taubenhaus, was reported 
as a severe strawberry disease (Lele and 
Phatak, 1965). As described by Maas (1998), 
symptoms on leaves are more or less circu-
lar spots with ashy grey centres and dark 
purplish margins. They become oval to ir-
regular shaped as they enlarge and the in-
fection progresses. The lesions spread from 
the margin towards the centre of the leaflet. 
Puckering, leaf curling and defoliation are 
common in older plants. The runners and 
crowns of infected plants turn dark brown 
or black with irregularly shape lesions. The 
growth of new leaves or stolons is greatly 
suppressed. New roots are poorly developed, 
and parts of older ones may disintegrate.
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Symptoms of charcoal rot in strawberry 
are marked by plant stunting, initial wilting 
of the foliage, drying and death of older 
leaves, and eventual collapse and death of 
the plants (Koike, 2008b) (Fig. 12.3). Similar 
to Verticillium wilt symptoms, the central 
leaves remain green and alive for a period of 
time. However, in contrast to most Verticil-
lium infections, which show little to no dis-
coloration of the crown when cut open, a 
plant infected with Macrophomina will show 
distinctive dark brown to orange-brown 
necrotic areas on the margins of the crown 
and along the woody vascular ring (Mertely 
et al., 2005; Bolda and Koike, 2012) (Fig. 12.4). 
This disease also causes roots to become 

completely brown and rotted (Avilés et al., 
2008; Koike, 2012). Koike (2008b) found that 
fruiting bodies or other fungal structures 
were not observed directly on plant tissues, 
but dark, oblong-shaped sclerotia were ob-
served in infected crown tissue by Avilés 
et al. (2008), and Mertely et al. (2005) occa-
sionally observed the development of ostio-
late pycnidia on the host tissues after 
8–10 days of incubation.

Although M. phaseolina is regarded as 
a warm-climate pathogen and some of the 
earliest records of the pathogen affecting 
strawberry were from India and Egypt, where 
high soil temperatures (33–47°C) and low 
soil moisture conditions prevail, additional 

(a) (b)

Fig. 12.3.  (a, b) Strawberry plants in the field showing symptoms of charcoal rot.

(a) (b)

Fig. 12.4.  (a, b) Macrophomina phaseolina-infected strawberry plants with dark brown necrotic areas in the 
crown.
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outbreaks have been recorded from cooler, 
more temperate regions (soil temperatures 
ranging from 8 to 27°C) such as Spain and 
France (Zveibil et al., 2012). Disease devel-
opment is generally considered to be en-
hanced by some combination of heat stress, 
soil-water deficit, light-textured soil or the 
stress associated with host reproduction 
(Mihail, 1989). Under controlled conditions, 
M. phaseolina was most virulent and caused 
the most severe disease symptoms at 32°C, 
whereas plants inoculated with M. phaseoli-
na did not show any disease symptoms at 
17 or 22°C, presumably because the tem-
perature was too low for disease develop-
ment. This explains the dominance of this 
pathogen in the warmer months of the year 
and, in particular, the dominance of M. pha-
seolina in the late spring/early summer when 
temperatures often exceed 30°C and a large 
number of plants wilt and die rapidly in the 
field (Fang et  al., 2011a). In south-western 
Spain, symptoms of charcoal rot appeared in 
strawberry fields at the end of the season, 
when temperatures exceeded 25°C (Miranda 
et al., 2012).

While various stresses favour symptom 
development and eventual mortality, high 
soil temperatures have been found to inhibit 
early root infection of cantaloupe (Cucumis 
melo L.) by this pathogen (Bruton et  al., 
1987). In strawberry crops, the importance 
of elevated soil temperature, rather than 
moisture stress, on plant mortality caused 
by M. phaseolina was demonstrated by Zveibil 
et al. (2012), although only two levels of soil 
moisture were evaluated in the study. Scler-
otia viability declined more rapidly in soil 
maintained at 25°C or at soil temperatures 
fluctuating from 18 to 32°C under green-
house conditions, compared with sclerotia 
viability in soil kept at 30°C. After 30–40 
weeks of exposure in soil, inocula maintained 
at 25 or 30°C, or at fluctuating temperatures 
in a greenhouse, declined to negligible levels. 
A significant increase in plant mortality was 
observed in infested soils maintained at 
30°C versus 25°C, whereas water stress at 
25 or 30°C did not affect plant mortality in 
M. phaseolina-infested soils (Zveibil et al., 
2012). Using in vitro assays, Khan (2007) 
demonstrated that the growth of warm-

climate M. phaseolina was negligible at low 
temperatures and that it started growth at 
15°C. The optimum temperature was 30°C, 
and its growth was strongly inhibited by 
temperatures of 40°C or above.

Soil moisture content has been con-
sidered to be a major factor affecting the 
survival of M. phaseolina in soil (Pratt, 
2006). Soil moisture and water level have 
significant effects on the survival of scler-
otia of M. phaseolina. Thus, in moist condi-
tions, both high (>50°C) and low (–5 or 5°C) 
temperatures have been reported to ad-
versely affect the survival and growth of 
M. phaseolina (Papavizas, 1977). As Zveibil 
et  al. (2012) reported, high soil moisture 
and flooding caused a decline in sclerotia 
viability compared with dry soils, although 
the results of a study by Pratt (2006) did not 
clearly indicate that dry soils favoured the 
survival of sclerotia, as suggested by some 
authors, because optimal survival occurred 
in relatively moist soil at 50–100% moisture 
holding capacity. In this study, results and 
observations from experiments on soil 
moisture levels suggested that complex 
interactions between microorganisms and 
soil moisture could influence the survival 
of sclerotia. Olaya and Abawi (1996) re-
ported that high temperatures and low 
soil-water potentials are important factors 
in causing this disease. In culture, this fun-
gus grows at high temperatures (35°C) and 
at low osmotic potentials, especially if nu-
trients are available. The sclerotia germin-
ate readily over a wide range of water os-
motic potentials (Odvody and Dunkle, 
1979). Soil humidity and, in particularly, 
the soil-water potential are of great import-
ance in the ecology of M. phaseolina 
(Shokes et al., 1977). Goudarzi et al. (2008) 
studied the effect of the osmotic and matric 
potential on sclerotia germination and my-
celial growth of M. phaseolina and con-
cluded that the matric potential was more 
important as a factor than the osmotic po-
tential in promoting the vegetative growth 
of M. phaseolina. Factors that adversely af-
fect the persistence of these propagules in-
clude repeated freezing and thawing of soil, 
low carbon:nitrogen ratios in soil and pos-
sibly high soil moisture (Short et al., 1980).
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The role of plant density in charcoal rot 
incidence has only been examined infre-
quently, but in studies with sunflower, pea-
nuts and guayule (Parthenium argentatum 
A. Gray), disease incidence was inversely 
related to plant density (Mihail, 1989).

M. phaseolina survives as microsclero-
tia in the soil and on infected strawberry 
plant debris, when, at the end of the grow-
ing season in late spring, the plants are 
usually destroyed by mowing off the tops, 
ploughing the plants into the soil or apply-
ing herbicides. Alternatively, the plants 
may be removed individually by uprooting. 
In all cases, the debris of plants infected by 
soilborne pathogens may remain in the soil 
until the following growing season and thus, 
serve as a potential source of primary inocu-
lum for new crops (Zveibil et  al., 2012). 
Some studies have suggested that the soil 
population of M. phaseolina microsclerotia 
increases as the host debris incorporated 
into the soil decomposes (Mihail, 1989). 
This may be one of the causes of the in-
crease observed in the incidence of the dis-
ease in untreated soils where strawberry is 
grown year after year (de los Santos et al., 
2014). In contrast to F. oxysporum, at least 
in Spain M. phaseolina has not been de-
tected in nurseries (Redondo et  al., 2012), 
so the strawberry plant is not considered a 
source of inoculum for M. phaseolina.

The microsclerotia serve as the primary 
source of inoculum and have been found to 
persist within the soil for up to 3  years 
(Dhingra and Sinclair, 1975), although other 
authors have described significant decreases 
in the number of sclerotia in soil and plant 
residues in the field within periods of one to 
several months (Pratt, 2006). Survival is 
greatly reduced in wet soils, with the micro-
sclerotia surviving no more than 7–8 weeks 
and the mycelium no more than 7  days 
(http//www.cals.ncsu.edu/course/pp728/
macrophomina/macrophominiap_haseolinia. 
HTM). The longevity of sclerotia is not 
known, but in south-western Spain, the M. 
phaseolina population has increased from 
year to year in non-fumigated soils where 
strawberry are grown since 2009 (Chamorro 
et al., 2015). Short et al. (1980) reported that 
populations of germinable sclerotia in soil 

were directly related to the number of con-
secutive years of planting soybean and corn 
in the field and showed a twofold increase 
in 2 years. Furthermore, the severity and in-
cidence of charcoal rot of soybean and 
strawberry is directly related to the popula-
tion level of M. phaseolina in the soil, and 
soybean and strawberry yields are inversely 
related to the severity and incidence of char-
coal rot (Short et al., 1978; Miranda et al., 
2012). Wyllie (1988) reported that 15 micro-
sclerotia g–1 soil is an acceptable level for 
the production of soybean.

The microsclerotia are produced in the 
host tissue and released into the soil as the 
infected plant decays. These multicelled 
structures allow persistence of the fungus 
under adverse conditions such as low soil 
nutrient levels and temperature above 30°C. 
Germination of the microsclerotia occurs 
when temperatures are between 28 and 35°C. 
Microsclerotia germinate on the root sur-
face, and germ tubes form appresoria that 
penetrate the host epidermal cell walls by 
mechanical pressure and enzymatic diges-
tion or through natural openings (Bowers 
and Russin, 1999). The hyphae first grow 
intercellularly in the cortex and then intra-
cellularly through the xylem, colonizing the 
vascular tissue. Once in the vascular tissue, 
M. phaseolina spreads through the taproot 
and lower stem of the plant, producing mi-
crosclerotia that plug the vessels (Wyllie, 
1988). The rate of infection increases with 
higher soil temperatures, and low soil mois-
ture will further enhance disease severity, 
and the mechanical plugging of the xylem 
vessels by microsclerotia, toxin production, 
enzymatic action and mechanical pressure 
during penetration leads to disease devel-
opment (http//www.cals.ncsu.edu/course/
pp728/macrophomina/macrophominia_
phaseolinia.HTM).

M. phaseolina is the type species of the 
genus Macrophomina and is also the name 
given to the coelomycete synanamorph of 
Rhizoctonia bataticola (Taubenh.) E.J. Butler 
(Crous et al., 2006). M. phaseolina produces 
large numbers of sclerotia but no spores 
(Rossman and Palm-Hernández, 2008). For 
this reason, the fungus was considered to be 
related to other common sclerotia-forming 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use

http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominiap_haseolinia.HTM
http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominia_phaseolinia.HTM
http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominiap_haseolinia.HTM
http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominiap_haseolinia.HTM
http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominia_phaseolinia.HTM
http//www.cals.ncsu.edu/course/pp728/macrophomina/macrophominia_phaseolinia.HTM


	 Emerging Diseases in Strawberry Crop	 225

fungi such as Rhizoctonia solani J.G. Kühn, 
a basidiomycete (Rossman and Palm-Hernández, 
2008). According to Wheeler (1975), M. pha-
seolina belonged to the division Eumycota, 
subdivision Deuteromycotina, class Coelo-
mycetes, order Sphaeropsidales (having py-
cnidial conidiomata), family Sphaerioidace-
ae and genus Macrophomina. Rossman and 
Palm-Hernández (2008) found that, in inte-
grating the asexual species into an asco-
mycete phylogeny, some surprising relation-
ships have become evident. One example of 
a relationship revealed using molecular se-
quence data (28S rRNA gene sequences) was 
the inclusion of M. phaseolina, the cause 
of charcoal rot and ashy stem blight, in the 
ascomycete family Botryosphaeriaceae, al-
though the teleomorph is still unknown 
(Crous et al., 2006). According to Index Fun-
gorum (http://www.indexfungorum.org/), the 
new position of M. phaseolina in classifica-
tion is: family Botryosphaeriaceae, order 
Botryosphaeriales, Incertae sedis, class Dothi
deomycetes, subdivision Pezizomycotina 
and division Ascomycota.

As reported by Crous et al. (2006), von Arx 
(1981) introduced the name Tiarosporella 
phaseolina (Tassi) van der Aa for M. phase-
olina, and also reduced the genus Macro-
phomina to synonymy under Tiarosporella 
Höhn. This treatment has largely been ig-
nored by the plant pathological and myco-
logical community, although von Arx (1987) 
retained it. The genus Tiarosporella is char-
acterized by having conidia formed from 
smooth, hyaline conidiogenous cells that 
lack periclinal thickenings and percurrent 
proliferations, and hyaline, subcylindrical 
to fusiform conidia that have irregular apical 
mucoid appendages (Nag Raj, 1993). Crous 
et al. (2006) were able to induce numerous 
strains of M. phaseolina to sporulate on ster-
ile pine needles, and found that the conidia 
formed apical mucoid appendages. Thus, 
M. phaseolina (Tassi) Goid. (= Tiarosporella 
phaseolina (Tassi) Van der Aa) belongs to the 
anamorphic Ascomycetes and is character-
ized by the production of both pycnidia and 
sclerotia in host tissues and culture medium 
(Ndiaye, 2007). Pycnidial conidiomata are 
dark brown to black, solitary or gregarious, 
up to 200  μm in diameter and open by a 

central ostiole; the walls are multi-layered 
and the cells dark brown and thick-walled. 
The pycnidiospores are ellipsoid to obovoid, 
and measure 20–24 (range 16–32)  ×  7–9 
(range 6–11) μm; immature conidia are hya-
line. During sclerotia formation, 50–200 in-
dividual hyphal cells aggregate to form 
multicellular bodies named microsclerotia. 
The microsclerotia, which occur in host tis-
sues or soil, are black, smooth and hard, and 
are variable in size depending on the avail-
able nutrients of the substrate on which the 
propagules are produced (Short et al., 1978; 
Crous et al., 2006; Ndiaye, 2007).

According to the first description by 
Maas (1998) of M. phaseolina isolated from 
strawberry plants with symptoms of leaf 
blight and dry crown rot, cultures from 
infested tissues on potato dextrose agar 
produced profuse fluffy, white mycelium. 
Within 3 days, numerous small, black, horny, 
fleshy, irregularly shaped sclerotia were 
produced, but sporulation has not been ob-
served in connection with this disease in 
India, either in culture or on plant material. 
M. phaseolina isolated from strawberry 
plants showing symptoms of charcoal rot 
produces numerous dark, oblong or irregu-
larly shaped sclerotia that are 55–67 to 170–
190 μm long and 44–50 to 133–135 μm wide 
(Fig. 12.5a). When isolates were grown in 
1.5% water agar with dried and sterilized 
wheat straw, dark, ostiolate pycnidia and 
hyaline, single-celled, cylindrical conidia 
were produced (Mertely et al., 2005; Koike, 
2008a; Baino et  al., 2011). Mertely et  al. 
(2005) and Baino et al. (2011) reported that 
ostiolate pycnidia bearing relatively large, 
broadly ellipsoidal, hyaline conidia occa-
sionally or rarely developed on the affected 
host tissue after 8–10  days of incubation. 
Colonies in culture range in colour from 
white to brown or grey, and darken with age 
(Fig. 12.5b). Hyphal branches generally form 
at right angles to parent hyphae, but branch-
ing is also common at acute angles.

Crous et al. (2006) determined the dif-
ferences between Tiarosporella and Mac-
rophomina, with the latter producing in 
the pycnidia percurrently proliferating 
conidiogenous cells and conidia that be-
come dark brown and lose their apical 
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appendages at maturity. Based on these dif-
ferences, the genus Macrophomina and the 
name M. phaseolina is retained. The emended 
description is:

Macrophomina phaseolina (Tassi) Goid., 
Annali Sper. agr. N.S. 1: 457. 1947.

Basionym: Macrophoma phaseolina Tassi, 
Bull. Lab. Ort bot. Siena IV: 9. 1901.

= Tiarosporella phaseoli (Maubl.) Aa, Verh. 
Kon. Ned. Akad. Wetensch., Sectie 2, 68: 4. 
1977.

Additional synonyms listed by Holliday 
and Punithalingam (1988).

Crous et al. (2006).

Although, only one species (M. phase-
olina) is recognized within the genus Mac-
rophomina (Walker, 1980), great variability 
in morphology and pathogenicity has been 
recognized among isolates from different 
hosts (Beas-Fernández et  al., 2006). No 
variations were observed among isolates 
from soybean, corn, sorghum or cotton root 
tissue and soil from fields cropped continu-
ously with these species in terms of restric-
tion patterns of DNA fragments amplified by 
PCR covering the ITS region, 5.8S rRNA 
gene and part of the 25S rRNA gene, suggest-
ing that M. phaseolina constitutes a single 
species (Su et al., 2001).

As reported by Rayatpanah et al. (2012), 
the genetic diversity of M. phaseolina could 

favour its survival and adaptation to variable 
environments, because significant morpho-
logical, physiological, pathogenic and gen-
etic diversity has been reported. However, 
no clear evidence to suggest formae speciale, 
subspecies or physiological races has been 
reported. Furthermore, Muñoz-Cabañas 
et al. (2005) concluded that M. phaseolina 
showed certain pathogenic specialization 
but no different genetic races.

Su et al. (2001) also suggested host spe-
cialization in the genus. In this work, ten ran-
dom primers were used to amplify the total 
DNA of 45 isolates, and banding patterns re-
sulting from RAPD analysis were compared 
with the neighbour-joining method. Isolates 
from a given host were genetically similar to 
each other but distinctly different from those 
from other hosts. Moreover, chlorate-sensi-
tive isolates showed genetic differences from 
chlorate-resistant isolates within a given host.

Jana et  al. (2005) pointed out that the 
utility of DNA markers such as RFLP, RAPD, 
amplified fragment length polymorphism 
(AFLP), variable number tandem repeats, 
and simple sequence repeats (SSR) in de-
tecting genetic variability is well established 
for many phytopathogenic fungi. Various 
molecular techniques have been used to de-
velop methods for the genetic differentiation 
of populations of M. phaseolina using RFLPs 
of rRNA gene ITS regions (Su et al., 2001), 
RAPD (Su et al., 2001; Almeida et al., 2003; 

(a) (b)

Fig. 12.5.  (a) Sclerotia of Macrophomina phaseolina (magnification ×100). (b) Colony morphology on 
potato dextrose agar.
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Jana et al., 2003) and AFLP (Vandemark et al., 
2000; Mayék-Pérez et  al., 2001). However, 
none of these methods has so far been able to 
differentiate the isolates of M. phaseolina 
from specific hosts and geographical loca-
tions (Jana et  al., 2005). Single primers of 
SSR or microsatellite markers have been used 
for the characterization of genetic variability 
of different populations of M. phaseolina 
obtained from soybean and cotton, and host-
specific DNA fingerprint groups were de-
tected (Jana et al., 2005). Baird et al. (2010) 
evaluated the genetic diversity of 109 iso-
lates of M. phaseolina collected from differ-
ent geographical regions and host species 
throughout the USA. The paired genetic dis-
tances matrix based on SSR data separated 
the M. phaseolina isolates into six groups. 
Isolates from strawberry (MPI81, MPI82 and 
MPI83) were included in group I, close to 
those of cotton, fir, pole bean and soybean. 
Based on these results, the authors con-
cluded that parasexuality is unlikely and 
that mutations, seeds for planting or move-
ment around the country of the pathogen on 
soil particles by farm equipment may be re-
sponsible for the variability.

Identification and detection of M. pha-
seolina is difficult because the isolates are 
morphologically very similar. Different sci-
entists have adopted various methods to 
distinguish M. phaseolina isolates. Among 
the most applicable are: (i) morphological 
and cultural characterization; (ii) biochem-
ical methods; and (iii) PCR-based molecular 
techniques (Babu et al., 2010). Insufficient 
morphological variability within the genus 
has led some workers to partition this fun-
gus on the basis of cultural characteristics. 
Furthermore, efforts to identify subspecies 
of M. phaseolina based on microsclerotia 
size, culture characteristics, changes in soil 
population in response to rotation and dif-
ferences in pathogenicity have failed, usu-
ally because of the extreme variability within 
the species or difficulties in quantifying these 
characteristics (Su et al., 2001). Utilization of 
chlorate has been used as a marker for iden-
tifying host-specific isolates in M. phaseolina 
(Babu et al., 2010), but it was also observed 
that chlorate-sensitive isolates were distinct 
from chlorate-resistant isolates within a given 

host (Su et al., 2001). Therefore, the chlor-
ate phenotype might not be useful for study-
ing host specialization in M. phaseolina 
(Babu et al., 2010). There are few reports on 
the use of biochemical or serological tech-
niques to detect and quantify M. phaseolina 
(Babu et  al., 2010). The identification of 
races of M. phaseolina based on differential 
hosts is time consuming and may be influ-
enced by environmental factors (Jana et al., 
2005). Isolates of M. phaseolina could be 
exactly identified and detected, in both 
in vitro and in vivo conditions, by nuclear 
rRNA genes, particularly in the ITS region, 
which is a good target for phylogenetic ana-
lysis in fungi (Bruns et al., 1991). Babu et al. 
(2007) noted that no such markers were 
available for specific detection of M. phase-
olina. Their screening of GenBank for ITS 
sequences of M. phaseolina revealed the ex-
istence of very few sequences that showed 
any degree of variation among them. Differ-
ent sequences from M. phaseolina isolates 
and other fungi from the EMBL and Gen-
Bank databases were aligned based on hom-
ologies among these isolates but not among 
other fungi, and were used to develop spe-
cific primers and an oligonucleotide probe 
(within the ITS region) by amplification of 
ITS region, followed by RFLP, sequencing 
and analysis of the ITS. Babu et al. (2007) 
evaluated the efficiency of these specific 
primers for identification/detection of M. 
phaseolina under in vitro conditions. Two 
primers, MpKFI (5′-CCGCCAGAGGACTAT-
CAAAC-3′) and MpKRI (5′-CCGCCAG AG-
GACTATCAAAC-3′), were designed from the 
conserved region adjacent to the 5.8S gene. 
These primers were shown to be specific for 
M. phaseolina. Avilés et al. (2008), in their 
initial report on M. phaseolina as the cause 
of crown and root rot of strawberry in Spain, 
sequenced rRNA gene fragments from a sin-
gle sclerotium (isolate CH 724) from the 
crowns of affected strawberry plants (Span-
ish Type Culture Collection, CECT 20715; 
GenBank accession no. AM410964) and 
the sequence showed a 99% identity with 
M. phaseolina.

Recently, Babu et al. (2011) developed 
a real-time quantitative PCR assay to detect 
and quantify M. phaseolina abundance in 
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rhizosphere soil and plant tissue. They de-
tected a specific sequence-characterized 
amplified region in the M. phaseolina gen-
ome and designed species-specific primers 
and a probe for real-time PCR. Both TaqMan 
and SYBR Green techniques were used to 
target an ~1 kb sequence-characterized amp-
lified region of M. phaseolina, and two sets 
of specific primers were designed for SYBR 
Green (MpSyK forward/reverse primers) 
and TaqMan (MpTqK forward/reverse pri-
mers) assays. The minimum detection limit 
or sensitivity of the TaqMan assay was 30 fg 
ml–1 M. phaseolina DNA, and the limit of 
quantification of the M. phaseolina viable 
population was estimated as 0.66  ×  105 
colony-forming units g–1 soil equivalent to 
10 pg ml–1 target DNA. This report was the 
first to demonstrate the use of real-time quan-
titative PCR assays with greater specificity 
and sensitivity to detect M. phaseolina popu-
lation in soil and plant materials. This method 
seems to be a strong diagnostic tool for 
M. phaseolina (Mirmajlessi et al., 2015).

12.3.1.  Charcoal rot management

Reducing plant stress is one of the goals in 
charcoal management. Plants grown in con-
ditions of high temperatures, drought or 
poor fertility (too high or too low) are most 
susceptible to the disease. Any cultural prac-
tices that minimize plant stress will reduce 
the risk of charcoal rot. This includes using 
moderate levels of plant populations and op-
timum fertility levels, especially in terms of 
phosphorus. Good fertility will not control 
charcoal rot but it can reduce the disease se-
verity (http://fyi.uwex.edu/fieldcroppathol-
ogy/soybean_pests_diseases/soybean_char-
coal_rot/). The tolerance of M. phaseolina to 
reduced water potentials may be an import-
ant factor in the epidemic development of 
charcoal rot in the tropics characterized by 
high temperatures and droughts (Olaya and 
Abawi, 1996). Of the cultural practices that 
reduce disease severity, applying irrigation 
water seems to be the most effective (Goudarzi 
et al., 2008). Water management has a sig-
nificant effect on root colonization by 
M. phaseolina (Kendig et al., 2000).

Other possible charcoal rot manage-
ment steps could include applying post-
plant fungicides (if effective; registered ma-
terials are available), rotating to non-host 
crops, and planting resistant or tolerant 
strawberry cultivars (Koike, 2008a).

The population of M. phaseolina in soil 
will increase when susceptible hosts (e.g. 
soybeans, sunflower, cotton, rice, cucurbits, 
wheat) are cropped in successive years and 
it is redistributed by tillage practices (Wyllie, 
1988). Mihail (1989) reported that the effect 
of susceptible crops on inoculum levels and 
on inoculum dynamics was demonstrated 
in several studies with soybeans, with in-
creases in the population in monoculture. 
Furthermore, the spatial pattern of micro-
sclerotia in soil was found to be highly ag-
gregated and to exhibit a gradient of low to 
high values across the experimental field 
(Mihail and Alcorn, 1987). In strawberry 
production, affected fields generally have 
small, limited patches with symptomatic 
plants. However, for locations where the 
disease has developed for more than one 
season, the patches can be quite large and 
appear to have spread from the initial prob-
lem area (Koike, 2008b; Chamorro et  al., 
2015). The fungus is probably spread within 
and between fields mostly by the movement 
of soil during soil tillage and preparation 
operations (Koike, 2008a). Ploughing or 
other tillage does not readily destroy the 
charcoal rot organism. In the case of soy-
bean and, in fields with a history of charcoal 
rot, rotating out of soybean production for 
2 years was recommended. Small grains and 
corn can be planted during the 2-year inter-
val between soybeans, because, although 
corn is a host for the pathogen, it generally 
supports lower populations of microsclero-
tia in soil than soybean (http://fyi.uwex.
edu/fieldcroppathology/soybean_pests_
diseases/soybean_charcoal_rot/). Fang et al. 
(2011b) pointed out that, in situations where 
there were periods of 3 or more years in-
volving crop rotations between successive 
strawberry crops, the level of plant decline 
or death was lower, even in the absence of 
fumigation.

M. phaseolina has a broad host range and 
is reported as a pathogen of many vegetables, 
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fruits and field crops. Host specificity was 
not evident when strawberry plants were 
inoculated with each of seven Israeli iso-
lates of M. phaseolina obtained from six 
other plant species (spikenard (Aralia sp.), 
pincushion protea (Leucospermum sp.), 
protea (Leucadendron sp.), muskmelon (Cu-
cumis melo), watermelon (Citrullus lanatus) 
and almond (Amygdalus communis)), sug-
gesting the importance of keeping straw-
berry crops out of rotation with other host 
crops of the pathogen (Zveibil et al., 2012). 
In Australia, serious losses to M. phaseolina 
have occurred following rotation with sor-
ghum green manure crops, which are an im-
portant host and a potential source of inocu-
lum of M. phaseolina (Hutton et al., 2013). 
Bolda and Koike (2012) suggested Rubus, 
the genus of caneberries, as a candidate for 
the rotation, because Rubus has not been re-
ported as a host, but this does not necessar-
ily mean that such plants would never be-
come infected. Furthermore, these authors 
pointed out that researchers have success-
fully infected strawberry with M. phaseolina 
from other hosts, but not vice versa. Fur-
thermore, Mihail and Taylor (1995) sug-
gested that isolates colonizing the Poaceae 
are more restricted in pathogenicity than 
the general population. Growing Brassica 
spp. as a part of crop rotation was reported 
to reduce soilborne disease and weed popu-
lations (Daugovish et al., 2011a).

Zveibil et al. (2012) reported that sur-
vival of M. phaseolina in soil may also be 
affected by inoculum type, as bare sclerotia 
may be more vulnerable to the fungicidal 
effects of fumigation and solarization com-
pared with inoculum within infected plant 
tissues such as strawberry stolons and 
crowns. In this regard, the results of Hutton 
et al. (2013) showed that a range of soil fu-
migants had the capacity to kill laboratory-
grown microsclerotia of M. phaseolina in 
field soils. In contrast, only MeBr eradicated 
M. phaseolina in infected crowns buried in 
treated soils (Hutton, 2010). These results 
highlight the importance for growers to re-
move as much strawberry crop residue from 
infected fields as possible, prior to treat-
ment with alternative fumigants (Hutton 
et  al., 2013). The results from Baird et  al. 

(2003) indicated that farm practices that in-
crease plant debris destruction immediately 
after harvest or those that enhance Tricho-
derma spp. populations may directly or in-
directly lower the relative longevity of soil-
borne pathogens, including M. phaseolina. 
The authors suggested that it is possible that 
Trichoderma spp. were involved in direct 
tissue degradation and nutrient depletion of 
the root segments, or may have acted as a 
mycoparasite, reducing the survival of the 
pathogen. Furthermore, strains of Trichoder-
ma have been tested against M. phaseolina 
from different crops. T. harzianum reduced 
root colonization by M. phaseolina, and the 
incidence of charcoal rot disease in soybean 
was less when the soils of the plots were 
protected by Trichoderma, indicating the 
possibility of biological control by T. harzia-
num in soybean disease management pro-
grammes (Sandoval and López, 2000). Iso-
lates of T. harzianum Rifai strain inhibited 
linear growth and microsclerotia production 
in M. phaseolina in vitro, and coating melon 
seeds with T. harzianum conidia reduced 
disease incidence by 37.5–46.3%. In vitro 
growth of T. harzianum was affected less 
than that of the pathogen by applications of 
pentachloronitrobenzene or dazomet (Elad 
et al., 1986). In strawberry field trials, soil 
fumigation with metam sodium or dazomet 
reduced Trichoderma populations to very 
low levels. Metam sodium and dazomet 
both generate methyl isothiocyanate in soil. 
The results suggest that this compound could 
be responsible for the decrease in Tricho-
derma populations observed after these 
treatments (de los Santos et al., 2003). As-
pergillus spp. and Trichoderma spp. can in-
hibit the growth and sclerotia production of 
M. phaseolina. Under natural field conditions, 
isolates of Trichoderma and Aspergillus 
were highly effective in reducing the sesame 
(Sesamum indicum) dead plant percentage 
resulting from M. phaseolina infection (Pineda 
and Gonnella, 1988). In field trials, biosolar-
ization with chicken manure at 12,500  kg 
ha–1 + drip application of Tusal® (a commer-
cial product containing T. harzianum and 
T. viride) was as effective as biosolarization 
with chicken manure at 25,000 kg/ha in con-
trolling M. phaseolina soil populations and 
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charcoal rot incidence. Mortality reached 43% 
in untreated soils, whereas in biosolarized 
soils + Tusal®, the percentage of dead plants 
was 13% (Chamorro et  al., 2015). Native 
strains of Trichoderma isolated from sor-
ghum and common bean crop soils were in-
vestigated to assess their biocontrol poten-
tial over M. phaseolina, and two showed 
better hyperparasitic behaviour against M. 
phaseolina than the others (Larralde-Corona 
et al., 2008). Volatile toxic substances pro-
duced by T. harzianum and T. viride diffuse 
easily through the pores of the soil and were 
found to inhibit the soilborne M. phaseolina, 
suppressing sclerotia formation in particu-
lar, so metabolites released by these Tricho-
derma spp. could be toxic and fungistatic to 
M. phaseolina (Sreedevi et  al., 2011). Soil 
application of talc-based formulations of 
T. harzianum, T. polysporum and T. viride 
effectively controlled the root rot of eggplant 
(Solanum melongena L.) caused by Macro-
phomina under field conditions (Ramezani, 
2008).

High level of variation in M. phaseoli-
na, its soil habitat and the good survival 
ability of its sclerotia make chemical con-
trol of this pathogen during the crop season 
difficult and uneconomical. Therefore, the 
most appropriate approach to combat this 
pathogen could be the use of resistant var-
ieties (Khan, 2007). In preliminary tests, it 
appears that some strawberry cultivars differed 
in their susceptibility to this pathogen. In 
replicated shade-house experiments, cultivars 
such as ‘Albion’, ‘Camarosa’, ‘Diamante’ and 
‘Ventana’ were quite susceptible. Inoculated 
plants showed wilting symptoms 2  weeks 
after exposure to the fungus, and by 4 weeks 
the plants had collapsed. In contrast, the cul-
tivar ‘Seascape’ was highly tolerant and showed 
only minor dieback of the oldest leaves by 
the end of the experiment (Koike, 2008a). 
Later, Koike et al. (2009a) reported that, in 
non-fumigated soils, ‘Camarosa’ and ‘Albion’ 
had the greatest rates of decline due to Mac-
rophomina, while ‘Ventana’ appeared to be 
the most tolerant. However, Fang et al. (2012b) 
reported that, under controlled conditions, 
against M. phaseolina, the cultivar ‘Albion’ 
was the most resistant, with ‘Camarosa’ being 
the most susceptible, while in the field, 

‘Camino Real’ showed the greatest fruit 
yield in both fumigated and non-fumigated 
beds and was the most disease-resistant cul-
tivar. Only ‘Aromas’ was resistant against 
M. phaseolina and F. oxysporum. Avilés 
et  al. (2012) reported three susceptibility 
groups against M. phaseolina. The cultivars 
‘Carmela’, ‘Candonga’, ‘Antilla’ and ‘Florida 
Fortuna’ comprised the most susceptible 
group, the second group, with moderate sus-
ceptibility, was composed of ‘Camarosa’ and 
‘Primoris’, while the least-susceptible culti-
var was ‘Coral’. In a previous study, these 
authors found that isolate and (isolate × cul-
tivar) interaction showed significant effects 
on charcoal rot severity. They concluded 
that their results indicate that characterized 
cultivars manifest different susceptibility to 
crown and root rot caused by M. phaseolina, 
depending on the isolate (Avilés et al., 2009). 
The results of a study carried out with two 
isolates of M. phaseolina, one from soil and 
the other from a symptomatic strawberry 
plant, also indicated that the type of culti-
var had a significant effect on charcoal rot 
severity, whereas (isolate  ×  cultivar) inter-
action had a significant effect on the percent-
age of dead plants. ‘Splendor’ was the most 
resistant cultivar (Chamorro et al., 2012).

12.4.  Soil Disinfestation After the 
Phase-out of Methyl Bromide

After the phase-out of MeBr, a very effective 
soil fumigant, on 1 January 2005 in all in-
dustrialized countries, particularly in those 
characterized by an intensive use of this fu-
migant in the past, some phytopathological 
problems became difficult to manage. Spe-
cial attention was given to the emergence of 
new diseases, such as charcoal rot or Fusar-
ium wilt in strawberry, or the re-emergence 
of old ones on several crops (Colla et  al., 
2012). One of the advantages of MeBr was 
that, when applied under a wide range of 
soil textures, moisture levels, temperatures 
and depths, it kept its relatively high efficacy 
towards soilborne pests. However, MeBr al-
ternatives, such as 1,3-dichloropropene (1,3-D): 
chloropicrin (trichloronitromethane), are less 
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flexible with regard to application methods 
and the conditions needed to enhance efficacy 
(Santos, 2007). Furthermore, alternative fu-
migants are more target pest specific and 
considerably less broad spectrum in terms 
of pest control activity than MeBr (Noling, 
2002).

The first action for most vegetable grow-
ers was the replacement of MeBr with other 
fumigants, often applied in mixtures in 
order to achieve satisfactory results, but it 
was clearly understood from the beginning 
that such replacements would only be tem-
porary (Colla et al., 2012). As an alternative 
to MeBr, preferred chemicals for strawberry 
fruit production are 1,3-D:chloropicrin, met-
am sodium (sodium N-methyldithiocarba-
mate), dazomet and methyl iodide (Pinzon, 
2011). Growers are adopting replacement 
fumigants to a greater extent each season. 
The most common forms of 1,3-D products 
are cis- or trans-isomers of 1,3-D, used with 
the fungicidal agent chloropicrin, at ratios 
such as 65% 1,3-D:35% chloropicrin (Nel-
son et al., 2001). Chloropicrin is almost al-
ways applied in combination with other fu-
migants when used as a pathogen-specific 
treatment. Other chemicals initially foreseen 
as possible replacements for MeBr, such as 
methyl iodide, propargyl bromide and so-
dium azide, have not yet reached the mar-
ket, while dimethyl disulfide (DMDS) is still 
under development in most countries (Gull-
ino et al., 2007). Although Paladin®, a fumi-
gant containing the active ingredient DMDS, 
has already been registered in Israel and in 
the Florida Department of Agriculture and 
Consumer Services, this fumigant must be 
used with an approved virtually imperme-
able film and can be used for vegetables and 
fruit crops (Qin et  al., 2011; López-Aranda, 
2014). In Europe, DMDS was submitted for 
registration in 2012 (F. Jiménez, Certis Europe, 
2012, personal communication).

The re-evaluation of pesticides that took 
place under European Directive 91/414/EEC 
on Plant Protection Products, and later under 
the European Regulation No.1107/2009 con-
cerning the placing of plant protection prod-
ucts on the market, dramatically reduced 
the arsenal of available fumigants in the 
European scenario. Dazomet was the first 

authorized soil fumigant included in Annex I, 
the positive list of European Directive 91/414/
EEC, from 1 June 2011 for 10 years, followed 
by metam (including potassium and sodium), 
approved from 1 July 2012. Both soil fumi-
gants may be authorized for application 
prior to planting, limited to one application 
every third year on the same field. Chloro-
picrin was withdrawn by 23 June 2012, al-
though Member States could grant an add-
itional period of grace expiring at the latest 
by 23 June 2013. 1,3-D authorization was 
withdrawn in 2008, and its grace period ex-
pired on 20 March 2009. A new application 
for inclusion in Annex I submitted by the 
producer was rejected by the Commission 
(Decision: 20 January 2011). To date, several 
Member States, notably Italy, Spain and 
Greece, have granted periods of 120-day au-
thorizations for 1,3-D for emergency uses 
(Colla et al., 2012).

In California, USA, the use of metam 
sodium increased rapidly from 1991 to 1995 
and the use of metam potassium began in 
2001. The decrease in metam sodium use 
was correlated with the increase in metam 
potassium use. Due to their relatively low 
cost, metam fumigants are widely used in 
many annual vegetable and fruit crops. Use 
of 1,3-D increased rapidly from 2000 to 
2005, reflecting its importance in replacing 
MeBr. 1,3-D is an effective nematocide and 
has been used for many crops that are sensi-
tive to nematode damage. Chloropicrin use 
has increased steadily since 2000. Chloro-
picrin is a good fungicide and is used in 
mixtures (sometimes as a warning agent) 
with MeBr and 1,3-D products. Strawberry 
production uses up to 70% chloropicrin 
(Gao and Wilhoit, 2011). 1,3-D and chloro-
picrin are restricted by township caps and 
buffer zone requirements because of their 
volatile organic compound emissions 
(Cabrera et al., 2011).

Fumigants are ideally applied approxi-
mately 2 weeks prior to planting transplants 
but newer fumigant labels may increase this 
period to nearly a month. Fumigants are ap-
plied broadcast and as a soil mulch under 
polyethylene, or under a virtually (VIF) or 
totally (TIF) impermeable film, in order to 
reduce their emissions into the atmosphere 
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(Yates et  al., 2002). Using highly retentive 
mulches is an important component for 
improving fumigant activity against soil-
borne pathogens. VIFs increase the duration 
under the mulch of relatively high fumigant 
concentrations, allowing more time for ex-
posure of the pathogens to lethal rates and 
for lateral distribution in the soil (Santos 
et al., 2007). Nowadays, fumigants are gen-
erally applied during the bedding process, 
and row middles are not treated so applica-
tion rates can be reduced, promoting a re-
duction of dosages (Nelson et al., 2001). The 
bed is then immediately mulched with 
black polyethylene or VIF. A recent evolu-
tion of this method is emulsifying fumi-
gants in water for delivery into preformed 
beds through drip irrigation systems under 
plastic mulch (Duniway, 2002). Pest control 
efficacy of all the available fumigant alter-
natives to MeBr is highly dependent on uni-
form soil delivery and distribution, and uni-
formity of soil type and conditions within 
the field. Unlike MeBr, prevailing edaphic 
and climatic conditions during pre- and 
post-fumigant application are very import-
ant in dictating the treatment efficacy and 
crop response (Noling, 2002).

12.4.1.  Chemical alternatives

Locascio et al. (1999b) claimed that studies 
of strawberry production indicated that 
marketable fruit yields of polyethylene-
mulched strawberry without fumigation were 
as low as 40–80% of yields obtained with 
MeBr:chloropicrin fumigation. Locascio et al. 
(1999a) observed that plants in untreated 
control plots appeared to be stunted and 
chlorotic in comparison with plants grown 
in fumigated soils. Incidences of infection 
of plants were significantly higher for the 
following potential pathogens in plants 
from the untreated control plots compared 
with plots treated with MeBr:chloropicrin or 
chloropicrin alone: Curvularia spp., F. solani 
(36–78% of plants colonized), M. phaseolina 
(84–94% of plants colonized), Pythium ir-
regulare and Rhizoctonia spp. The authors 
concluded that the high incidence of these 
pathogenic fungi isolated from plants in the 

untreated plots indicated that the soil treat-
ments reduced pathogens that probably 
contributed to poor plant growth and lower 
yields in the control.

When comparing plants treated with 
low and high rates of drip-applied chloro-
picrin, methyl iodide, 1,3-D:choloropicrin 
(65:35), MeBr:chloropicrin with untreated 
controls, Daugovish et  al. (2011c) did not 
observe significant mortality in any treat-
ment (including untreated controls) until 
May. M. phaseolina was a primary pathogen 
isolated from the declining plants at the end 
of May, with highest mortality (11%) in low-
dose chloropicrin treatment, which was sig-
nificantly greater only when compared with 
methyl iodide (5%), which was slightly 
lower than all other treatments. This sug-
gested a lack of efficacy of pre-plant fumi-
gants against late-season decline associated 
with M. phaseolina. However, marketable 
yield was 28% less without fumigation. Yield 
decline in non-fumigated controls (compared 
with fumigated treatments) started to occur 
in March, but the pathogen-related mortality 
was not observed until May, suggesting that 
the negative effects of M. phaseolina and 
F. oxysporum on productivity may take place 
prior to plant collapse. Furthermore, when 
mortality was compared among the two cen-
tral and two side rows of strawberry plants, 
it appeared that 53% more ‘Camarosa’ straw-
berry plants collapsed in side rows com-
pared with central rows following chloro-
picrin treatment, while no differences were 
observed for the untreated controls. These 
observations suggested that fumigant distri-
bution and, probably greater stress in the 
side rows, accelerated pathogen-induced 
mortality in these zones compared with the 
bed interior. They concluded that fumigants 
provide protection from these pathogens in 
the early and mid-season but not during 
May–June. However, in field trials carried 
out in south-western Spain, pre-plant treat-
ments with chloropicrin alone, 1,3-D:chlo-
ropicrin, DMDS + chloropicrin, methyl iod-
ide + chloropicrin or dazomet (incorporated 
into soil with Mix-Tiller®) not only reduced 
M. phaseolina population in soils, but also 
provided protection from the pathogen until 
the end of the season in May. Mortality 
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reached 20% for ‘Camarosa’ strawberry plants 
in untreated plots, but in fumigated soils 
mortality did not reach 10%, and there were 
no dead plants in soils treated with dazomet 
(Miranda et al., 2012).

Cabrera et al. (2011) evaluated the effi-
cacy of reduced rates of 1,3-D:choloropicrin 
followed by a standard high-density poly-
ethylene tarpaulin or a TIF on plant-parasitic 
nematodes, soilborne pathogens and weeds. 
The type of tarpaulin did not affect the effi-
cacy of reduced 1,3-D and chloropicrin rates 
against nematodes, soilborne pathogens and 
weeds. However, higher soilborne pathogen 
incidence was encountered in the reduced 
rate treatments compared with full rates under 
both tarpaulin types. This suggested that fu-
migant concentrations at reduced rates may 
be sufficient for adequate nematode control 
in sandy soil conditions but are not suffi-
cient for the control of some soilborne patho-
gens such as Fusarium spp. Field trials by 
Qin et al. (2011) demonstrated the excellent 
performance of TIFs on fumigant emission 
control and pest control efficacy. TIFs can ef-
fectively retain fumigants under the tarpaulin 
and in surface soils with improved uniform 
distribution. These findings suggested that a 
proper fumigant rate for ensuring good effi-
cacy must be determined by considering the 
fumigant property and the soil type. An over-
dose of fumigant may delay tarpaulin-cutting 
time or cause phytotoxicity for crops, while 
too a low fumigant level may not be able to 
achieve the fumigation efficacy target.

In soil treated with methyl iodide, ap-
plied under a VIF, control of F. oxysporum 
was as effective as treatment with MeBr: 
the higher rate provided 100% control and 
mortality was not observed. Higher and 
moderate rates of methyl iodide produced 
yields equivalent to MeBr treatment. In 
soils treated with DMDS, plant mortality 
was not observed and the yield reduction 
was not significant compared with MeBr 
treatments. The authors concluded that, as 
methyl iodide was applied at 40% lower 
rates than MeBr, growers can use fewer 
chemicals while still sustaining production, 
and emission is minimized. In the USA, me-
thyl iodide has been approved for use as a pre-
plant biocide, and in Europe this compound 

is not registered. DMDS seems to be a prom-
ising and attractive alternative with high 
efficacy and potential reduction of buffer 
zones (Othman et  al., 2011). DMDS has 
been identified as one of the volatile com-
pounds produced when soil is amended 
with cabbage and solarized, which leads to 
a reduction in fungal plant pathogens and 
nematodes. This material has zero ozone 
depletion potential and is reported to have a 
complex mode of action affecting mitochon-
drial function and causing inhibition of 
cytochrome oxidase (Rosskopf et al., 2000).

Zveibil et al. (2012) studied the effect of 
several fumigants in control of M. phaseolina. 
The fumigants were each administered via 
drip irrigation through two plastic pipes per 
plot placed on the soil surface. Fumigation 
was conducted under impermeable poly-
ethylene plastic sheets spread on the surface 
of the plots, including the non-fumigated 
control plots. The soils were previously in-
oculated with different types of M. phaseo-
lina inoculum. MeBr and metam sodium 
consistently provided the most effective 
eradication of several types of inoculum of 
M. phaseolina (sclerotia and naturally in-
fected crowns and stolons). However, fumi-
gation with chloropicrin or a combination 
of 1,3-D:chloropicrin was not consistently 
as effective as MeBr or metam sodium fumi-
gation at the two soil depths evaluated in 
this study. Similar results were obtained by 
Hutton et al. (2013). They carried out field 
trials to screen the efficacy of different soil 
fumigants against M. phaseolina. Fumi-
gants were applied by shank injection (ex-
cept for dazomet, which was incorporated 
into the soil with a rotary hoe) under low-
density polyethylene to soils previously in-
oculated with sclerotia or infected crown 
tissues. MeBr:chloropicrin (50:50) was the 
only fumigant to eradicate M. phaseolina 
from buried infected crowns 7 days after fu-
migation. In contrast, methyl iodide:chloro-
picrin (30:70), 1,3-D:chloropicrin (65:35) 
and chloropicrin alone reduced the survival 
of M. phaseolina in infected crowns by up 
to 97% but did not eradicate it. All fumi-
gants, including dazomet and methyl io-
dide:chloropicrin, reduced the viability of 
microsclerotia of M. phaseolina by 74–82%.
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Chemicals have been used in combination 
with solarization. Yields with solarization 
combined with chloropicrin or metam so-
dium and 1,3-D were statistically similar to 
those achieved with the individual fumi-
gants and with MeBr, whereas chemical 
treatments resulted in significantly higher 
yields than those obtained in the untreated 
control and with soil solarization alone 
(Rosskopf et al., 2000). Solarization with da-
zomet (400 kg ha–1) controlled strawberry 
diseases caused by F. oxysporum and 
M. phaseolina as effectively as MeBr (Yücel 
et al., 2002). Combining solarization with a 
reduced dose of chemical fumigants such as 
metam sodium achieved similar strawberry 
yields to MeBr treatment (López-Aranda 
et al., 2000), although this treatment did not 
control M. phaseolina. Plant mortality was 
higher than that observed in the untreated 
control (Medina-Mínguez et al., 2012; Miranda 
et al., 2012).

12.4.2.  Non-chemical alternatives

Several approaches to the production of 
strawberry without MeBr or other chem-
icals have been studied, such as soil-less 
production, anaerobic soil disinfestation, 
heat disinfestation, solarization, and the use 
of biofumigants and herbicides. The soil-
less system is a strawberry production method 
used frequently in Europe (Fennimore 
et al., 2012), but in this production system, 
Arroyo et al. (2009) detected F. oxysporum 
affecting strawberries in south-western Spain. 
Legard (2011) pointed out that soil-less pro-
duction systems were as productive as fu-
migant-based production system but were 
not economically competitive due primar-
ily to the high cost and limited availability 
of the substrates (peat and coconut coir).

Soil solarization is a non-chemical ap-
proach to soil disinfestation, involving 
covering the soil with a clear plastic film to 
trap solar radiation and accumulate heat. In 
this way, soil temperatures can be raised to 
levels that are lethal to many plant patho-
gens (such as fungi, bacteria, weeds, nema-
todes and insects) (Katan, 1981). The draw-
backs of solarization are the non-productive 

occupation of soil for a long period, the cli-
mate dependency and the mobility to con-
trol all pathogens (Ros et al., 2008). The use 
is restricted in some areas by the length and 
intensity of sunshine as well as temperature 
(Berg, 2007). Solarization is recommended 
for 30–45 days during the months when the 
soil temperatures exceed 50°C, although when 
combined with biofumigation, the soil tem-
perature could be as low as 40°C (Medina-
Mínguez, 2002). Solarized soils are often 
more suppressive to certain soilborne patho-
gens than non-solarized soils. Changes in 
the microflora following solarization may 
account for enhanced plant growth and in-
duced suppressiveness to plant pathogens. 
Trichoderma spp. are among the micro-
organisms that can survive the solar heating 
process (Pinkerton et al., 2002).

In Florida, soil solarization was ini-
tially conducted by covering entire fields 
(broadcast solarization) with clear or photo-
selective polyethylene plastic. Subsequently, 
this method was adapted to local produc-
tion systems by using clear plastic to solar-
ize raised beds (strip solarization) and then 
painting the plastic white, so it could be 
used as a horticultural mulch. Solarization 
on raised beds achieved higher soil temper-
atures than broadcast applications, thus im-
proving its efficacy and eliminating any bor-
der effects (Rosskopf et al., 2005).

Soil solarization provides control of 
weeds, but strawberry yields were reduced 
due to a lack of control of nematode and soil 
fungi (Locascio et al., 1999b). In field stud-
ies begun in the autumn of 1998 in Florida, 
several soil fumigants and soil solarization 
treatments were evaluated as alternatives to 
MeBr for polyethylene-mulched strawberry. 
Solarization alone generally increased 
yields significantly over that provided with 
no fumigant but was not consistent in pro-
viding maximum yield (Locascio et al., 1999a).

Zveibil et  al. (2012) observed a rapid 
decline in M. phaseolina sclerotia viability 
in soils covered with impermeable poly-
ethylene plastic sheets, which may be at-
tributed to elevated soil temperatures under 
the polyethylene mulch, even though the 
mulches remained on the soil surface for 
only 10  days. Soil solarization alone was 
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not effective in the control of M. phaseolina 
(Lodha et al., 1997). For instance, whereas 
F. oxysporum was eliminated from solar-
heated soil down to a 10 cm depth, was re-
duced at a 25 cm depth and survived at 30 
and 40 cm depths, M. phaseolina survived 
at all depths, even when, at the 10 cm depth, 
the temperature reached 56.2°C (McCain 
et al., 1982). In strawberry fields, solarization 
did not reduce the viability of M. phaseoli-
na at soil depths of 10 or 20 cm; however, a 
significant reduction (66%) in survival was 
determined at a soil depth of 5  cm. This 
study demonstrated that continuous heat 
treatment and solarization alone do not pro-
vide sufficient control, especially in the 
deeper layers of the soil (Yildiz et al., 2010). 
In solarized soils, Fusarium wilt severity 
was lower than that in soils fumigated by 
either chloropicrin or MeBr, suggesting that 
Fusarium wilt of strawberry could be con-
trolled by soil solarization combined with 
solar-heated irrigation (Sugimura et al., 2001). 
Furthermore, in strawberry field trials con-
ducted to evaluate the effectiveness of soil 
solarization with compost and calcium cy-
anamide, the soil population of F. oxysporum 
f. sp. fragariae was reduced at 100% relative 
to the untreated control and no incidence of 
Fusarium wilt was observed (Nam et  al., 
2011b).

Biofumigation uses volatile substances 
and other products from organic amend-
ments and residue biodegradation as fumi-
gants against soilborne pathogens (Bello 
et al., 1999). Nitrogen compounds (e.g. am-
monium and nitrates), organic acids and a 
large number of other substances are re-
sponsible for this biocidal activity (Mian 
et al., 1982). Biofumigation is a natural ap-
proach using plants containing specific bio-
logically active compounds for the control 
of soilborne pests and diseases in agricul-
tural crops. It provides a promising sustain-
able alternative to the use of noxious chem-
icals, and at the same time will deliver soil 
and environmental benefits to the farm. The 
principle is based on the use of plants with 
high levels of glucosinolates (GCs), which 
are naturally occurring plant sulphur com-
pounds providing plants with protection. 
When these plants are incorporated into the 

soil, the GCs are hydrolysed by the plant en-
zyme myrosinase, at neutral pH, producing 
active volatile chemicals called isothiocyan-
ates (ITCs). The most effective plant species 
have been found to be Brassica spp., includ-
ing oil radish and white mustard. ITCs 
are related to the active ingredient in the 
commercial fumigants metam sodium and 
dazomet, and are highly toxic to pests and 
pathogens. GCs are sulphur-containing chem-
icals (thioglucosides) that are produced as 
secondary metabolites by Brassica spp., and 
their role is thought to be to provide resistance 
against pests and pathogens (http://www.
epa.gov/ozone/air/2000; Mazzola, 2011a). GC 
profiles and the subsequent ITCs produced 
vary between Brassica species. Researchers 
have identified over 100 ITCs, 20 of which 
are commonly produced by Brassica spp. 
and are known to have a biocidal effect. The 
difference in structure of individual GCs 
and ITCs depends on their organic side-
chain (aliphatic, aromatic or indole), which 
also influences their biocidal activity (http://
www.epa.gov/ozone/air/2000; Mazzola, 2011a). 
Brassica crops can be grown for biomass to 
be used as a green manure. Another strategy 
uses Brassica products as soil amendments. 
In this method, Brassica seed meal, a by-
product of the commercial food and indus-
trial oil extraction process, is incorporated 
into the soil pre-planting (Mazzola and Mul-
linix, 2005; Mazzola, 2011b). In addition to 
the effect of biofumigation, depending on 
the target organism, pest control attained in 
response to Brassica residue amendments 
has been attributed to altered soil biology, at 
times acting through the modulation of host 
defence responses (Mazzola, 2011a). Mattner 
et al. (2008) showed that volatile compounds 
from a Brassica rapa/Brassica napus biofu-
migant crop suppressed the growth of six 
different soilborne pathogens of strawberry, 
among them F. oxysporum, but in the field, 
rotary incorporation of the biofumigant crop 
did not produce detectable levels of ITCs in 
the soil, reduce the survival of the strawberry 
pathogens or affect populations of cultura-
ble soil microflora. However, it suppressed 
the growth of emerging weeds by 40% and the 
growth of pathogens such as Phytophthora 
cactorum by 20%. They concluded that 
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allelochemicals other than ITCs, such as ni-
triles, or other biological mechanisms might 
also play a role in biofumigation. Although, 
growth of M. phaseolina was suppressed 
when exposed to allyl isothiocyanate pro-
duced by Brassica juncea, this biologically 
active volatile was fungistatic towards M. 
phaseolina and was not fungicidal (Mazzola, 
2011a). Suppression of M. phaseolina was 
obtained with seed meal sourced from sev-
eral Brassicaceae species (Brassica napus, 
Brassica juncea and Sinapis alba), but was 
not associated with the production of a bio-
logically active chemical (Mazzola, 2011b). 
Pathogen suppression observed in natural 
soil was abolished when seed meal-amend-
ed soils were pasteurized prior to infestation 
with M. phaseolina. These findings indicated 
that a biological mechanism contributed sig-
nificantly to the disease control (Mazzola, 
2011a). Brassicaceae seed meal amendments 
suppressed the proliferation of M. phaseolina 
in soil systems, but optimal seed meal-
induced suppression required a functional 
soil biology (Mazzola, 2011b).

A key to improve the efficacy of biofumi-
gation in the field seems to lie in the devel-
opment of technological applications that 
can macerate and incorporate biofumigants 
evenly in the soil, in addition to incorporat-
ing biofumigants under optimal edaphic 
conditions for the release of ITCs (Mattner 
et al., 2008). Mazzola (2011a) affirmed that 
increased severity of Brassica tissue segmen-
tation enhanced overall ITC yield and the 
resulting level of pest suppression.

As well as Brasicaceae residues, other 
organic materials have been assayed as pro-
ducers of biofumigators for soil disinfest-
ation, such as green manures, animal ma-
nures (chicken manure) and agro-industrial 
residues, such as rice husks and citrus peel-
ings. An effective integration of solarization 
treatment with a variety of organic amend-
ments, including composts, crop residues, 
green manures and animal manures, has 
been reported for the control of soilborne 
pathogens; this approach of combining so-
larization and organic matter application is 
defined as biological solarization or biosolar-
ization (Ros et al., 2008). This soil treatment 
process in various forms has also been 

called ‘anaerobic soil disinfestation’ (ASD), 
‘biological soil disinfestation’, ‘soil reductive 
sterilization’ and ‘reductive soil disinfest-
ation’ (Butler et al., 2012). Soil treatment by 
ASD utilizes the principles behind solariza-
tion and flooding to create elevated soil 
temperatures and anaerobic soil conditions 
through saturation of the topsoil, covering 
with an oxygen-impermeable plastic tarpau-
lin and the addition of a labile carbon source 
to stimulate microbial activity (Butler et al., 
2009). ASD can be used where solarization 
or flooding is not feasible (Shennan et al., 
2007). ASD utilizes methods of pre-plant 
soil disinfestation developed in Japan and 
the Netherlands (Butler et  al., 2012). ASD 
follows three steps: (i) incorporating organic 
material (providing a carbon source for soil 
microorganisms); (ii) irrigation (saturating 
the soil pores with water); and (iii) covering 
with an oxygen-impermeable plastic mulch 
(to limit the oxygen supply, and maintain 
the soil water conditions above the field 
capacity for anaerobic decomposition of the 
soil) (Shennan et al., 2007). Strictly speak-
ing, soil solarization and biosolarization are 
based on soil irrigation at the field capacity 
of water content (Katan, 1981).

Lodha et al. (1997) demonstrated the ef-
ficacy of summer irrigation and soil solar-
ization combined with cruciferous residues 
in the control of M. phaseolina. In irrigated 
amended soil, polyethylene mulching in-
creased the soil temperature to 57 and 50°C 
at depths of 0–15 and 16–30  cm, respect-
ively. As a result, population of M. phaseo-
lina was almost eradicated (93–99%) at 
both soil depths. Soil heating and irrigation 
increased soil temperatures from 50 to 57°C 
at 0 to 30  cm depths, resulting in an ap-
proximately 70% reduction in sclerotia via-
bility. Furthermore, amendment with res-
idues alone or in conjunction with soil 
solarization increased the population of 
lytic bacteria active against M. phaseolina. 
However, the results of a test in a strawberry 
field carried out by Lazzeri et  al. (2003) 
showed that biocidal plant green manure 
treatments (Brassica juncea L. sel. ISCI20 
and Eruca sativa Mill. ‘Nemat’, containing 
glucosinolate/myrosinase systems) led to a 
fruit yield that was lower than with MeBr 
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but higher than with conventional green 
manure or untreated soil. The marketable 
yield of strawberries grown in soil treated 
with biosolarization with Brassica pellets 
(BioFence®, Triumph Italia of Cerealtoscana 
Group) at 2000 kg ha–1 was similar to the 
untreated control, and significantly lower 
than the standard MeBr:chloropicrin (50:50) 
treatment. The percentage of dead plants 
(caused by both F. oxysporum and M. pha-
seolina) was similar for untreated controls 
(41.8%), biosolarization treatment with 
Brassica pellets (49.9%) and other fumigant 
treatments such as metam sodium (51.5%), 
Enzone® (sodium tetrathiocarbonate) (38.8%) 
and methyl iodide:chloropicrin (98:2) (34.7%), 
whereas mortality with the standard Me-
Br:chloropicrin treatment did not reach 4% 
(Medina-Mínguez et al., 2012). In trials car-
ried out in an experimental farm located in 
south-western Spain, in soils never fumi-
gated with chemicals, the fruit yield was 
significantly higher following biosolariza-
tion with Brassica pellet treatment at 
2000 kg ha–1 (yield: 60,995 kg ha–1) than in 
untreated plots (yield: 42,156 kg ha–1). Dur-
ing the first season (2009/10), mortality 
(caused by M. phaseolina) reached 14% in 
untreated plots in May. Charcoal rot inci-
dence was significantly lower in treated soil. 
During 2010/11, mortality reached 43% in 
untreated plots in May and the biosolariza-
tion treatment was highly effective in con-
trolling charcoal rot (de los Santos et  al., 
2014). Similar results were obtained by 
Daugovish and Fennimore (2011) when they 
evaluated three non-fumigant combinations: 
mustard seed meal at 2200 kg ha–1 incorpor-
ated into beds and followed by solarization 
via standard clear polyethylene mulch, mus-
tard meal supplemented by steaming for 
10 min at 60°C to 25 cm depth, and steaming 
followed by solarization for 2 months. Early 
fruit yields were similar for all combin-
ations and 73% greater than in untreated 
controls. Only combinations that included 
steam reduced the M. phaseolina popula-
tion in soil compared with the untreated 
control: 43% at 0–15 cm depth and 88% at 
16–30  cm. Daugovish et  al. (2011b), using 
the same treatments, reported that the com-
bination of steam with soil solarization was 

the most effective in suppressing F. oxysporum 
in soil. Declining plants were diagnosed 
primarily with M. phaseolina, infection, 
which typically causes late-season dieback 
regardless of pre-plant treatments. The die-
back occurred earlier and was greater in 
treatments with solarization with clear mulch. 
The increased soil temperatures in spring 
under clear mulch also promoted infection 
with M. phaseolina, which is known to 
cause the rapid decline of plants stressed 
with heavy fruit loads under high temper-
atures. The results suggested that these 
non-fumigant treatments may not eliminate 
pathogens from strawberry rooting depths 
but may provide substantial yield im-
provements in non-fumigated buffer zones. 
However, the non-fumigant combination of 
mustard pod residues and soil solarization 
almost eliminated viable propagules of 
M. phaseolina and F. oxysporum f. sp. cumini 
at 0–30 cm soil depth (Israel et al., 2005). 
Biosolarization with Brassica pellets and 
chemical treatments reduced Fusarium 
spp. populations in soil compared with un-
treated controls (de los Santos et al., unpub-
lished data).

As reported by Pratt (2006), one possible 
use for animal wastes is as biocontrol mater-
ials for soilborne plant diseases. Limited 
evidence to date indicates that animal manure 
may reduce or eliminate resting structures 
of diverse pathogens or diseases following 
their incorporation into soil as amendments. 
Animal wastes are major liabilities that re-
sult from year-around production of cattle, 
swine and poultry in confined facilities. 
Most animal wastes are disposed of by re-
peated applications to agricultural lands in 
close proximity to production sites, but this 
practice may result in chemical and bio-
logical pollution of soil, water and air. Pratt 
(2006) evaluated the potential for commer-
cial poultry litter to provide biocontrol of 
sclerotia of M. phaseolina in soil. Incorpor-
ation of litter at 5% by weight resulted in an 
approximate 75% decrease in survival of 
sclerotia in comparison with unamended 
soil. Increasing the poultry litter content to 
10% resulted in a further 25% decrease that 
nearly eliminated survival of sclerotia, al-
though the sclerotia retrieved from soils 
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amended with poultry litter were physic-
ally intact, of normal colour and did not 
differ consistently in appearance from scler-
otia retrieved from unamended soil. During 
germination assays, hyphae of Fusarium 
and other fungi developed much more pro-
fusely from and around sclerotia retrieved 
from litter-amended soil than from un-
amended soil. He concluded that poultry 
litter is efficacious as a biocontrol material 
against sclerotia of M. phaseolina in soil. 
Poultry litter has been used as a carbon 
source in ASD. In strawberry field trials, the 
following treatments were applied: untreated 
control, 1,3-D:chloropicrin (application per-
formed using a standard drip application 
system) and ASD (poultry litter application 
in beds). F. oxysporum and M. phaseolina 
inoculum survival was decreased signifi-
cantly by both treatments when compared 
with the untreated control. ASD was the 
most effective treatment at eliminating 
M. phaseolina. In the late season, the Tricho-
derma spp. population increased in ASD-
treated plots. Mortality and stunting in 
ASD-treated plots was similar to that in 1,3-D: 
chloropicrin-treated plots and was signifi-
cantly lower than untreated control plots. 
The total weight of fruit was lowest in the 
untreated control and ASD-treated plots; 
however there were no statistically signifi-
cant differences among any of the treatments 
(Rosskopf et al., 2011).

The marketable yield of strawberry 
plants grown in soils treated with biosolari-
zation with fresh chicken manure (yield: 
835 g per plant) was slightly lower than 
with the standard MeBr:chloropicrin (50:50) 
treatment (yield: 878 g per plant) (Medina-
Mínguez et al., 2012). Biosolarization with 
chicken manure was as effective as MeBr in 
the control of M. phaseolina and F. oxysporum 
populations in soil (Miranda et al., 2012; de 
los Santos et  al., unpublished data). Both 
treatments significantly reduced plant mor-
tality, primarily due to M. phaseolina infec-
tions, compared with the untreated control. 
Similar results were obtained when biosolar-
ization with chicken manure was compared 
with chloropicrin, 1,3-D:chloropicrin or 
DMDS: chloropicrin treatment. Biofumigation 
treatments were broadcast applied, whereas 

chemicals were shank injected with two chis-
els per bed (Miranda et al., 2012). Analysing 
M. phaseolina and Fusarium spp. soil popu-
lation evolution from 2009 to 2011 in soil 
samples taken before the application of treat-
ments each year, we observed that, in biofu-
migated soils, the populations of both patho-
gens tended to decrease, while in soils 
treated with bed fumigation, the populations 
increased (de los Santos et al., unpublished-
data). Thus, it is possible that there is a strong 
correlation between a higher incidence of 
charcoal rot and Fusarium wilt in strawberry 
plants and bed fumigation with alternative 
chemicals, as reported by Bolda and Koike 
(2012). In trials carried out on an experimen-
tal farm using non-chemical treatments, bio-
solarization with chicken manure (at rate of 
25,000 kg ha–1 and 12,500 kg ha–1) and sugar 
beet vinasse (15,000 kg ha–1) protected straw-
berry plants equally well against charcoal rot 
(<2% mortality). During the second season, 
mortality in untreated plots reached 43%, 
whereas mortality in plots biofumigated 
with chicken manure at 25,000  kg ha–1 or 
12,500 kg ha–1 reached 2 and 15% mortality, 
respectively, and biofumigation with sugar 
beet vinasse reached 1% mortality (de los 
Santos et al., 2014). The main steps of bio-
solarization with chicken manure are as 
follow: (i) copious sprinkler irrigation to 
reach the field capacity content of the soil; 
(ii) application and immediate soil incorpor-
ation (with a disc harrow or rotavator) of 
25,000 kg ha–1 of fresh chicken manure (rich 
with the husk of rice); (iii) short sprinkler 
irrigation to restore water losses due to soil 
evaporation, just before transparent film 
application; (iv) application of low-density 
polyethylene transparent film sheets (50 μm) 
on strips 3.30 m wide with 0.35–0.40 m of 
separation among strips; (v) biosolarization for 
5–6 weeks; and (vi) removal of the plastic and 
raking with a disc harrow or cultivator to 
homogenize the solarized soil (Medina-
Mínguez et al., 2004) (Fig. 12.6).

Soil quality after biosolarization with 
sheep and chicken manure was assessed 
by measuring physico-chemical, chemical, 
biological and biochemical parameters. 
Biosolarization was not toxic, as determined 
by the luminescence of Vibrio fischeri 
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(a biosensor used to identify qualitatively 
and quantitatively the presence of different 
compounds or conditions, including tox-
icity, in complex environments such as soil), 
whereas MeBr significantly reduced lumi-
nescence by V. fisheri. No significant in-
creases in heavy metal content of the soil 
were observed, although heavy metal accu-
mulation after repetitive applications of ma-
nure is one of the commonly mentioned 
reasons for not recommending biosolariza-
tion (Ros et al., 2008). However, Albregts 
et  al. (1996) observed that a high rate of 
chicken manure reduced yield throughout 
the season, because an average of 36% plants 
per plot were lost. The authors suggested 
that the loss of plants in this treatment was 
due to the high salinity levels in areas of the 
bed receiving excess manure.

ASD using rice bran as the carbon source 
was compared with the use of chloropicrin, 
mustard application and steam  + solariza-
tion with clear mulch in different combin-
ations. Nine tons per acre of rice bran was 
pre-plant incorporated and 3–4 acre-inches 
of irrigation was applied in sandy-loam to 
clay-loam soils. Only chloropicrin and com-
binations that included ASD reduced M. pha-
seolina populations in soil compared with 
the untreated control at a depth of 0–15 cm. 
At 16–30 cm depth, all treatments, except for 
ASD, reduced M. phaseolina in soil com-
pared with the untreated control. ASD and 

ASD + mustard did not significantly reduce 
the F. oxysporum population compared with 
the untreated control. Marketable fruit yield 
was higher in all treatments than in the un-
treated control. Mortality reached 17% in 
untreated plots in June, and was higher in 
plots treated with: ASD  +  mustard (23%), 
solarization  +  mustard (38%), ASD (42%) 
and ASD  +  solarization  +  mustard (46%). 
The authors concluded that only steam 
reduced pathogen levels (http://ceventura.
ucanr.edu/files/152781.pdf).

12.5.  Conclusions and Future  
Perspectives

In recent years, novel strawberry plant col-
lapse problems have been detected. Plant 
diagnostic analyses have confirmed that 
these problems are associated with two soil-
borne fungi: M. phaseolina (the causal agent 
of charcoal rot) and F. oxysporum (the 
causal agent of Fusarium wilt). Charcoal rot 
has been reported from Argentina, Australia, 
Egypt, France, India, Israel, Spain and the 
USA (California, Florida and Illinois), while 
F. oxysporum has been detected in Argen-
tina, Australia, China, South Korea, Spain, 
Japan and the USA (California and South 
Carolina). Both pathogens caused plant 
collapse, poor growth and reduced yields. 
Symptoms consist of wilting of foliage, 

(a) (b)

Fig. 12.6.  Biosolarization with chicken manure. (a) Application and immediate soil incorporation (with a 
disc harrow or rotovator) of fresh chicken manure. (b) Application of low-density polyethylene transparent 
film sheets.
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plant stunting, and drying and death of older 
leaves, although the central youngest leaves 
often remain green and alive. Plants may 
eventually collapse and die. Initial problems 
usually consist of multiple small patches of 
diseased plants, but in locations where the 
disease has occurred for more than one sea-
son, the patches can be quite large and ap-
pear to have spread from the initial problem 
area. The increase in prevalence of crown 
and root rot in strawberry crops may be re-
lated to the phase-out of MeBr. Some authors 
have associated the changes in the fumiga-
tion products used and methods of applying 
them prior to planting strawberries with the 
establishment of these two soilborne patho-
gens, especially with the use of pre-plant al-
ternatives, applied to the beds, compared 
with the MeBr or chloropicrin fumigation 
standard.

Fusarium wilt and charcoal rot can be 
a threat for strawberry crops, at least in 
moderately warm and warm climatic areas. 
Although the outbreak of these diseases 
has been related to MeBr phase-out and its 
replacement with other methods, as dis-
cussed in this chapter, it is possible that 
other factors could be involved, as several 
authors have pointed out the detection 
of  these strawberry diseases in MeBr-
fumigated soils. One of the possibilities is 
climate change, as we have observed a rela-
tionship between the increase in tempera-
ture and the emergence of disease, in tem-
perate areas. Since the mid-1990s, there 
has been a large increase in our knowledge 
and use of products and methods for soil 

disinfestation for strawberry production. 
Researchers around the world have tested 
different techniques for chemical disinfest-
ation in order to minimize their emissions 
into the atmosphere and to reduce the dos-
ages. The most widespread chemical solu-
tions are mixtures of 1,3-D:chloropicrin, 
chloropicrin alone, metam sodium and da-
zomet. In developed countries, the major-
ity of useful chemical alternatives have no 
future because of regulatory restrictions. To 
date, only dazomet is in use, while DMDS 
is not yet registered in Europe but could be 
considered as a chemical alternative for the 
future. A list of non-chemical alternatives 
to MeBr for strawberry fruit production 
includes: the use of resistant varieties, 
although the results obtained are not con-
clusive; crop rotation, which is not always 
possible; steam or soil-less culture, both 
of which are expensive; biocontrol prac-
tices, which are effective only when 
applied with other control measures; soil 
solarization, alone or implemented with 
chemical compounds, although solariza-
tion alone can be applied in limited cli-
matic areas; biofumigation practices and 
its variants, such as incorporation of plant 
residues, compost extracts, green manure 
crops, as dry or fresh biofumigant manure; 
and ASD techniques, which could be the 
most promising. As reported by López- 
Aranda (2014), in the case of non-chemical 
alternatives, much work is needed in the 
technology transfer process, and farmers 
are showing a growing interest in these 
techniques.

References

Agostini, A. (2011) Effects of Brassicaceae seed meal incorporation on pre-plant weed emergence and straw-
berry productivity in Macrophomina phaseolina infested and non-infested soil. MS thesis, Sonoma State 
University, California.

Alabouvette, C., Schippers, B., Lemanceau, P. and Bakker, P.A.H.M. (1998) Biological control of Fusarium 
wilts. In: Boland, G.C. and Kuykendall, L.D. (eds) Plant–Microbe Interactions and Biological Control. 
Marcel Dekker, New York, pp. 15–36.

Albregts, E.E., Gilreath, J.P. and Chandler, C.K. (1996) Soil solarization and fumigant alternatives to methyl 
bromide for strawberry fruit production. Soil and Crop Science Society of Florida 55, 16–20.

Almeida, A.M.R., Abdelnoor, R.V., Arrabal Arias C.A., Carvalho, V.P., Jacoud Filho, D.S., Marin, S.R.R., 
Benato, L.C., Pinto, M.C. and Carvalho, C.G.P. (2003) Genotypic diversity among Brazilian isolates of 
Macrophomina phaseolina revealed by RAPD. Fitopatología Brasileira 28, 279–285.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Emerging Diseases in Strawberry Crop	 241

Alves-Santos, F.M., Ramos, B., García-Sánchez, M.A., Eslava, A.P. and Díaz-Mínguez, J.M. (2002) A DNA-
based procedure for in planta detection of Fusarium oxysporum f. sp. phaseoli. Phytopathology 92, 
237–244.

Angelini, R. and nad Faedi, W. (2010) Malattie e fisiopatie. In: ART Servizi (ed.) La Fragola. Bologna, Italy, 
pp. 228–246.

Arroyo, F.T., Llergo, Y., Aguado, A. and Romero, F. (2009) First report of Fusarium wilt caused by Fusarium 
oxysporum on strawberry in Spain. Plant Disease 93, 323.

Avilés, M., Castillo, S., Bascón, J., Zea-Bonilla, T., Martín-Sánchez, P.M. and Pérez-Jiménez, R.M. (2008) First 
report of Macrophomina phaseolina causing crown and root rot of strawberry in Spain. Plant Pathology 
57, 382.

Avilés, M., Castillo, S., Borrero, C., Castillo, M.L., Zea-Bonilla, T. and Pérez-Jiménez, R.M. (2009) Response 
of strawberry cultivars: ‘Camarosa’, ‘Candonga’ and ‘Ventana’ to inoculation with isolates of Macrophomina 
phaseolina. Acta Horticulturae 842, 291–294.

Avilés, M., Castillo, S., Borrero, C. and Refoyo, A. (2012) Strawberry cultivar susceptibility to charcoal rot 
caused by Macrophomina phaseolina. In: VII International Strawberry Symposium. International Society 
for Horticultural Science, Beijing, China, p. 224.

Baayen, R.P., O’Donnell, K., Bonants, P.J.M., Cigelnik, E., Kroon, L.P.N.M., Roebroeck, E.J.A. and 
Waalwijk, C. (2000) Gene genealogies and AFLP analyses in the Fusarium oxysporum complex identify 
monophyletic and nonmonophyletic formae speciales causing wilt and rot disease. Phytopathology 
90, 891–900.

Babu, B.K., Saxena, A.K., Srivastava, A.K. and Arora, D.K. (2007) Identification and detection of Macrophomina 
phaseolina by using species-specific oligonucleotide primers and probe. Mycologia 99, 797–803.

Babu, B.K., Saikia, R. and Arora, D.K. (2010) Molecular characterization and diagnosis of Macrophomina 
phaseolina: a charcoal rot fungus. In: Gherbawy, Y. and Voigt, K. (eds) Molecular Identification of Fungi. 
Springer, Berlin/Heidelberg, Germany, pp. 179–193.

Babu, B.K., Mesapogu, S., Sharma, A., Somasani, S.R. and Arora, D.K. (2011) Quantitative real-time PCR assay 
for rapid detection of plant and human pathogenic Macrophomina phaseolina from field and environmental 
samples. Mycologia 103, 466–473.

Baino, O., Conci, V.C. and Ramallo, J.C. (2010) Enfermedades de Fragaria × ananassa Duch. Atlas Fitopatológico 
Argentino 3, 739.

Baino, O.M., Salazar, S.M., Ramallo, A.C. and Kirschbaum, D.S. (2011) First report of Macrophomina phaseolina 
causing strawberry crown and root rot in northwestern Argentina. Plant Disease 95, 1477–1477.

Baird, R.E., Watson, C.E. and Scruggs, M. (2003) Relative longevity of Macrophomina phaseolina and associated 
mycobiota on residual soybean roots in soil. Plant Disease 87, 563–566.

Baird, R.E., Wadl, P.A., Allen, T., McNeill, D., Wang, X., Moulton, J., Rinehart, T.A., Abbas, H.K., Shier, T. 
and Trigiano, R.N. (2010) Variability of United States isolates of Macrophomina phaseolina based on 
simple sequence repeats and cross genus transferability to related genera within Botryosphaeriaceae. 
Mycopathologia 170, 169–180.

Balajee, S.A., Borman, A.M., Brandt, M.E., Cano, J., Cuenca-Estrella, M., Dannaoui, E., Guarro, J., Haase, G., 
Kibbler, C.C., Meyer, W., O’Donnell, K., Petti, C.A., Rodriguez-Tudela, J.L., Sutton, D., Velegraki, A. and 
Wickes, B.L. (2009) Sequence-based identification of Aspergillus, Fusarium, and Mucorales species in 
the clinical mycology laboratory: where are we and where should we go from here? Journal of Clinical 
Microbiology 47, 877–884.

Baudry, A. and Morzieres, J.P. (1993) First report of charcoal rot of strawberry in France. Acta Horticulturae 
348, 485–488.

Beas-Fernández, R., Santiago, A.D.S.-D., Hernández-Delgado, S. and Mayék-Pérez, N. (2006) Character-
ization of Mexican and non-Mexican isolates of Macrophomina phaseolina based on morphological 
characteristics, pathogenicity on bean seeds and endoglucanase genes. Journal of Plant Pathology 88, 
53–60.

Bello, A., López-Pérez, J.A., Díaz-Viruliche, L., Sanz, R. and Arias, M. (1999) Bio-fumigation and local resources 
as methyl bromide alternatives. In: 3rd International Workshop Alternatives to Methyl Bromide for the 
Southern European Countries. Crete, Greece, p. 17.
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13.1.  Biological Control of  
Fusarium Wilt

Fusarium wilt of strawberry (Fragaria 
×  ananassa Duch.), caused by Fusarium 
oxysporum f. sp. fragariae, is one of the 
common and difficult-to-control diseases in 
strawberry worldwide (Koike and Gordon, 
2015). In Japan, Fusarium wilt and anthrac-
nose are serious diseases in the major straw-
berry-producing regions and cause heavy 
losses during the nursery and fruit produc-
tion period (Tezuka and Makino, 1991; Oka-
yama, 1993; Mori and Kitamura, 2003; Koike 
and Gordon, 2015). Capillary watering as a 

cultural method for control of these diseases 
was introduced into strawberry cultivation, 
but they are still difficult to control (Oka-
yama, 1993; Akita, 2001). For the manage-
ment of Fusarium wilt, chemical control, bio-
logical control, crop rotation and use of 
resistant cultivars are the most popular 
methods (Koike and Gordon, 2015). How-
ever, it has been difficult to develop resist-
ant cultivars for strawberry, because many 
traits, such as fruit productivity and quality 
of fruits, have to be considered in the selec-
tion of successful resistant strawberry culti-
vars (Schaart et al., 2011). Moreover, octoploidy 
(2n  =  8×  =  56) and heterozygosity impose 
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difficulties when this species is bred ac-
cording to conventional strategies, and so 
manipulation on a gene level through trans-
genic technology is generally also carried out 
(Husaini, 2010).

For biological control of Fuarium wilt, 
an attempt was made to use non-pathogenic 
isolates of Fusarium oxysporum in straw-
berry (Tezuka and Makino, 1991). However, 
the non-pathogenic isolates had no growth-
promoting effect and the method was not 
successful as an independent control meas-
ure. Trichoderma and Bacillus spp. were 
also used to try to control Fusarium wilt in 
strawberry (Moon et al., 1995; Nam et al., 
2009; Zhang et al., 2012), but with very 
limited success. Arbuscular mycorrhizal fungi 
(AMF) are considered one of the successful 
biocontrol agents (Baum et al., 2015). AMF 
are ubiquitous soil inhabitants and form a 
symbiotic relationship with the roots of 
most terrestrial plants. AMF promote host 
plant growth by enhancing phosphorus 
uptake through symbiosis (Marschner and 
Dell, 1994) and hence are an alternative to 
using high inputs of fertilizers and pesticides 
in sustainable crop production systems 
(Baum et al., 2015). For strawberry, growth 
enhancement through AMF inoculation has 
been reported in several combinations of 
fungal species and strawberry cultivars 
(Robertson et al., 1988; Chávez and Ferre-
ra-Cerrato, 1990; Niemi and Vestberg, 1992; 
Williams et al., 1992; Varma and Schüepp, 
1994; Husaini et al., 2012). Piriformospora 
indica and Sebacina vermifera, living as 
endophytes in a variety of hosts, have gained 
increased attention recently. Piriformospora 
indica is a newly described, axenically cul-
tivable, phytopromotional endosymbiont, 
which mimics the capabilities of AMF and 
shows pronounced growth-promotional ef-
fects in strawberry, as well as in many other 
host species. In vitro and ex vitro co-culture 
studies have verified that both Piriformo-
spora indica and S. vermifera possess pro-
nounced plant growth-stimulating and stress 
amelioration capacity, most likely by indu-
cing secondary metabolite accumulation in 
strawberry plants (Husaini et al., 2012). Piri-
formospora indica promotes the synthesis 
and expression of defence-related proteins 

and enzymes (isoflavonoid phytoalexins, 
isoflavonoid glyceollin coumestrol and cou-
mestin isosojagol), which provide protection 
and result in higher plant survival (Sahay 
and Varma, 1999).

In addition, the inoculation of strawberry 
plants with AMF results in reduced disease 
when challenged with Phytophthora fragar-
iae, this effect being dependent on differences 
in host cultivar and AMF species (Baath and 
Hayman, 1984; Mark and Cassells, 1996; 
Norman et al., 1996). Matsubara et al. (2004) 
were the first to report tolerance to Fusar-
ium wilt in strawberry (Fragaria × ananas-
sa Duch. ‘Nohime’) plants inoculated with 
five species of AMF (Gigaspora margarita, 
Glomus fasciculatum, Glomus mosseae, 
Glomus sp. R10 and Glomus aggregatum) in 
greenhouse experiments, with the effect 
mostly appearing in Glomus mosseae-inoc-
ulated plants (Matsubara et al., 2004). Later, 
Li et al. (2010) reported tolerance to Fusar-
ium wilt and anthracnose in mycorrhizal 
strawberry plants, but the mechanism of dis-
ease tolerance in mycorrhizal plants remains 
unclear.

13.2.  Induced Systemic Resistance  
and Antioxidative Ability

Induced systemic resistance (ISR) in plants 
is explained as plant defences precondi-
tioned by prior infection or treatment of 
fungi, for example, leading to the develop-
ment of resistance in the whole plant against 
any subsequent challenge by the pathogen 
or parasite (Koike et al., 2001; Choudhary 
et al., 2007). He et al. (2002) reported that 
ISR to Fusarium root rot appeared in asparagus 
plants with a split root system inoculated 
with non-pathogenic isolates of F. oxysporum, 
and lignin-related enzymes and lignification 
was activated in these plants. In strawberry, 
Li et al. (2010) described ISR to anthracnose 
and Fusarium wilt in mycorrhizal strawberry 
plants with a split root system. However, 
the mechanisms of ISR in mycorrhizal plants 
are still unclear.

Generally, when plants suffer environ-
mental stresses, reactive oxygen species 
(ROS) are generated in cells, and the ensuing 
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oxidative stress to intercellular structures 
causes major damage in the plant (Wahid 
et al., 2007). In order to cope with these toxic 
ROS, plants produce antioxidants as detoxi-
fication factors (Kuźniak and Skłodowska, 
2004; Wu et al., 2006). Antioxidative defence 
mechanisms consist of antioxidative en-
zymes such as superoxide dismutase (SOD), 
ascorbate peroxidase (APX) and catalase 
(CAT), and non-enzymatic antioxidants such 
as polyphenols and ascorbic acid (Asada, 
1999; Husaini, 2010). In pathogen stress con-
ditions, the production of higher concentra-
tions of ROS such as H2O2, O2

•– and ·OH have 
been shown to create cytotoxic conditions 
(Sahoo et al., 2007). To overcome this nega-
tive consequence of ROS, plants have 
evolved various protective mechanisms ei-
ther to reduce or completely eliminate such 
ROS through antioxidative abilities of anti-
oxidative enzymes and substances (Eh-
sani-Moghaddam et al., 2006; Sahoo et al., 
2007). For mycorrhizal plants, there is a cor-
relation between disease tolerance and an in-
crease in SOD activity in tomato (Pozo et al., 
2002) and pepper (Garmendia et al., 2006). 
Additionally, Li et al. (2008) demonstrated 
that there seems to be a correlation between 
increased antioxidative enzyme production 
in mycorrhizal strawberry plants and their 
tolerance to high-temperature stress. Later, 
Li et al. (2010) reported tolerance to Fusar-
ium wilt and anthracnose, with an increase 
in the antioxidative ability of mycorrizal 
strawberry plants. In addition, Matsubara 
(2011) showed that free amino acids and an-
tioxidative ability were associated with tol-
erance to Fusarium wilt in mycorrhizal (Glo-
mus mosseae) strawberry plants. However, 
in the reports by Li et al. (2010) and Matsub-
ara (2011), analysis of antioxidative ability 
was carried out only twice (before and after 
pathogen inoculation), and it remains un-
clear how AMF colonization per se affected 
the antioxidative ability, and how long this 
increase in antioxidative ability would con-
tinue under the pathogen-inoculated condi-
tions. In this chapter, we discuss this issue in 
light of a more comprehensive study about 
the influence of AMF colonization on toler-
ance to Fusarium wilt including ISR and an-
tioxidative ability in strawberry plants, in 

order to develop a deeper understanding of 
the mechanisms of their disease tolerance.

13.3.  Estimation of Induced Systemic 
Resistance to Fusarium Wilt in  
Mycorrhizal Strawberry Plants

Strawberry (Fragaria  ×  ananassa Duch. 
‘Nohime’, a commercial cultivar in Japan) 
runner plants were treated with a split-root 
system method. The plant root system was 
separated into halves and each was placed 
in a different pot (10.5 cm in diameter): one 
with disinfested bedding soil (autoclaved at 
1.2 kg cm–2 at 121°C for 1 h) and one with 
the same soil inoculated with Glomus mosseae 
(supplied by Idemitsukosan Co.), according 
to Matsubara et al. (2004). Two weeks after 
AMF inoculation, the plants were admin-
istered mixed fertilizer (N:P:K = 13:11:13, 
1 g per pot). Twenty plants with split root 
systems were raised per treatment with two 
replications, and were irrigated by the capil-
lary watering method (Matsubara et al., 2004) 
and grown in a greenhouse at 28 ± 3°C with 
natural light and day length.

F. oxysporum f. sp. fragariae (strain 2S; 
supplied by the National Agricultural Re-
search Center for Kyusyu Okinawa Region 
in Japan) was grown on potato dextrose agar 
medium. The conidia were harvested in potato 
sucrose liquid medium (Nissui Pharmaceut-
ical Co.) and incubated at 25°C in the dark 
for 7 days. The conidial suspension of F. ox-
ysporum f. sp. fragariae was sieved (45 μm), 
and the concentration was adjusted to 106 
conidia ml–1. Six weeks after AMF inocula-
tion, all plants were inoculated with 10 ml 
of the F. oxysporum f. sp. fragariae conidial 
suspension onto all the split roots. The plants 
were grown in a growth chamber with capil-
lary watering at 28 ± 3°C, with relative hu-
midity of 60 ± 5% under natural light and 
day-length conditions. Symptoms of Fusar-
ium wilt were investigated 14 and 42 days 
after inoculation. The severity of Fusarium 
wilt was categorized into five classes on the 
basis of the percentage of diseased petioles 
in a plant: <20%, 20–40%, 40–60%, 60–80%, 
>80–100%. Most of the values were expressed 
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as the mean of three measurements for each 
treatment. Mean values were separated using 
a t-test at P < 0.05 and Tukey’s multiple range 
test at P < 0.05 via analysis of variance.

Plants were sampled after AMF inocula-
tion (41 and 52 days) and after F. oxysporum 
f. sp. fragariae inoculation (14 and 42 days) 
to investigate the continuity of the treatment 
on the resultant effects. Plant samples were 
separated into shoots and roots, and dry mat-
ter was weighed after drying at 100°C for 
2 days. AMF plants had a higher dry weight of 
shoots and roots than non-AMF-inoculated 
(NAM) plants in all the investigated periods 
before and after F. oxysporum f. sp. fragariae 
inoculation (Fig. 13.1a), suggesting that the 
growth promotion effect appeared in all 
the mycorrhizal strawberry plants.

The roots of AMF plants were harvested 
at the same time intervals. The root samples 
were stained according to Phillips and 

Hayman (1970), and the rate of AMF coloni-
zation in 1 cm segments of lateral roots (RFCSL) 
was calculated. Hence, RFCSL expresses 
the percentage of 1 cm AMF-colonized seg-
ments out of the total number of 1 cm seg-
ments of all the lateral roots; the number of 
total segments was approximately 50 per 
plant. The mean colonization value was cal-
culated from the values of three plants. AMF 
colonization occurred in all the inoculated 
plants, and no major difference in coloniza-
tion level appeared over the duration of the 
experiment (Fig. 13.2).

The incidence of Fusarium wilt in 
shoots reached 100% in NAM and AMF-
inoculated plants 42 days after F. oxysporum 
f. sp. fragariae inoculation; however, the 
severity of symptoms showed a significant 
decrease in AMF-inoculated plants (Fig. 13.3). 
In addition, the severity of symptoms in 
both AMF-inoculated roots (AMF+) and non-
inoculated roots (AMF–) in AMF-inoculated 
plants was lesser than in NAM plants; thus, 
AMF roots showed induced systemic resist-
ance. These findings illustrated that tolerance 
to Fusarium wilt can be as a result of ISR in 
mycorrhizal strawberry plants with a split 
root system. Davis and Menge (1980) showed 
that, in citrus seedlings with a split root sys-
tem inoculated with Phytophthora parasitica, 
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tolerance appeared in non-mycorrhizal roots, 
even when these roots were separated from 
mycorrhizal (Glomus fasciculatum) roots. 
Similarly, Pozo et al. (2002) reports that, in 
tomato plants with a split root system, toler-
ance to Phytophthora parasitica appeared in 
both NAM roots and AMF-inoculated roots 
in plants, implicating a role of ISR. Li et al. 
(2010) reported that the disease symptoms 
of Fusarium wilt were suppressed in AMF-
inoculated and NAM root parts of straw-
berry plants. These studies confirmed the 
role of ISR in mycorrhizal plants with a split 
root system.

13.4.  Effect of Arbuscular  
Mycorrhizal Fungi Inoculation on 

Antioxidative Ability

In mycorrhizal plants, disease tolerance and 
an increase in SOD activity showed a correl-
ation in tomato (Pozo et al., 2002) and pep-
per (Garmendia et al., 2006), and drought 
tolerance and a concomitant increase in 
SOD take place in lettuce (Ruiz-Lozano 
et al., 1996) and shrubs (Roldán et al., 
2008), while tolerance to sulphur dioxide 
concomitant with a SOD increase occur in 
Avena nuda (Huang et al., 2008). In straw-
berry plants, tolerance to Fusarium wilt and 
anthracnose, and a concomitant increase in 
the antioxidative ability of mycorrhizal 
strawberry plants was illustrated by Li et al. 
(2010) and Matsubara (2011), although the 
antioxidative ability was measured only 
twice (before and after pathogen inocula-
tion), so the effect of AMF colonization on 
antioxidative ability and whether the increase 
in antioxidative ability in the pathogen-
inoculated condition would be maintained 
was unclear. Below, we discuss additional 
detailed experiments that were carried out to 
clarify these points. After AMF inoculation 
(at 41 and 52 days) and F. oxysporum f. sp. 
fragariae inoculation (at 14 and 42  days), 
the strawberry plants were sampled and 
partitioned into petioles, crowns and main 
roots with no colonization and were frozen 
in liquid nitrogen. Analyses of antioxidative 
abilities were carried out and the results are 
discussed in the following sections.

13.4.1.  SOD activity

SOD plays a primary role among the antiox-
idative enzymes in defence reactions and 
detoxifying superoxide (O2

•–); thus, SOD 
activity is considered the most important 
key enzyme in antioxidative abilities in 
plants (Fridovich, 1986). Garmendia et al. 
(2006) reported that tolerance to Verticil-
lium dahliae and an increase in SOD activ-
ity occurred in mycorrhizal pepper plants. 
Ehsani-Moghaddam et al. (2006) and Sahoo 
et al. (2007) showed that a cultivar resistant 

100

80

60

40

20

0
NAM AMF

NAM  AMF+ AMF–NAM AMF+ AMF–

14 days
after Fof

inoculation

NAM AMF
42 days
after Fof

inoculation

In
ci

de
nc

e 
of

 d
is

ea
se

d 
ro

ot
s 

(%
)

In
ci

de
nc

e 
of

 d
is

ea
se

d 
ro

ot
s 

(%
)

0

20

40

60

80

100

(a)

(b)

Fig. 13.3.  Incidence of Fusarium wilt in strawberry 
plants with a split-root system. (a) Percentage of 
diseased shoots in the plant: open columns, 0–20%; 
filled columns, 20–40%; hatched columns, 40–60%. 
(b) Percentage of diseased roots in the root system: 
open columns, part diseased; hatched, half 
diseased; filled columns, all diseased. Fof, Fusarium 
oxysporum f. sp. fragariae; NAM, non-arbuscular 
mycorrhizal fungi (AMF)-inoculated plants; AMF, 
AMF-inoculated plants; AMF–, AMF-non-inoculated 
roots; AMF+, AMF-inoculated roots.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



256	 Y. Matsubara and A.M. Husaini	

to Mycosphaerella fragariae and Phytophthora 
colocasiae showed higher levels of SOD ac-
tivity than a susceptible cultivar of strawberry 
and taro, respectively. In the investigation 
discussed here, 1 g of sample was ground in 
4  ml of 0.1  M phosphate/borate buffer 
(pH 7.8) with 1 mM EDTA, 3 mM dichlo-
rodiphenyltrichloroethane and 4% (w/v) 
polyvinylpyrrolidone. The filtrate was cen-
trifuged (EF-1300; Tomy Co.) at 13,000 r.p.m. 
for 20  min and the supernatant used as a 
crude enzyme extract. The enzyme activity 
was determined using the nitro blue tetra-
zolium reduction method (Beauchamp and 
Fridovich, 1971). One unit of SOD activity 
was defined as the amount of enzyme required 
to cause 50% inhibition of the rate of nitro 
blue tetrazolium reduction measured at 
560 nm using a spectrophotometer (U-1900: 
Hitachi). The results indicated that the increase 
in SOD activity was related to disease toler-
ance. In this study, before F. oxysporum f. sp. 
fragariae inoculation, AMF plants showed 
no increase in SOD activity compared with 
NAM plants, but after pathogen inoculation, 
SOD activity was higher in AMF plants than 
in NAM plants (Fig. 13.4a). Previously, Pozo 
et al. (2002) demonstrated a relationship be-
tween the tolerance to Phytophthora para-
sitica of mycorrhizal tomato plants and SOD 
activity in both non-AMF-inoculated and 
AMF-inoculated roots in split root systems. 
Li et al. (2008) reported that tolerance to 
high temperature stress and the increase in 
activities of SOD and APX under the stress 
condition occurred in strawberry (cultivar 
‘Nohime’) plants inoculated with Glomus 
mosseae, though the antioxidative enzyme 
activities differed little between AMF and 
NAM plants before the high temperature stress 
condition. Hence, the increase in antioxida-
tive ability might be induced especially under 
stress conditions in mycorrhizal strawberry 
plants, resulting in tolerance to Fusarium wilt.

13.4.2.  1,1-Diphenyl-2-picrylhydrazyl 
radical-scavenging activity

1,1-Diphenyl-2-picrylhydrazyl (DPPH) is a 
common organic chemical compound and 
is a well-known radical scavenger. Therefore, 

a rate reduction in a chemical reaction on 
addition of DPPH is used as an indicator of 
the radical nature of the reaction. The DPPH 
radical-scavenging activity was measured 
according to the method of Burits and Bucar 
(2000). One gram of each sample was ground 
in 40 ml of 90% methanol. Then, 10 μl of 
the extract was added to a test tube, and 
4 ml of distilled water and 1 ml of 250 μM 
DPPH solution was added. The tubes were 
mixed and allowed to stand for 30 min in 
the dark. Absorbance was read against a 
blank at 517 nm using a spectrophotometer 
(U-1900). DPPH radical-scavenging activity 
was calculated as the percentage inhibition 
relative to the control (Fig. 13.4b).

DPPH radical-scavenging activity showed 
higher levels in shoots of AMF plants except 
at 41 days after AMF inoculation, and also 
had higher levels in the main roots (AMF+ 
and AMF–) 14 days after F. oxysporum f. sp. 
fragariae inoculation. In mycorrhizal as-
paragus plants, tolerance to Fusarium root 
rot was apparent and the increase in DPPH 
radical-scavenging activity occurred before 
and after Fusarium inoculation in the 
mycorrhizal plants (Mohammad Nahiyan 
and Matsubara, 2012). Our results resembled 
those of that study.

13.4.3.  Polyphenol content

Polyphenols are a structural class of mainly 
natural but also some synthetic organic chem-
icals characterized by the presence of large 
multiples of phenol structural units. The 
number and characteristics of these phenol 
structures underlie the unique biological 
properties of these compounds. Polyphenol 
content was determined with the Folin and 
Denis (1915) method. One gram of sample was 
ground in 10  ml of 90% methanol. Then, 
400 μl of the extract was placed in a test tube, 
and 3 ml of distilled water and 200 μl of 
Folin–Denis reagent (10% Na2WO4.2H2O, 2% 
H3(PMo12O40).nH2O, 5% phosphoric acid). 
After 3 min, 0.4 ml of 10% Na2CO3 was added 
and the mixture was allowed to stand for 
30 min in the dark. Absorbance was measured 
at 700 nm using a spectrophotometer (U-1900). 
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Polyphenol content was determined as quer-
cetin equivalent using an equation obtained 
from a standard quercetin graph. The results 
(Fig. 13.4c) demonstrated that polyphenol 

contents were higher in the petiole and 
main roots (AMF+) 42 days after F. oxysporum 
f. sp. fragariae inoculation. With respect to 
antioxidative substances, polyphenols have 
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a lower electron reduction potential than that 
of oxygen radicals; as a result, polyphenols 
directly scavenge reactive oxygen intermedi-
ates without promoting further oxidative reac-
tions (Ainsworth and Gillespie, 2007). Vanitha 
et al. (2009) found that total phenol content 
increased in bacterial wilt in tomato following 
pathogen inoculation. Our results showed a 
similar pattern with respect to the increase 
in polyphenol contents in AMF plants.

13.4.4.  Ascorbic acid content

The ascorbate ion is a mild reducing agent 
and antioxidant, and is the predominant 
species at typical biological pH values. It is 
oxidized with the loss of one electron to 
form a radical cation and then with the loss 
of a second electron to form dehydroascor-
bic acid. It typically reacts with oxidants of 
ROS, such as the hydroxyl radical. An assay 
to determine ascorbic acid content was per-
formed using the 2,4-dinitrophenylhydrazine 
method (Roe et al., 1948). One gram of sample 
was ground in 20 ml of 5% metaphosphate. 
Then, 2 ml of the extract was placed in a test 
tube, and 1  ml of 2,6-dichloroindophenol 
sodium (0.03%) was added. Next, 1  ml of 
2% 2,4-dinitrophenylhydrazine was added 
and the test tube was incubated for 3 h. Ab-
sorbance was measured at 520 nm using a 
spectrophotometer (U-1900). Ascorbic acid 
content was determined using an equation 
obtained from a standard l-ascorbic acid 
graph. The results showed that ascorbic acid 
content increased, especially in the main 
roots (AMF+ and AMF–) of AMF plants 
41 days after AMF inoculation and 42 days 
after F. oxysporum f. sp. fragariae inoculation 
(Fig. 13.4d).

In mycorrhizal St John’s wort plants, an 
increase in ascorbic acid content and disease 
tolerance was seen under stress conditions 
induced by the pathogen Colletotrichum 
gloeosporioides (Richter et al., 2011). Our 
results showed similar patterns. The changes 
in antioxidative abilities in mycorrhizal straw-
berry plants varied depending on the plant 
part, as well as before and after pathogen 
inoculation.

In the horticultural industry including 
strawberry, the main focus traditionally has 
been on yield. However, recently, improv-
ing product quality through AMF has been 
also attempted (Baum et al., 2015). Numerous 
research results have confirmed the positive 
effects of AMF not only on plant growth but 
also on plant quality, for example in tomato 
(Ulrichs et al., 2008), asparagus (Okada and 
Matsubara, 2012) and strawberry (Castella-
nos-Morales et al., 2010). The observations 
regarding accumulation of ascorbic acid in 
mycorrhizal strawberry plants are indicative 
of the expected improvement in strawberry 
fruit quality.

13.5.  Conclusions

Fusarium wilt is a serious disease in the 
major strawberry producing regions, and the 
disease causes heavy losses during nursery 
and fruit production. AMF are ubiquitous soil 
inhabitants and form a symbiotic relation-
ship with the roots of most terrestrial plants. 
AMF promote host plant growth by enhan-
cing phosphorus uptake through symbiosis 
and hence offer an alternative to high inputs 
of fertilizers and pesticides in sustainable 
crop production systems. Mycorrhizal straw-
berry plants accumulate a higher dry weight 
of shoots and roots than non-mycorrhizal 
plants in most cases after AMF inoculation. 
Disease incidence and the severity of symp-
toms are lower in the shoots and roots of 
mycorrhizal strawberry plants. The disease 
symptoms are suppressed in both AMF-
inoculated and non-inoculated root parts 
with a split-root system, indicating the de-
velopment of ISR in mycorrhizal strawberry 
plants. Davis and Menge (1980) found that, 
in citrus seedlings with a split-root system 
inoculated with Phytophthora parasitica, 
tolerance appeared in non-mycorrhizal roots 
when these roots were separated from the 
mycorrhizal (Glomus fasciculatus) roots; this 
effect was thought to be caused by a phos-
phorus increase through symbiosis. Pozo 
et al. (2002) demonstrated that ISR against 
Phytophthora parasitica appears in mycor-
rhizal (Glomus mosseae) tomato plants 
with a split-root system. In their report, the 
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systemically induced resistance in non-
mycorrhizal root parts was characterized by 
elicitation of host wall thickenings contain-
ing non-esterified pectins and PR-1a pro-
teins in reaction to the intercellular hy-
phae of the pathogen, and by formation of 
callose-rich encasement material around 
the Phytophthora parasitica hyphae that 
were penetrating the root cells.. Mycorrhizal 
strawberry plants show higher SOD activity, 
DPPH radical-scavenging activity, and total 
polyphenol and ascorbic acid contents after 
pathogen inoculation, although with vari-
ations between the different plant parts. 
Notably, no major difference in antioxida-
tive abilities takes place before pathogen in-
oculation. Some reports have indicated that 
mycorrhizal colonization induces temporal 
increases in antioxidative enzymes (APX 

and CAT), H2O2 and flavonoid content, sug-
gesting that colonization acts as a temporal 
stress for host plants (Volpin et al., 1995; 
Salzer et al., 1999; Blilou et al., 2000). How-
ever, in our opinion, the antioxidative re-
sponse is higher in mycorrhizal plants after 
pathogen inoculation, rather than before it. 
Li et al. (2010) also mentioned this tendency; 
however, it remained unclear as to when the 
effects appear and how long they continue. 
From the data discussed in this chapter, it 
is clear that AMF colonization itself does 
not stimulate host antioxidative ability 
strongly before pathogen inoculation; rather, 
the mycorrhizal strawberry plants acquire 
the ability to quickly increase their antioxida-
tive potential and maintain these higher 
levels after pathogen (Fusarium) inoculation 
for a long time.
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14.1.  Climate Change and Forecasting 
the Impact on Strawberry

The United Nations (UN) Framework Con-
vention on Climate Change, which was 
opened for signature during the 1992 UN 
Conference on the Environment and Devel-
opment in Rio, was the first attempt to deal 

with the threat of global climate change. In 
June 2008, the UN Food and Agriculture 
Organization (FAO), together with Inter-
national Fund for Agricultural Development 
(IFAD), UN World Food Programme (WFP) 
and Consultative Group on International 
Agricultural Research (CGIAR) system, con-
vened the High-Level Conference on World 

*  amjadhusaini@skuastkashmir.ac.in
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Food Security: the Challenges of Climate 
Change and Bioenergy, and 181 countries 
adopted a declaration that ‘It is essential to 
address the question of how to increase the 
resilience of present food production sys-
tems to challenges posed by climate change’ 
(http://www.fao.org/foodclimate). Recently, 
it was again reiterated in the UN Sustainable 
Development Goals: ‘by 2030, ensure sus-
tainable food production systems and imple-
ment resilient agricultural practices that in-
crease productivity and production, that 
help maintain ecosystems, that strengthen 
capacity for adaptation to climate change, 
extreme weather, drought, flooding and other 
disasters and that progressively improve 
land and soil quality’ (http://www.un.org/
sustainabledevelopment/climate-change-2/).

What actually constitutes climate? Climate 
is an extraordinarily complex system with 
many delicately interrelated components that 
have significant roles in forming climate 
through their interactions with the atmos-
phere (FAO, 2008) (Fig. 14.1). Climate is the 
statistical aggregate of weather conditions 
such as temperature, precipitation, wind, cloudi-
ness and storms over a period of time (Glover 
et al., 2008). Five primary environmental 
factors are critical for plants to germinate, 
grow and reproduce, and strawberry is no 
exception. These factors are carbon dioxide, 
sunlight, water, an optimal temperature range 

and nutrients. Of these, the first four are dir-
ectly related to climate and vary spatially, 
diurnally and seasonally. In the context of 
global climate change, these factors behave 
erratically and therefore need to be con-
sidered foremost when designing strawberry 
plants adapted to changing climatic condi-
tions.

Strawberry is cosmopolitan in distribu-
tion, and therefore predicting the precise im-
pact of climate change on strawberry across 
all current areas of distribution is very com-
plex and perhaps not possible. The cultivated 
strawberry, Fragaria × ananassa Duch., is a 
natural hybrid of Fragaria chiloensis (L.) 
P. Mill. and Fragaria virginiana (Duch.) and 
is octoploid (2n = 8x = 56). There are about 
34 other species of Fragaria found in Asia, 
North and South America, and Europe, of 
which two are cultivated commercially for 
their fruit: Fragaria moschata, the musky or 
hautboy strawberry, and Fragaria vesca, the 
wood or alpine strawberry. These species 
have been cultivated for centuries, but there 
is little production of them today, due to the 
success of Fragaria  ×  ananassa. About a 
dozen diploid strawberry species are dis-
tributed in Eurasia, although one of them, 
F. vesca, has a wider distribution and is also 
found in America. Tetraploid species, namely 
Fragaria corymbosa, Fragaria orientalis, and 
Fragaria moupinensis, are mostly restricted 

The
Climate
System

Biosphere
(living

organisms)

Lithosphere
(soil, rock) Atmosphere

(air, water
vapour,
gaseous
matter)

Regional climate, global climate, latitudinal climate, local microclimate
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Hydrosphere
(liquid
water)
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(snow, ice,
permafrost)
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Fig. 14.1.  The climate system.
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to East Asia, while F. moschata, the only 
hexaploid species, is found in Europe. The 
octoploid species F. virginiana L. is native 
to North America, north of Mexico, while 
F. chiloensis Duch. is native to west coastal 
North America and the west coast and Andes 
Mountains of South America. Fragaria ituru-
pensis is the only Asian octoploid species, 
as described by Staudt (1973). Given the 
lack of sufficient detail regarding climatic 
variations and their interactions, as well as 
the precise climate changes for each of these 
regions/localities, the impact of climate 
change on strawberry can be predicted only 
in general terms. Broadly speaking, global 
climate change will alter many elements of 
future strawberry production, primarily be-
cause atmospheric carbon dioxide concen-
tration, average temperature and tropo-
spheric ozone concentration will be higher, 
droughts will be more frequent and severe, 
more intense precipitation events will lead 
to increased flooding, some soils will de-
grade and weather extremes will be more 
frequent. Climate change will also affect 
host–pathogen interactions, in particular 
by: (i) increasing pathogen development 
rates (the number of generations per year); 
(ii) relaxing overwintering restrictions on 
pathogen life cycles due to milder winters; 
and (iii) modifying host susceptibility to in-
fection (Harvell et al., 2002). Changes in 
temperature, precipitation and humidity in-
fluence the growth, spread and survival of 
plant diseases, as climate and weather have 
a major role in influencing disease epidemi-
ology (Rosenzweig et al., 2001). This means 
that knowledge of how climate change will 
bring about specific changes in regional 
weather patterns is crucial in determining 
how plant disease outbreaks will change in 
the future. Many disease prediction models 
have been published in the last decade 
(Booth et al., 2000; Bergot et al., 2004; Fran-
cesca et al., 2006; Evans et al., 2008). By com-
bining these models with climate change 
models, it becomes possible to study the 
change in likelihood of the diseases occur-
ring and assess the probability of disease 
outbreaks. However, most of these studies 
do not take into account factors such as 
changes in agricultural and environmental 

policy, mitigation activity and consumer 
preferences. Furthermore, being simplistic 
in form, these models assume disease in-
oculum to be present equally throughout 
the region and everything else to be con-
stant except the weather. In a real case scen-
ario, even though the predictions of disease 
potential might be valid, the likelihood of 
actual outbreaks occurring would also de-
pend on the availability of inoculum. In an 
interesting study about the effect of climate 
change on strawberry production in the UK, 
Calleja (2011) predicted that the incidence 
of powdery mildew in strawberries will 
increase under climate change projections 
across most of the UK, with disease inci-
dence increasing more in Scotland, western 
Wales and the north of England. Similarly, 
grey mould incidence was predicted to change 
across most of the UK, with increases north 
of the Midlands and slight decreases in the 
south. The incidence of strawberry black 
spot was predicted to increase drastically 
across most of the UK, with potential dis-
ease incidence increasing most in Scotland 
and on the west coast of the UK. However, 
Calleja (2011) cautioned on the usefulness 
of these disease prediction models, because 
of their simplicity and assumptions that in-
ocula are present throughout the area being 
studied and that the same production and 
disease management practices are used 
throughout. Thus, while being indicative of 
potential changes in disease incidence in 
the UK for these three diseases, more work 
needs to be done to build more detailed dis-
ease models that can provide further infor-
mation for policymakers and the industry. 
Additionally, the predictions of these models 
depend on the appropriateness of the chosen 
conditions for infection, and might vary 
slightly if a different temperature range, 
precipitation level or duration is chosen.

14.1.1.  Photoperiod and vernalization

Photoperiod and temperature are major 
environmental signals affecting flowering 
in plants. Although molecular pathways 
mediating these signals have been well 
characterized in the annual model plant 
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Arabidopsis, much less information is 
known in perennials. One of the primary 
ways of classifying strawberry is on the basis 
of photoperiod requirements on the sea-
sonal flowering characteristics of the culti-
vars. Shortening days and lower temperat-
ures normally induce flower development 
in the crown. However, different genotypes 
have a wide range of growth habits, from the 
single fruiting habit of short-day plants to 
the almost continually blooming and fruit-
ing habit of day-neutral plants. Two main 
types of cultivar are recognized based on en-
vironmental control of flowering:

	•	S hort-day or June-bearing: plants that 
flower in the spring, produce a single 
crop and form flower buds in the autumn. 
These short-day plants require photo-
periods under 14 h and/or temperatures 
under 17°C for floral initiation.

	•	E ver-bearing: plants that flower and 
fruit two or more times per season. The 
ever-bearing habit is governed by long 
photoperiods. These cultivars fruit 
throughout the growing season pro-
vided temperatures are not too high.

There are two types of ever-bearing 
plants: (i) Long-day plants, in which length-
ening days promote more-or-less continu-
ous flowering during the summer, provided 
temperatures are not too high; and (ii) Day-
neutral plants, in which photoperiod has no 
effect on flowering; they will also flower 
several times per year, but do so during 
short as well as long days.

The flowering habit of the strawberry is 
directly related to temperature, and strongly 
interacts with photoperiod. These factors af-
fect induction, initiation and differentiation 
of flower buds. It has been shown that cool 
summer temperatures (17°C) allow induc-
tion to occur under long photoperiods, even 
in short-day cultivars. This means that some 
cultivars considered as short-day types behave 
as remontants in cool climates. High temper-
atures generally inhibit flowering under any 
condition (regarding photoperiod or cultivar), 
although it has been observed that critical tem-
perature is higher in day-neutral cultivars 
(Manakasem and Goodwin, 2001; Stewart 
and Folta, 2010). Thus, cool temperatures 

promote flowering, while warm temperat-
ures inhibit flowering, and temperature sen-
sitivity is greater in short-day cultivars and 
least in day-neutral cultivars.

The day-neutral characteristic, intro-
duced by Bringhurst and Voth (1984) using 
the genotype F. virginiana subsp. glauca, 
collected from the Wasatch Mountains in 
Utah (Hancock and Luby, 1993), has been 
investigated widely to elucidate its mode of 
inheritance. Most studies indicate it to be 
governed by a dominant locus affected by 
some minor genes (Ahmadi et al., 1990; Shaw 
and Famula, 2005), although some suggest 
it to be a quantitative character having poly-
genic inheritance (Serçe and Hancock, 2005b; 
Weebadde et al., 2008). In recent decades, 
some wild accessions of F. virginiana have 
been identified with varying degrees of 
photoperiod insensitivity or continuous 
flowering, but more information and crosses 
are needed to incorporate these new sources 
into commercial varieties (Hancock et al., 
2001a; Serçe and Hancock, 2005a,b), as the 
diversity of responses to photoperiod and 
the interaction with other environmental 
and epigenetic factors make the analysis 
difficult. Nevertheless, through the avail-
ability of F. vesca genomic information and 
through its genetic manipulation, it has 
been possible to characterize a gene that in-
hibits photoperiod sensitivity, named Ter-
minalflower1 (FvTFL1), and to develop mo-
lecular markers for its assisted selection 
(Koskela et al., 2012). By using transgenic 
lines and gene expression analyses, Rantanen 
et al. (2015) recently observed that the tem-
perature-mediated changes in the FvTFL1 
mRNA expression set critical temperature 
limits for the photoperiodic flowering in 
strawberry. Although F.  ×  ananassa and 
F.  vesca show similar environmental re-
sponses, they seem to differ in the genetic 
control of the perpetual flowering trait. It 
has been shown that perpetual flowering is 
controlled by a single dominant locus 
(Morishita et al., 2012) in F.  ×  ananassa. 
One major quantitative trait locus, namely 
FaPFRU, has been identified in F. × ananassa, 
and is not orthologous to the Seasonal 
Flowering Locus (SFL) or Runnering locus 
(R) of F. vesca, and is positively linked to 
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perpetual flowering but negatively linked to 
runnering in F.  ×  ananassa (Gaston et al., 
2013). In another recent development, Cas-
tro et al. (2015) found a marker showing as-
sociation with day-neutral flowering and 
runnering in a population derived from a 
cross of cultivars ‘Tribute’ × ‘Honeoye’. The 
marker ChFaM148-184T was derived from 
an expressed sequence tag (EST) (GenBank 
accession no. GU815864) with homology to 
GalUR (Zorrilla-Fontanesi et al., 2011), a gene 
that encodes an NAPDH-dependent d-galac-
turonate reductase. This finding supports the 
hypothesis that photoperiod is mainly a 
monogenic or oligogenic character.

The chilling requirement (accumula-
tion of chilling hours at 0–7°C) is an import-
ant factor affecting reproductive and vegeta-
tive growth in strawberry plants. This 
vernalization period is required to break 
bud dormancy, and varies with genotypes. 
It is a mechanism to prevent plants from 
budding and flourishing early in the season, 
when chance of spring frost is still high. 
Therefore, in areas where climate change 
may cause a drop in temperature during the 
spring, high-chilling-requirement cultivars 
may be suitable for cultivation. In Norway, 
the F. vesca cultivar ‘Alta’, with a much de-
layed budding and flowering, was dis-
covered. This characteristic was attributed 
to a high winter chilling requirement, com-
pared with other studied populations of the 
same species (Heide and Sønsteby, 2007), 
and therefore it might be possible that such 
a population will adapt better to regions 
where climate change has caused prolong-
ing of the winter season.

14.1.2.  Disease and pest outbreaks

Climate change will undoubtedly modify 
pest dynamics. Changes in disease inci-
dence and movement of diseases to areas 
where they were previously not a problem 
can lead to substantive regional impacts. 
Moreover, the impacts of climatic change 
on crop physiology could affect the inter-
action between pathogen and host, and po-
tentially also induce changes in the epi-
demiology of the pathogen (Garrett et al., 

2006). The current understanding of these 
changes is quite limited, despite some past 
attempts of modelling these changes (Aggar-
wal et al., 2006; Easterling et al., 2007). The 
greatest impact of climate change on patho-
gens is related to the altered condition of the 
plant host in the changed environment, rather 
than to any direct impact on the organisms 
(Chakraborty et al., 2002; Ziska and Runion, 
2007). A strawberry plant (host) stressed by 
the environment could have an altered physi-
ology and chemical composition, which may 
render it more susceptible to pests or diseases 
due to altered concentrations of defensive 
compounds (Ziska and Runion, 2007).

There is a complex interaction between 
biotic and abiotic factors in disease inci-
dence, development and spread. For ex-
ample, in recent years, an increase in col-
lapsed and dead strawberry plants due to 
crown rot has been observed in several 
fields in central Chile, an important area 
for strawberry cultivation in this country 
(Sánchez et al., 2013). According to this 
study, this disease, caused by Macrophomina 
phaseolina, has also been reported recently 
in Spain, the USA and Argentina. The mi-
crosclerotia of M. phaseolina are produced 
in the host tissue and released into the soil 
as the infected plant decays. These multi-
celled structures allow persistence of the 
fungus under adverse conditions such as 
low soil nutrient levels and temperatures 
above 30°C. Germination of the microscle-
rotia occurs when temperatures are between 
28 and 35°C. Soil moisture content is con-
sidered a major factor that affects survival of 
M. phaseolina in soil (Pratt, 2006). Zveibil 
et al. (2012) reported that high soil moisture 
content and flooding caused a decline in 
sclerotia viability compared with dry soils. 
Olaya and Abawi (1996) reported that high 
temperatures and low soil water potentials 
are important factors in causing this dis-
ease, which is important from the perspec-
tive of climate change.

Cool climates will favour the develop-
ment of diseases such as root rot. Pythium 
spp., especially Pythium ultimum, are the 
most widespread strawberry root patho-
gens and their growth is favoured by cool 
climates. This species is a major cause of 
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black root rot disease in strawberry and can 
also attack many other crops. In strawberry, 
Pythium spp. destroy juvenile root tissue, 
such as feeder rootlets. In contrast, Fusar-
ium wilt development in strawberry is fa-
voured by high temperatures, which cause 
the infected leaves to wilt and die rapidly 
(Maas, 1998). With an increase of tempera-
ture from 17 to 27°C, the disease severity of 
plants infected with Fusarium oxysporum 
increases significantly, causing severe dis-
ease symptoms in the crown, root and vas-
cular tissues, along with poor development 
of roots, eventually resulting in death of the 
plants within 4 weeks (Fang et al., 2011).

Warmer winters will also have a large 
influence on the survival of insect pests. 
The main effect of temperature in temperate 
regions is on the winter survival of pests. 
With warmer winters, the natural shield 
that protects the strawberry industry in 
cooler areas of Europe will be eliminated, 
subjecting plants to the invasion of insect 
pests. In the absence of improved varieties, 
growers will need to resort to other effective 
methods of controlling disease, such as in-
creased dependence on pesticides. This 
will not be a sustainable solution, as access 
to chemical pesticides is likely to be re-
stricted in the future. As a result of the en-
actment of legislations such as EC Regula-
tion No. 1107/2009 (this regulation repealed 
Council Directives 79/117/EEC and 91/414/
EEC in 21 October 2009 and applied the 
precautionary principle to ‘ensure that in-
dustry demonstrates that substances or 
products produced or placed on the market 
do not have any harmful effect on human or 
animal health or any unacceptable effects 
on the environment’ (http://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=celex-
:32009R1107), the availability of pesticides 
for the strawberry sector has been reduced, 
making this crop more vulnerable to the im-
pacts of plant disease and climate change.

Calleja (2011) found evidence that cli-
mate change is already affecting the straw-
berry sector in the UK. Many farms have 
already been adversely affected and have 
suffered financial loss. However, this has 
driven innovation within the sector, 
sometimes as a direct result of companies 

involved in strawberry production funding 
research and development to develop new 
products, either by the company themselves 
or through collaboration with universities 
by funding their research. The need to min-
imize the use of chemical pesticides for 
environment-friendly cultivation will re-
quire the development of improved culti-
vars containing pest- and disease-resistant 
genes. Furthermore, the need to maintain 
production in different areas and to face 
changing climates will also require the pres-
ence of abiotic stress-resistance genes.

14.2.  Major Environmental Factors of 
Critical Importance

It is evident from the above discussion that 
one of the major environmental factors af-
fecting plant growth and productivity is 
temperature, with optimum growth temper-
atures between 10 and 26°C for strawberry 
(Ledesma et al., 2004). Field-grown straw-
berry plants are often exposed to fluctuating 
temperatures and soil moisture, which have 
profound effects on plant metabolism. These 
factors are discussed further in the following 
sections.

14.2.1.  Temperature rise

The increase in temperature above a thresh-
old level for a period of time sufficient to 
cause irreversible damage to plant growth 
and development is called ‘heat stress’. 
Heat stress is a complex function of heat in-
tensity (temperature in degrees), duration 
(seasonal compared with daily temperature 
extremes) and rate of increase in tempera-
ture (Wahid et al., 2007). According to Bray 
et al. (2000), a heat-stress response is ob-
served in plants exposed to temperatures at 
least 5°C above optimal conditions. Studies 
on the mechanism of stress tolerance in 
each species or cultivar are very important 
for the development of heat-tolerant plants. 
However, knowledge about the mechanisms 
of heat tolerance in common strawberry 
cultivars is limited.
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Heat acclimation studies in strawberry 
plants by Gulen and Eris (2004) revealed 
that gradually heat-stressed plants showed 
less membrane injury and exhibited greater 
heat-stress tolerance than shock heat-stressed 
plants. Thus, gradual high-temperature 
stress with long exposure increases heat tol-
erance in strawberry leaves. Increased heat 
tolerance was correlated with the accumu-
lation of several heat-stable proteins in the 
gradually heat-stressed plants. In addition, 
significant differences between gradual and 
shock heat-stressed plants were reported in 
leaf relative water content, loss of turgidity, 
and total protein and DNA content. Surpris-
ingly, heat stress increased the chlorophyll 
content in strawberry plants (Gulen and 
Eris, 2003; Kesici et al., 2013). Moreover, 
high temperatures increased the activities 
of antioxidant enzymes ascorbate peroxid-
ase (APX), peroxidase (PRX) and catalase 
(CAT) (Ergin, 2012). While no effect on 
glutathione reductase (GR) activity was re-
ported under heat stress, the activity of PRX 
enzyme was closely related to cell mem-
brane stability and lignification, thus, quali-
fying as a potential enzyme marker (Gulen 
and Eris, 2004; Ergin et al., 2012). Heat-shock 
proteins (HSPs) under the control of heat-
stress transcription factors play a central 
role in the heat-stress response. These were 
first identified as proteins that are strongly 
induced by heat stress and subsequently 
were shown also to be essential for normal 
growth and metabolism. The role of HSPs in 
heat tolerance of strawberry is described in a 
limited number of studies. Ledesma et al. 
(2004) reported 19–29  kDa HSPs in leaves 
and 16–26 kDa HSPs in flowers of the straw-
berry cultivars ‘Nyoho’ and ‘Toyonaka’ at high 
temperatures. Ergin (2012) detected a 23 kDa 
HSP in leaf tissues during heat acclimation 
of strawberry cultivars. Accumulation of 
this 23 kDa HSP was found to be higher in 
heat-tolerant cultivars than in heat-sensitive 
cultivars, and thus correlated with heat tol-
erance in strawberry.

Recently, Kesici et al. (2013) evaluated 
the heat tolerance of 15 commonly grown 
strawberry cultivars, and found that ‘Elsanta’, 
‘R. Hope’ and ‘Camarosa’ were relatively heat 
tolerant, while ‘Whitney’, ‘Fern’, ‘Festival’ and 

‘CG3’ were relatively sensitive. More such stud-
ies need to be undertaken to identify cultivars 
suitable for different temperature regimes.

14.2.2.  Temperature drop

Strawberry is a moderately cold-hardy spe-
cies. Barney et al. (1992) report the cold 
hardiness of strawberry cultivars over a 
wide range (from –3.8 to –45.0°C). It is one 
of the most important small fruit crops in 
several northern parts of the world (Ndong 
et al., 1997). Genotypes collected in cold 
environments usually possess greater hardi-
ness and are usually more tolerant to spring 
frost damage during flowering. In a study on 
germplasm collections of F. chiloensis and 
F. virginiana, a high degree of cold resistance 
was found in clone PI 552091 of F. chiloensis, 
collected in Chile at an elevation of 1900 m 
(Hancock et al., 2001a). However, in a study 
that compared accessions of native American 
octoploid genotypes, it was determined that 
those of F. virginiana, regardless of their 
origin, had a greater resistance to cold wea-
ther than those of F. chiloensis. Within the 
latter, clones collected in North America 
were more resistant than those collected in 
South America (Hancock et al., 2001b).

Chilling injury of strawberry is a ser-
ious problem in particularly subtropical 
cultivated areas (Zhang et al., 2008). Freez-
ing tolerance is evaluated by an ion-leakage 
test at the cell membrane (Arora et al., 1992). 
The level of LT

50 shows the cold-hardiness 
level of a cultivar and is defined as the tem-
perature killing 50% of the whole plant or 
tissues. For strawberry cultivars, the LT50 of 
‘Chamly’, ‘Red Coat’ and ‘Oka’ was reported 
as –12°C, while the LT50 of the freezing-
sensitive ‘Chandler’ was –2°C (Ndong et al., 
1997). Carbohydrate metabolism is also very 
important in determining the cold hardiness 
of plants. Sugars increase the intracellular 
osmotic potential and reduce the freezing 
point (Levitt, 1980; Paquin et al., 1989). Sea-
sonal alteration of apoplastic and symplastic 
sugar metabolism occurs in plants. Symplastic 
sugar metabolism was found to be more ef-
fective in cold tolerance, as the total soluble 
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sugar, reducing sugar and sucrose contents 
of the symplast were higher in the cold-
acclimated stage than in the non-acclimated 
stage (Turhan, 2012). Turhan et al. (2012a) 
evaluated the cold hardiness of eight straw-
berry cultivars and reported that ‘Ventane’ was 
the most cold hardy, while ‘Kabarla’ was the 
least cold hardy among the eight cultivars.

Strawberries differ considerably in their 
‘ability’ to develop cold or freezing toler-
ance through a process known as cold ac-
climation. Thus, understanding the mech-
anisms involved in cold acclimation has 
great importance in enhancing the cold tol-
erance of species, and would be of consider-
able interest for preventing cold damage. 
Biochemical changes associated with cold 
acclimation in various plant species include 
alterations in lipid composition, increased 
sugar and soluble protein content, expres-
sion of specific proteins, the appearance of 
new isozymes and alterations in the activity 
of antioxidative enzymes (Thomashow, 1999; 
Sarnighausen et al., 2004; Eris et al., 2007; 
Gulen et al., 2008; Cansev et al., 2009). 
Zhang et al. (2008) reported that chilling 
acclimation at 0°C resulted in enhancement 
of superoxide dismutase, CAT, PRX, dehy-
droascorbate reductase, monodehydroascor-
bate reductase, APX and GR activities and 
an increase in reduced ascorbate, dehy-
droascorbate and reduced glutathione (GSH) 
contents in the strawberry cultivar ‘Toyonaka’. 
They concluded that the ascorbate–GSH 
cycle plays an important role in the detoxi-
fication of H2O2, thereby enhancing chilling 
resistance in strawberry. As ice formation 
occurs primarily in the intercellular spaces 
during freezing injury, Turhan et al. (2012b) 
studied apoplastic antioxidant enzymes in 
the leaves of two strawberry cultivars, ‘Aromas’ 
and ‘Diamante’. The activities of apoplastic 
CAT, PRX and APX varied significantly de-
pending on the cold-hardiness level of the 
cultivar. Considerable increases in APX and 
GR enzyme activity in the cold-acclimated 
stage might serve as markers of cold hardi-
ness in strawberry plants (Turhan et al., 2012a). 
All these biochemical processes are regu-
lated at the gene expression level and many 
cold-induced genes/proteins have been char-
acterized in many species. These proteins 

accumulate at a high level under cold stress. 
Recently, Koehler et al. (2012) reported 
stress-responsive proteins in crown tissue of 
strawberry plants exposed to cold treat-
ments. Ndong et al. (1997) conducted a 
study to identify genes associated with cold 
acclimation and reported that the expres-
sion of Fcor1 (Fragaria Cold-Regulated1) 
correlated with the freezing tolerance of the 
strawberry cultivars ‘Champly’, ‘Red Coat’, ‘Oka’ 
and ‘Chandler’ and wild strawberry (F. vir-
giniana), suggesting that Fcor1 might serve 
as a molecular marker for cold tolerance.

14.2.3.  Water scarcity/surplus

Another factor that determines the degree of 
a plant’s hardiness towards climate change is 
its ability to adapt to extreme drought or 
flooding conditions. Strawberry plants are 
known for their high demand for water be-
cause of their shallow root system (almost all 
of the roots are in the 0–15 cm depth zone), 
large leaf area and high water content of the 
fruit (Chandler and Ferree, 1990; Klam-
kowski and Treder, 2006). According to Li 
et al. (2010), strawberry plant water stress 
occurs on the slope and shoulder areas, 
where there is high irradiance and tempera-
ture and low soil water content, resulting in 
significantly lower fruit yield. Drought stress 
has a negative effect on strawberry plant 
growth and yield (Chandler and Ferree, 1990; 
Husaini and Tuteja, 2012). While drought 
stress decreases strawberry leaf water poten-
tial, transpiration rate and water channel ac-
tivity, flooding does not cause any change in 
leaf water potentials and water channel 
activity in strawberry plants (Blanke and 
Cooke, 2006). Stomata close more rapidly in 
flooded strawberry leaves than in drought-
stressed ones. The evidence suggests that 
strawberry plants are generally more ad-
versely affected by drought than by flooding.

In order to develop drought-tolerant 
strawberry varieties, knowledge about 
species-level and cultivar-level tolerance is 
imperative for a successful breeding pro-
gramme. However, there are limited studies 
on this aspect in strawberry. The most 
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drought-tolerant species within the genus 
Fragaria is reported to be F. chiloensis 
(Zhang and Archbold, 1993). Hancock et al. 
(2001a) selected plants of F. chiloensis from 
extremely arid zones, in coastal regions of 
Chile or the USA (PI 602567, PI 612317, PI 
551728 and PI 612490), and used them as 
donors for tolerance to water/salt stress for 
modern cultivars. Grant et al. (2010) com-
pared the performance of ten strawberry 
cultivars under water deficit and reported 
that osmotic adjustment, small leaf area and 
transpiration rate were some of the drought-
tolerant characteristics useful in breeding 
programmes. Strawberry plants exposed to 
water stress show a tolerance mechanism 
based on high elasticity of tissues as a mor-
phological adaptation. The changes in whole-
plant morphology and canopy architecture, 
from monolayer to polylayer leaf distribu-
tion, and leaf orientation from south to north, 
have been reported as an indication of stress-
avoidance mechanisms. Based on such mor-
phological and physiological measurements, 
Klamkowski and Treder (2008) report that 
the cultivar ‘Elsanta’ was the most drought 
tolerant among the three strawberry culti-
vars evaluated in their study.

Annual average temperatures are show-
ing an upward trend, and evapotranspiration 
requirements for water are growing. More-
over, water deficit/drought usually causes in-
hibition of transpiration, because of which 
the plants fail to dissipate heat, and thus heat 
stress can also ensue (Buchanan et al., 2000). 
Studies on the combined effects of heat and 
water stress, using physiological and molecu-
lar tools, have indicated a direct relationship 
between heat and drought tolerance of straw-
berry cultivars (Çetinkaya, 2013). In this 
study, the heat-tolerant cultivars ‘Redlands 
Hope’ and ‘Camarosa’ also showed drought 
tolerance, while the heat-sensitive ‘Festival’ 
and ‘CG3’ were also drought sensitive.

14.3.  Engineering Strawberry with 
‘Adaptive’ Advantages

Plants respond to extreme levels of environ-
mental conditions in a wide variety of ways 
depending on the species, cultivar, age and 

physiological stage of the plant. While it is 
important to continue striving to reduce 
greenhouse gas emissions, developing re-
silient plants that can adapt to climate 
change is equally important. Abiotic stress 
conditions can make a difference between 
having a crop to harvest and crop failure. 
Tolerance to heat, drought, water-logging 
and frost, resistance to pests and diseases, 
and water-use and nitrogen-use efficiency 
are the most important traits for adaptation 
to climate change. One way could be 
through a steady search for new genes 
among wild strawberry populations, which 
could then be employed through classical 
breeding or recombinant DNA technology 
to develop plants with better built-in resist-
ance to adverse conditions.

14.3.1.  Classical breeding

It is not always possible to find the desired 
characteristics in commercial varieties of 
the hybrid F. × ananassa; therefore, search-
ing for and characterization of wild geno-
types is required. The species mostly used 
as sources of genetic variability are the oc-
toploid species F. chiloensis and F. virginiana, 
as these species are of the same ploidy level 
and easily can be crossed with F. × ananassa. 
These species act as a source of biotic and 
abiotic stress-resistance genes because of 
their geographical distribution over a wide 
area and having been subjected to selection 
pressure in extreme environments. These 
genotypes therefore have a long history of 
involvement in strawberry improvement 
programmes. Albert Etter, in the early 20th 
century (1903–1920) in California, obtained 
more than 50 strawberry cultivars by cross-
ing plants of F. × ananassa with wild ac-
cessions of F. chiloensis, while C.L. Powers 
and A.C. Hildreth, from the US Department of 
Agriculture, Beltsville, Maryland, used F. vir-
giniana subsp. glauca in their programmes 
(1930s and 1940s). R.S. Bringhurst and V. 
Voth, from the University of California, used 
F. virginiana to produce day-neutral varieties, 
and used F. chiloensis to increase fruit size in 
short-day cultivars (Hancock and Luby, 1993). 
Thus, strawberry cultivars were developed 
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by plant breeders to fit particular environ-
mental or marketing niches, and generally, 
no single cultivar is grown worldwide or 
even nationwide.

According to Sjulin and Dale (1987), 
Fragaria spp. that have shown cold toler-
ance are F. viridis (Europe, Asia), F. daltoni-
ana J. Gay (Himalayas), F. nipponica Makino 
(Japan), F. mandshurica Staudt (Manchuria), 
F. orientalis Losinsk (West Asia), F. moupin-
ensis (Fr.) Card. (South-west China) and 
F. moschata (North Europe). F. virginiana 
(North America) has been shown to possess 
disease resistance (red stele, Verticillium 
wilt, powdery mildew, leaf spot, scorch, leaf 
blight), nematode resistance (root-knot nema-
tode, root-lesion nematode), stress tolerance 
(waterlogged soil, heat, drought, high soil pH, 
cold, frost) and photosynthetic efficiency at 
high temperatures. Similarly, F. chiloensis 
(North and South America) has been shown 
to possess disease resistance (red stele, Verti-
cillium wilt, powdery mildew, leaf blight, 
viruses), nematode resistance (root-lesion 
nematode, pest resistance (two-spotted mite, 
strawberry weevil, black vine weevil) and 
stress tolerance (drought, high soil pH, sal-
inity, cold). In relation to pest and disease 
resistance, F. vesca could be a natural gen-
etic source of resistance against important 
diseases, such as powdery mildew, Verticil-
lium wilt, and root and crown rot (Gooding 
et al., 1981; Hancock and Luby, 1993; Korbin, 
2011). Powdery mildew-resistant F. moschata 
and red stele-, powdery mildew- and leaf spot-
resistant clones of F. chiloensis could act as 
donors for these traits (Hancock et al., 1989).

The US National Clonal Germplasm 
Repository in Corvallis, Oregon, houses a 
collection of native germplasms from F. vir-
giniana and F. chiloensis, which have been 
characterized for resistance against several 
foliar diseases, black root rot, root-knot nema-
tode (Meloidogyne hapla) and root-lesion 
nematode (Pratylenchus penetrans). Studies 
have been able to identify various genotypes 
resistant to a number of important patho-
gens (Hancock et al., 2003). Similarly, exten-
sive studies carried out at the US Department 
of Agriculture helped to identify various 
sources of resistance to different pathogens. 
For example, they found resistance to 

Xanthomona fragariae in a clone of F. vir-
giniana from Minnesota and in a hybrid be-
tween F. virginiana and F. × ananassa (Maas 
et al., 2000), and identified germplasm tol-
erant to red stele (Phytophthora fragariae), 
Verticillium wilt, leaf spot (Mycosphaerella 
fragariae), leaf scorch (Diplocarpon earlia-
num), leaf blight (Phomopsis obscurans), 
powdery mildew (Sphaerotheca macularis 
f. sp. fragariae), fruit rot or grey mould (Bo-
trytis cinerea) and crown rot (Galletta et al., 
1997). For successful use of these wild ger-
mplasms to be implemented, much effort 
will be needed in terms of collection, main-
tenance and particularly morphological, 
physiological and biochemical character-
ization of the different accessions collected 
in the areas of origin. Detailed information 
needs to be generated regarding genotypic 
and phenotypic characterization of collec-
tions in germplasm banks and the study of 
hereditary mechanisms involved in each 
characteristic. This wild material has great 
potential to be used as source of genes for 
developing varieties with enhanced adap-
tive abilities.

14.3.2.  Advanced genetics

Recombinant DNA technology can play a 
significant role in enabling strawberry farm-
ers to develop plants that cope with the 
challenges of climate change. Genetic modi-
fication techniques are becoming increas-
ingly feasible due to improved techniques 
and demystification of the various side effects 
of transgenic technology (Husaini, 2010; 
Husaini et al., 2011b; Husaini and Tuteja, 
2012).

Agrobacterium-mediated gene transfer 
is the most widely used method for devel-
oping transgenic strawberry plants (Husaini 
et al., 2011a). This genetic transformation 
protocol has been standardized and per-
fected for higher transformation success 
(Husaini and Srivastava, 2006a,b; Husaini, 
2010). Several traits that confer adaptive ad-
vantage to strawberry plants with regard to 
global climate change have been improved 
using this genetic transformation technique 
(Table 14.1). Transgenic strawberry plants 
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Table 14.1.  Genes conferring an adaptive advantage to transgenic strawberry plants against biotic and 
abiotic stresses.

Gene Resistance against: Cultivar Reference

Fungal resistance
Chitinase from rice (rcc2) Sphaeroteca humuli ‘Toyonoka ‘ Asao et al. (1997)
Chitinase from Lycopersicon chilense 

(pcht28)
Verticillium dahliae ‘Joliette ‘ Chalavi et al. (2003)

Thaumatin II from Thaumatococcus 
danielli (thauII)

Botrytis cinerea ‘Firework’ Schestibratov and 
Dolgov (2005)

Chitinase and glucanase from  
Trichoderma harzianum

Colletotrichum 
acutatum

‘Camarosa’ Mercado et al. (2005)

Chitinase from Phaseolus vulgaris 
(ch5B), Glucanase (gln2) and 
thaumatin-like protein (ap24) from 
Nicotiana tabacum

Botrytis cinerea and 
Colletotrichum 
acutatum

‘Pajaro’ Porcel et al. (2006)

Bgn13.1 from Trichoderma harzianum Colletotrichum 
acutatum and 
Rosellinia necatrix

‘Camarosa’ Mercado et al. (2015)

AtNPR1 from Arabidopsis thaliana Anthracnose, 
 Powdery mildew

Fragaria vescaa Silva et al. (2015)

Insect resistance
Cowpea protease inhibitor (CpTi) Otiorynchus spp. ‘Rapella’ James et al. (1992, 

1993)
‘Symphony’ Graham et al. (1995)

Virus resistance
Coat protein Strawberry mild  

yellow edge virus
Finstad and Martin 

(1995)
Cold tolerance

Cold-induced transcription factor 
(CBF1) from Arabidopsis

‘Honeoye’ Owens et al. (2002, 
2003)

Acidic dehydrin from wheat (wcor410a) ‘Chambly’ Houde et al. (2004)
Antifreeze protein from Antarctic fish 

(AFP)
‘Tioga’ Khammuang et al. 

(2005)
Salt tolerance

Late embryogenesis abundance (LEA3) 
from barley

‘Toyonaka’ Wang et al. (2004)

Osmotin from Nicotiana tabacum ‘Chandler’ Husaini and Abdin 
(2008)

Drought tolerance
Osmotin from Nicotiana tabacum ‘Chandler’ Husaini et al. (2012)
P5CS from Nicotiana tabacum ‘Camaros’, 

‘Kurdistan’
Bahramnejad et al. 

(2015)

aFragaria vesca is diploid and is not a cultivar of F. × ananassa.

overexpressing pcht28 chitinase from Lyco-
persicon chilense show enhanced resist-
ance to Verticillum wilt (Verticillium dahliae) 
(Chalavi et al., 2003), while plants containing 
a rice chitinase gene (RCC2) exhibit improved 
resistance to powdery mildew (Sphaerotheca 
humuli) (Asao et al., 1997). There are some 
reports that present the possibility of using 
pathogenesis-related (PR) genes to decrease 

the severity of fungal diseases (Rhizoctonia 
solani, Phytopthora fragariae, B. cinerae) in 
strawberry (Schestibratov and Dolgov, 2005; 
Vellicce et al., 2006). In a recent study, Mer-
cado et al. (2015) expressed the gene bgn13.1 
from Trichoderma harzianum CECT 2413 in 
strawberry plants and reported that the con-
stitutive expression of bgn13.1 improved 
strawberry tolerance to crown rot diseases 
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caused by Colletotrichum acutatum or 
Rosellinia necatrix. In an interesting recent 
study, Silva et al. (2015) showed that ec-
topic expression of AtNPR1 from Arabidop-
sis thaliana in strawberry increased resist-
ance to anthracnose, powdery mildew and 
angular leaf spot, which are caused by 
different fungal or bacterial pathogens. Con-
sistently, most of the transgenic lines consti-
tutively expressed the defence gene FvPR5, 
suggesting that the systemic acquired resist-
ance activation mechanisms in strawberry 
and Arabidopsis are different. Nevertheless, 
these findings indicate that increasing the 
transcript levels of AtNPR1 or its strawberry 
orthologues may be a promising approach for 
development of strawberry cultivars with en-
hanced broad-spectrum disease resistance.

Genes conferring tolerance to viruses, 
such as strawberry mild yellow edge virus 
coat protein (Finstad and Martin, 1995) and 
cowpea trypsin inhibitor (CpTi) (Graham 
et al., 1995) have also been transferred suc-
cessfully into strawberry. Coincidentally, 
the overexpression of CpTi also resulted in 
significantly higher root mass than in con-
trol plants.

Transgenic strawberry with enhanced 
salinity tolerance has been developed using 
the late embryogenesis abundance (LEA3) 
gene (Wang et al., 2004) and osmotin gene 
(Husaini and Abdin, 2008). Houde et al. (2004) 
transferred the acidic dehydrin gene of wheat, 
Wcor410a, into strawberry, and this modifi-
cation prevented membrane injury and greatly 
improved frost resistance in the leaves. The 
transfer of cold-induced transcription factor 
(CBF1) and antifreeze protein genes into 
strawberries has also been reported (Owens 
et al., 2002; Khammuang et al., 2005). Trans-
fer of the Nicotiana osmotin gene into straw-
berry has been shown to confer drought tol-
erance to the transgenic plants of strawberry 
cultivar ‘Chandler’ (Husaini et al., 2012). Re-
cently, two economically important culti-
vars of strawberry (‘Camarosa’ and ‘Kurdistan’) 
were transformed with the P5CS gene, which 
encodes Δ1-pyrroline-5-carboxylate synthetase, 
the key enzyme in proline biosynthesis 
(Bahramnejad et al., 2015). Overproduction 
of P5CS increased proline content, chloro-
phyll content, shoot length, shoot fresh and 

dry weight in the transgenic plants under 
drought-stress conditions.

Under climate change conditions, crop 
plants will often experience more than one 
biotic and abiotic stress. An array of genes, 
available for use in both cisgenic and trans-
genic approaches, can be used for the devel-
opment of varieties with better resilience to 
the vagaries of climate. Transgenes encoding 
reactive oxygen species scavenger proteins, 
transcription factors and protein kinases 
will be the most suitable candidate genes for 
conferring adaptive advantages to straw-
berry against multiple stresses. Moreover, a 
good strategy would be to use major-effect 
multirole genes to develop climate resili-
ence in strawberry. In our opinion, one such 
major-effect multirole gene is osmotin (from 
Nicotiana tabacum). A brief description of 
the possible role of this gene in developing 
plants with better resilience through a single 
gene transfer is described below.

Osmotin: a multirole PR-5 protein

Osmotin can be used effectively in designing 
plants resilient to multiple stresses (Husaini 
and Rafiqi, 2012). Osmotin is a stress-responsive 
multifunctional tobacco PR-5c protein iso-
lated from tobacco (N. tabacum var. Wis-
consin 38; Singh et al., 1985). The tertiary 
structure of osmotin is similar to thaumatin 
and other PR proteins, and is composed 
of three domains (Min et al., 2004). Domain I 
consists of an 11-strand, flattened b-sandwich 
(residues 1–53, 82–125 and 175–205), which 
forms the compact core of the molecule. 
Domain II consists of several loops extending 
from domain I and is stabilized by four disul-
phide bonds (residues 126–174). Domain III 
consists of a small loop (residues 54–81) with 
two disulphide bonds. Osmotin has a pro-
nounced cleft formed by domains I and II.

Osmotin acts as compatible osmolyte 
that enhances the osmotic potential of the 
cells and upregulates the levels of proline 
(Barthakur et al., 2001; Sarad et al., 2004; 
Sokhansanj et al., 2006; Husaini and Abdin, 
2008), another compatible osmolyte and 
scavenger of reactive oxygen species. Iden-
tification of an osmotin-like protein from 
the intercellular space of the halophyte 
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Mesaembryanthemum crystallinum and the 
association of osmotin with the tonoplast of 
tobacco (Singh et al., 1987; Yen et al., 1994) 
indicate that osmotin plays a role in the 
intracellular compartmentation of Na+ ions 
to both the intercellular space and the vacu-
ole, thereby minimizing the build-up of Na+ 
ions in the cytoplasm (Yen et al., 1994).

In addition to providing salt tolerance 
(Singh et al., 1989; Bol et al., 1990; Zhu 
et al., 1993), drought tolerance (Parkhi et al., 
2009; Husaini et al., 2012) and cryoprotec-
tion (D’Angeli and Altamura, 2007), osmotin 
also provides protection from fungal patho-
gens (Raghothama et al., 1993; Zuker et al., 
2001). The protein has shown antifungal 

activity in vitro against a broad range of 
fungal pathogens (Yun et al., 1998). Specif-
ically, osmotin and osmotin-like proteins 
have demonstrated antifungal activity against 
Phytophthora infestans (Woloshuk et al., 
1991; Zhu et al., 1993; Liu et al., 1994), 
Phomopsis viticola and B. cinerea (Monteiro 
et al., 2003), Fusarium solani, Neurospora 
sp. and Colletotrichum gloeosporioides (de 
Freitas et al., 2011a). The fungal growth in-
hibition by osmotin and osmotin-like pro-
teins is correlated with plasma membrane 
permeabilization and dissipation of the 
plasma membrane potential of sensitive 
fungi (Abad et al., 1996; de Freitas et al., 
2011b) (Fig 14.2).

Effectively
used in 

designing
plants resilient

to multiple
stresses

A stress-
responsive

multifunctional
PR-5c protein

Involved in
intracellular

compartmentation of
Na+ ions to both the

vacuole and the
intercellular

space
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osmolyte that
enhances the

osmotic
potential of
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Upregulates the
levels of proline,

another
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Causes plasma
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and dissipation
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potential in fungi

OSMOTIN

Fig. 14.2.  Roles of osmotin.
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Clustered regulatory interspaced short 
palindromic repeats (CRISPRs) and CRISPR-
associated (Cas) systems are other emerging 
techniques that can be employed to introduce 
useful genome modifications by genome en-
gineering of plants (Sander and Young, 2014). 
However, no published report about the use 
of this technology in strawberry is available 
so far.

14.4.  Microorganisms for Enhancing 
Resilience

The European Commission’s working docu-
ment on Adapting to Climate Change: the 
Challenge for European Agriculture and 
Rural Areas, published in April 2009, states 
that high water-stress areas are expected to 
increase from 19 to 35% by 2070, implying 
‘significant changes in the quality and avail-
ability of water resources’ (http://ec.europa.
eu/health/ph_threats/climate/docs/com_ 
2009_147_en.pdf). The predicted severe drought 
conditions will also affect the soil nutrient 
status. Drought will lead to diminished plant 
uptake of nutrients such as phosphorus and 
potassium, causing an additional stress on 
plants, as both phosphorus and potassium 
are necessary for high water-use efficiency 
and stomatal control (Sardans and Peñuelas, 
2007). This will influence crop establishment, 
the crop stand maturation period and total 
production. Symbiotic soil microorganisms 
can play a crucial role in buffering crop pro-
duction against these adverse effects (Hu-
saini, 2014).

Mycorrhizal technology has been used 
to improve growth of a number of micropro-
pagated horticultural crops, as well as to 
enable host plants to tolerate or withstand 
the impairing effects of abiotic and biotic 
stresses (Borkowska, 2002; Yin et al., 2010). 
Mycorrhization strongly affects growth and 
tolerance of plants to water deficiency. 
Mycorrhizal fungi influence the develop-
ment of a superior root system, enhance the 
water-conducting capacity, increase the up-
take of macro-, micro- and immobile nutri-
ents, and result in higher photosynthetic rates 
due to better carbon dioxide assimilation 

(El-Tohamy et al., 1999; Estrada-Luna et al., 
2000; Augé, 2001).

14.4.1.  Arbuscular mycorrhizal fungi

About 90% of vascular plants establish a 
symbiotic relationship with arbuscular 
mycorrhizal fungi (AMF) (Gai et al., 2006). 
The association between AMF and a plant 
makes the host plant more tolerant to drought 
in terms of plant growth (Ruiz-Lozano, 2003; 
Wu and Xia, 2006; Bolandnazar et al., 2007). 
Generally, AMF-colonized plants have higher 
activities of several antioxidant enzymes com-
pared with non-colonized plants (Wu et al., 
2006ab), but this depends on the enzyme 
activity, plant organ and AMF genotype in-
volved (Lambais et al., 2003; Wu et al., 2006ab). 
One of the main benefits of AMF symbiosis for 
strawberry plants is increased phosphorus 
uptake under both low-phosphorus fertiga-
tion regimes (Boyer et al., 2015) and a high-
phosphorus soil environment (Stewart et al., 
2005). Opinion on the beneficial effects of 
AMF inoculation on strawberry is not, how-
ever, unanimous. Some studies have reported 
the beneficial effects of mycorrhiza on straw-
berry plant growth and yield (Hršelová et al., 
1989; Niemi and Vestberg, 1992; Borkowska, 
2002; Vestberg et al., 2004; Stewart et al., 2005; 
Castellanos-Morales et al., 2010; Fan et al., 
2011). Yin et al. (2010) showed that inocula-
tion of AMF in drought-stressed strawberry 
plants increased the enzymes associated with 
the plant’s protective system against water 
stress. Borkowska (2002) indicated that ap-
plication of AMF strongly affected growth 
and tolerance to drought stress of the straw-
berry cultivar ‘Senga Sengana’ under green-
house conditions. However, other studies 
have shown either limited (Garland et al., 
2011) or no (Vestberg et al., 2004) beneficial 
effects. Borowicz (2010) examined the effect 
of AMF inoculation on water stress in wild 
strawberry (F. virginiana) and reported no 
strong effects of AMF on strawberry tolerance 
to drought.

In a recent study, it was found that the 
water-use efficiency of AMF-colonized straw-
berry plants was greater under a regulated 
deficit irrigation (water-stressed) regime than 
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under a fully watered regime (Boyer et al., 
2015). The most notable consequence of in-
oculation with AMF (Funneliformis mosse-
ae BEG25, Funneliformis geosporus BEG11 
or a 50:50 mixed inoculation) was a signifi-
cant increase in the survival time of the 
plants when water was not provided: mycor-
rhizal plants survived on average 4.4 days 
longer than control plants. Inoculation with 
AMF increased all growth characteristics of 
the strawberry plants measured under both 
fully watered and water-stressed condi-
tions, regardless of single- or mixed-species 
inoculation. The addition of AMF inocula 
(in any combination) to plants subjected to 
reduced irrigation of up to 40% restored 
plant growth back to the same or higher val-
ues as the non-mycorrhizal, fully watered 
plants.

In an interesting study, Matsubara et al. 
(2004) investigated the tolerance to Fusar-
ium wilt (Fusarium oxysporum f. sp. fragar-
iae) in response to inoculation with five 
AMF species (Glomus margarita, Glomus 
fasciculatum, Glomus mosseae, Glomus 
aggregatum, Glomus sp. R10) in strawberry. 
At 30 days after pathogen inoculation, Fusar-
ium wilt incidence ranged from 22% in 
G. mosseae plots to 100% in non-mycorrhizal 
plots. The incidence and severity of infected 
roots and vessels were lower in AMF-
inoculated than in non-inoculated plots. 
Non-inoculated and AMF-inoculated plants 
had higher shoot and root weights compared 
with non-mycorrhizal plants. The authors 
claimed that inoculation with AMF improved 
Fusarium wilt tolerance in strawberry.

14.4.2.  Vesicular–arbuscular mycorrhiza

Many studies have shown that the drought 
resistance of crops can be improved by ves-
icular–arbuscular mycorrhiza (VAM) (Sylvia 
and Williams, 1992; Al-Karaki, 1998; Li et al., 
1999; Liang et al., 2003; Lu et al., 2003; 
Zhang and He, 2007). Recently, VAM were 
reported to improve plant drought resist-
ance abilities in strawberry. VAM fungi in-
oculation slowed down the reduction of 
chlorophyll and increased the drought re-
sistance of plants by promoting the defence 

response of the protective enzyme system in 
host plants (Yin et al., 2010). The formation 
of VAM enhanced the activity of the anti-
oxidant enzymes superoxide dismutase, 
PRX and CAT, and H+-ATPase in host 
plants, and reduced the content of malondi-
aldehyde and electrical conductivity of the 
plasma membrane significantly (Wu and 
Xia, 2003; Wu et al., 2007), but the exact 
mechanism of enhancing drought resistance 
in plants is still not clear.

14.4.3.  Plant growth-promoting  
rhizobacteria

Plant growth-promoting rhizobacteria 
(PGPR) are free-living bacteria present in 
the rhizosphere or on the root surface, or in-
habiting spaces between cortical cells (Gray 
and Smith, 2005). Several free-living soil 
bacteria induce drought tolerance in plants 
(Arkhipova et al., 2007; Sziderics et al., 2007). 
Timmusk and Wagner (1999) report that in-
oculation of Arabidopsis plants with the 
PGPR Paenibacillus polymyxa, prior to 
drought stress, caused an elevation in mRNA 
copies of abscisic acid-related genes (ERD15 
and RAB18), and that these plants were more 
tolerant to drought than non-inoculated 
ones. The authors hypothesized that inocu-
lation with the bacteria caused a mild biotic 
stress, preparing the plants to cope with 
subsequent drought stress. Sziderics et al. 
(2007) reported that, after a mild osmotic 
stress, pepper plants inoculated with sev-
eral PGPRs showed lower expression of 
genes related to abiotic stresses than non-
inoculated plants, probably because the in-
oculated plants suffered less stress and 
therefore had a lower expression of stress-
related genes.

Recently, there was a report discussing 
the effects of five PGPRs (Bacillus subtilis 
EY2, Bacillus atrophaeus EY6, Bacillus 
sphaericus GC subgroup B EY30, Staphylo-
coccus kloosii EY37, and Kocuria erythro-
myxa EY43) on the growth, chlorophyll 
content, nutrient element content and yield 
of strawberry plants under natural field sal-
inity stress conditions (Karlidag et al., 2009). 
PGPR inoculation significantly increased 
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the growth, chlorophyll content, nutrient 
element content and yield of the strawberry 
plants, while lowering the electrolyte leak-
age of the plants under saline conditions. 
The highest efficiency in terms of alleviat-
ing salinity stress on the yield and nutrient 
uptake of strawberry plants was obtained 
from K. erythromyxa EY43 (228 g per plant) 
and Staphylococcus kloosii EY37 (225 g per 
plant) treatment, and the yield increasing 
ratio of plants was 48% for K. erythromyxa 
EY43 and 46% for Staphylococcus kloosii 
EY37 compared with the control treatment 
(154 g per plant).

14.4.4.  Piriformospora indica

Piriformospora indica (Basidiomycota) is 
an axenically cultivable phytopromotional 
endosymbiont, which mimics the capabil-
ities of AMF and shows pronounced growth-
promotional effects (Varma et al., 1999, 2001). 
Piriformospora indica promotes the synthesis 
and expression of defence-related proteins 
and enzymes (isoflavonoid phytoalexins, 
isoflavonoid glyceollin coumestrol, coumes-
tin isosojagol) that provide protection and 
result in higher plant survival (Sahay and 
Varma, 1999, 2000). In addition, Piriformo-
spora indica produces significant amounts 
of acid phosphatases for the mobilization of 
a broad range of insoluble, condensed or 
complex forms of phosphate, enabling the 
host plant the accessibility to adequate phos-
phorus from immobilized reserves in the soil 
(Sahay and Varma, 2000).

Piriformospora indica is a root-
colonizing endophytic fungus with a wide 
host range and helps plants to grow under 
extreme physical and nutrient stress condi-
tions. This symbiotrophic fungal endophyte 
was discovered in the Great Indian Desert of 
Western Rajasthan in India (Varma et al., 
1999). The fungus colonizes the roots of the 
desert plants growing under water-scarcity 
conditions. It has been established that the 
fungus promotes the acquisition of drought 
tolerance in plants (Waller et al., 2005; 
Sherameti et al., 2008). Strawberry plants 
inoculated with Piriformospora indica or 

Sebacina vermifera show a higher percent-
age of survival under drought conditions 
with increased chlorophyll contents, total 
soluble proteins and relative water content, 
and higher biomass. Piriformospora indica-
inoculated plants showed a markedly higher 
tolerance level than Sebacina vermifera-
inoculated plants (Husaini et al., 2012). The 
use of in vitro and ex vitro co-culture systems 
verified that Piriformospora indica possesses 
pronounced plant growth-stimulating cap-
acity and induces plant secondary metabol-
ite accumulation (Rai et al., 2001; Baldi et al., 
2008).

Piriformospora indica has a wide geo-
graphical distribution and is reported from 
Asia, Australia and South America. The 
fungus seems to have promising potential 
under changing climate scenarios because 
it functions as a biofertilizer in nutrient-
deficient soils, as a bioprotector against bi-
otic and abiotic stresses, as a bioregulator for 
plant growth development and enhanced 
seed production, and as a bioagent for the 
hardening of plants (Oelmüller et al., 2009).

14.5.  Extreme Events, Policy Response 
and Social Action

Although the climate is warming, the inci-
dence of inter-annual climate variability (ex-
treme events) accompanying the mean climate 
changes is actually increasing. It has been 
widely accepted by the Intergovernmental 
Panel on Climate Change that increases in 
the frequency of climate extremes may lower 
crop yields beyond the impacts of ‘mean’ cli-
mate change (Easterling and Apps, 2005; 
Easterling et al., 2007). According to the 
World Development Report on Development 
and Climate Change commissioned by the 
World Bank in 2009, the public in the 
15  countries polled (both developed and 
developing) saw climate change as a serious 
problem: either as very serious or somewhat 
serious (WorldPublicOpinion.org, 2010).

From a social and economic point of 
view, climate impact studies should take into 
consideration the geographical dimensions 
of the area of study, as different climatic 
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patterns affect regions differently, as well as 
local policies and legislations. For example, 
the introduction of polytunnels (in the mid-
1990s) was one of the most important fac-
tors affecting the expansion of strawberry 
cultivation in the UK from being a minor 
crop to becoming an industry with a spe-
cialist supply chain. The use of polytunnels 
decreased the impact of weather on the 
crop, thus bridging the difference in yields 
obtained between Scottish and English 
farms. As a result, growers in areas previ-
ously disadvantaged by the weather could 
now grow strawberries competitively. This 
brought a shift in the geography of straw-
berry cultivation in the UK. However, dam-
age to polytunnels by extreme weather events 
such as floods and wind could have a worse 
impact on strawberry growers in the ab-
sence of crop insurance; thus, any damage 
to the structures would result in a year’s 
worth of investment being lost in one event, 
the cost of which would be borne by the 
grower. Crop insurance cover may be a vi-
able solution for strawberry growers, which 
they may opt for voluntarily. However, pol-
icy support or legislation can often act as a 
driver for such changes. For instance, ac-
cording to Calleja (2011), in Kent, UK, the 
county council puts water bans on agricul-
tural enterprises during periods of drought, 
due to them being close to a large metropol-
itan area where a constant water supply is 
needed for human consumption. In re-
sponse to this, growers in this area have 
been building water-storage facilities to 
eliminate their dependency on the coun-
cil’s supply of water. This is an interesting 
case, whereby the growers have not built 
water-storage facilities as a conscious re-
sponse to climate change, but are respond-
ing to pressures caused by man-made pol-
icies in response to water shortages during 
periods of drought.

Keeping this in mind, there can be posi-
tive ways of using the increased soil tem-
perature in strawberry cultivation. With in-
creasing temperature, soil solarization may 
become a more feasible option for pest con-
trol. The drawback of solarization is that it 
is restricted in some areas by the length 
and intensity of sunshine, as well as by the 

temperature (Berg, 2007). Solarization is re-
commended for 30–45 days during the months 
when the soil temperatures exceed 50°C, al-
though when combined with biofumigation, 
the soil temperature could be as low as 40°C 
(Medina-Mínguez, 2002). Solarized soils are 
often more suppressive to certain soilborne 
pathogens than non-solarized soils, while 
Trichoderma spp., which act as biocontrol 
agents against several diseases, are among 
the microorganisms that can survive the so-
larization process (Pinkerton et al., 2002).

14.6.  Future Perspective

The projections of global climate changes on 
the earth predict a rise in the concentration 
of greenhouse gases, an increase in tempera-
ture, increased frequency of extreme weather 
events and aridization of the environment. 
The implications of these changes on horti-
culture in general, and on the ability of 
plants such as strawberry in particular, to 
adapt to such changes need rigorous ana-
lysis. With a view to ensuring the sustain-
ability of strawberry cultivation under these 
changing climatic conditions, the possible 
roles of different technological interventions 
need to be evaluated. The diploid strawberry 
F. vesca is an attractive model plant for gen-
omic analysis because of its small genome. 
The F. vesca EST collection and recent data 
from proteomic studies in abiotic stresses 
could also be very useful for further investi-
gations. Unlike in the past, multidisciplinary 
studies focusing on the effect of multiple 
stress factors are necessary to understand the 
impact of stressful conditions on plant growth 
and development in the open field. Scientists 
with expertise in climatology, biochemistry, 
microbiology, pathology, entomology, agri-
cultural physics, plant breeding, biotechnol-
ogy and systems biology need to collaborate 
and develop multipronged strategies to ad-
dress these challenges. Such research studies 
should not only be based on the current cli-
mate conditions but also planned according to 
the potential future challenges.

Using genetic engineering approaches, 
transgenic strawberry plants with tolerance 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Challenges of Climate Change	 279

against certain stress factors have already 
been developed. However, these studies are 
mostly at the laboratory level, and there is 
an urgent need to test and evaluate these 
plants under field conditions. A detailed 
understanding of the complex mechanisms 
involved the genome, epigenome, transcrip-
tome and metabolome levels will be useful 
in designing better strategies for improving 
stress tolerance in plants. Screening studies, 
investigating the stress tolerance of geno-
types for each biotic/abiotic stress factor, 
should also be undertaken in parallel for 
successful breeding programmes. Establish-
ment of a symbiotic relationship between 
microorganisms and plants also shows 

promising potential in enhancing the toler-
ance of plants to drought and temperature 
stresses. The beneficial effect of mycorrhi-
zation on plant drought tolerance, resulting 
from the development of a superior root 
system, enhanced water-conducting cap-
acity and increased uptake of macro-, 
micro- and immobile nutrients, will be very 
helpful in understanding the impact on car-
bon dioxide assimilation and higher photo-
synthetic rates. Through these technologies, 
we can aim to develop strawberry plants 
that have better water- and nutrient-use effi-
ciencies, and that are resilient to high or 
low temperatures, and to water scarcity or 
flooding.
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vesicular-arbuscular mycorrhizal fungi on growth of strawberries. In: Vlastimil, V. and Františk, K. (eds) 
Developments in Soil Science. Elsevier, Amsterdam, The Netherlands, pp. 109–114.

Husaini, A.M. (2010) Pre- and post-agroinfection strategies for efficient leaf disk transformation and regener-
ation of transgenic strawberry plants. Plant Cell Reports 29, 97–110.

Husaini, A.M. (2014) Challenges of climate change. GM Crops and Food 5, 97–105.
Husaini, A.M. and Abdin, M.Z. (2008) Development of transgenic strawberry (Fragaria × ananassa Duch.) 

plants tolerant to salt stress. Plant Science 174, 446–455.
Husaini, A.M. and Rafiqi, A.M. (2012) Role of osmotin in strawberry improvement. Plant Molecular Biology 

Reporter 30, 1055–1064.
Husaini, A.M. and Srivastava, D.K. (2006a) Plant regeneration and Agrobacterium-mediated gene transfer 

studies in strawberry tissues (Fragaria × ananassa). Asian Journal of Microbiology Biotechnology and En-
vironmental Sciences 8, 671.

Husaini, A.M. and Srivastava, D.K. (2006b) Genetic transformation in strawberry – a review. Asian Journal of 
Microbiology Biotechnology and Environmental Sciences 8, 75–81.

Husaini, A.M. and Tuteja, N. (2012) Biotech crops: imperative for achieving the Millenium Development 
Goals and sustainability of agriculture in the climate change era. GM Crops and Food 4, 1–9.

Husaini, A.M., Mercado, J.A., Schaart, J.G. and Teixeira da Silva, J.A. (2011a) Review of factors affecting or-
ganogenesis, somatic embryogenesis and Agrobacterium tumefaciens-mediated transformation of straw-
berry. In: Husaini, A.M. and Mercado, J.A. (eds) Genomics, Transgenics, Molecular Breeding and Bio-
technology of Strawberry. Global Science Books, UK, pp. 1–11.

Husaini, A.M., Rashid, Z., Mir, R.u.R. and Aquil, B. (2011b) Approaches for gene targeting and targeted gene 
expression in plants. GM Crops 2, 150–162.

Husaini, A.M., Abdin, M.Z., Khan, S., Xu, Y.W., Aquil, S. and Anis, M. (2012) Modifying strawberry for better 
adaptability to adverse impact of climate change. Current Science 102, 1660–1673.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Challenges of Climate Change	 283

James, D.J., Passey, A.J., Eastebrook, M.A., Solomon, M.G. and Barbara, D.J. (1992) Transgenes for pest and 
disease resistance: progress in the introduction of transgenes for pest and disease resistance into straw-
berries. Phytoparasitica 20, S83–S87.

James, D.J., Uratsu, S., Cheng, J., Negri, P., Viss, P. and Dandekar, A.M. (1993) Acetosyringone and osmopro-
tectants like betaine or proline synergistically enhance Agrobacterium-mediated transformation of 
apple. Plant Cell Reports 12, 559–563.

Karlidag, H., Yildirim, E. and Turan, M. (2009) Salicylic acid ameliorates the adverse effect of salt stress on 
strawberry. Scientia Agricola 66, 180–187.

Kesici, M., Gulen, H., Ergin, S., Turhan, E., Ipek, A. and Koksal, N. (2013) Heat-stress tolerance of some straw-
berry (Fragaria × ananassa) cultivars. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 41, 238–243.

Khammuang, S., Dheeranupattana, S., Hanmuangjai, P. and Wongroung, S. (2005) Agrobacterium-mediated 
transformation of modified antifreeze protein gene in strawberry. Songklanakarin Journal of Science and 
Technology 27, 693–703.

Klamkowski, K. and Treder, W. (2006) Morphological and physiological responses of strawberry plants to 
water stress. Agriculturae Conspectus Scientificus 71, 159–165.

Klamkowski, K. and Treder, W. (2008) Response to drought stress of three strawberry cultivars grown under 
greenhouse conditions. Journal of Fruit and Ornamental Plant Research 16, 179–188.

Koehler, G., Wilson, R.C., Goodpaster, J.V., Sønsteby, A., Lai, X., Witzmann, F.A., You, J.-S., Rohloff, J., 
Randall, S.K. and Alsheikh, M. (2012) Proteomic study of low-temperature responses in strawberry cul-
tivars (Fragaria × ananassa) that differ in cold tolerance. Plant Physiology 159, 1787–1805.

Korbin, M. (2011) Molecular approaches to disease resistance in Fragaria spp. Journal of Plant Protection Re-
search 51, 60–65.

Koskela, E.A., Mouhu, K., Albani, M.C., Kurokura, T., Rantanen, M., Sargent, D.J., Battey, N.H., Coupland, G., 
Elomaa, P. and Hytönen, T. (2012) Mutation in TERMINAL FLOWER1 reverses the photoperiodic require-
ment for flowering in the wild strawberry Fragaria vesca. Plant Physiology 159, 1043–1054.

Lambais, M.R., Ríos-Ruiz, W.F. and Andrade, R.M. (2003) Antioxidant responses in bean (Phaseolus vulgaris) 
roots colonized by arbuscular mycorrhizal fungi. New Phytologist 160, 421–428.

Ledesma, N.A., Kawabata, S. and Sugiyama, N. (2004) Effect of high temperature on protein expression in 
strawberry plants. Biologia Plantarum 48, 73–79.

Levitt, J. (1980) Responses of Plants to Environmental Stresses, 2nd edn. Academic Press, New York.
Li, H., Li, T., Gordon, R.J., Asiedu, S.K. and Hu, K. (2010) Strawberry plant fruiting efficiency and its correl-

ation with solar irradiance, temperature and reflectance water index variation. Environmental and 
Experimental Botany 68, 165–174.

Li, M., Jiang, D., Meng, X., Liu, R. and Li, X. (1999) Effects of arbuscular mycorrhizal fungi on growth, yield 
and quality of Phaseolus vulgaris L. in field. Eco-Agriculture Research 7, 43–46.

Liang, J., Zhang, Y., Jia, X.Z., Lv, Q. and Zhang, X.Y. (2003) Effects of ectomycorrhizae on growth and resist-
ance of poplar. Journal of Nanjing Forestry University 27, 39–43.

Liu, D., Raghothama, K.G., Hasegawa, P.M. and Bressan, R.A. (1994) Osmotin overexpression in potato delays 
development of disease symptoms. Proceedings of the National Academy of Sciences USA 91, 1888–1892.

Lu, J.Y., Mao, Y.M., Shen, L.Y., Peng, S.Q. and Li, X.L. (2003) Effects of VA mycorrhizal fungi inoculated on 
drought tolerance of wild jujube (Zizyphus spinosus Hu) seedlings. Acta Horticulturae Sinica 30, 29–33.

Maas, J.L. (1998) Compendium of Strawberry Diseases. American Phytopathological Society, St Paul, Minnesota.
Maas, J.L., Hartung, J.S., Gouin-Behe, C. and Hokanson, S.C. (2000) Sources of resistance for two differen-

tially pathogenic strains of Xanthomonas fragariae in Fragaria genotypes. HortScience 35, 128–131.
Manakasem, Y. and Goodwin, P. (2001) Responses of dayneutral and Junebearing strawberries to temperature 

and daylength. Journal of Horticultural Science and Biotechnology 76, 629–635.
Matsubara, Y., Hirano, I., Sassa, D. and Koshikawa, K. (2004) Increased tolerance to Fusarium wilt in mycor-

rhizal strawberry plants raised by capillary watering methods. Environmental Control in Biology 42, 
185–191.

Medina-Mínguez, J.J. (2002) Soil solarization and biofumigation in strawberries in Spain. In: Proceedings of 
International Conference on Alternatives to Methyl Bromide, 5–8 March, Seville, Spain, pp. 108–110.

Mercado, J.A., Martín-Pizarro, C., Pascual, L., Quesada, M.A., Pliego-Alfaro, F., Santos, B.d.l., Romero, F., 
Galvez, J., Rey, M., Viña, G.d.l., Llobell, A., Yubero-Serrano, E.-M., Muñoz-Blanco, J. and Caballero, J.L. (2005) 
Evaluation of tolerance to Colletotrichum acutatum in strawberry plants transformed with Trichoderma-
derived genes. Acta Horticulturae 738, 383–388.

Mercado, J.A., Barceló, M., Pliego, C., Rey, M., Caballero, J., Muñoz-Blanco, J., Ruano-Rosa, D., López-Herrera, C., 
de los Santos, B., Romero-Muñoz, F. and Pliego-Alfaro, F. (2015). Expression of the b-1,3-glucanase gene 

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



284	 A.M. Husaini and Y. Wen Xu	

bgn13.1 from Trichoderma harzianum in strawberry increases tolerance to crown rot diseases but inter-
feres with plant growth. Transgenic Research 24, 979–989.

Min, K., Ha, S.C., Hasegawa, P.M., Bressan, R.A., Yun, D.J. and Kim, K.K. (2004) Crystal structure of osmotin, 
a plant antifungal protein. Proteins: Structure, Function, and Bioinformatics 54, 170–173.

Monteiro, S., Barakat, M., Piçarra-Pereira, M.A., Teixeira, A.R. and Ferreira, R.B. (2003) Osmotin and thauma-
tin from grape: a putative general defense mechanism against pathogenic fungi. Phytopathology 93, 
1505–1512.

Morishita, M., Honjo, M., Hamano, M., Yamazaki, H. and Yano, T. (2012) Genetic analysis of the everbearing 
habit in strawberry cultivars under 24-hour daylength condition. Horticultural Research 11, 301–307.

Ndong, C., Ouellet, F., Houde, M. and Sarhan, F. (1997) Gene expression during cold acclimation in straw-
berry. Plant and Cell Physiology 38, 863–870.

Niemi, M. and Vestberg, M. (1992) Inoculation of commercially grown strawberry with VA mycorrhizal fungi. 
Plant and Soil 144, 133–142.

Oelmüller, R., Sherameti, I., Tripathi, S. and Varma, A. (2009) Piriformospora indica, a cultivable root endo-
phyte with multiple biotechnological applications. Symbiosis 49, 1–17.

Olaya, G. and Abawi, G.S. (1996) Effect of water potential on mycelial growth and on production and germin-
ation of sclerotia of Macrophomina phaseolina. Plant Disease 80, 1347–1350.

Owens, C.L., Thomashow, M.F., Hancock, J.F. and Iezzoni, A.F. (2002) CBF1 orthologs in sour cherry and 
strawberry and the heterologous expression of CBF1 in strawberry. Journal of the American Society for 
Horticultural Science 127, 489–494.

Owens, C.L., Iezzoni, A.F. and Hancock, J.F. (2003) Enhancement of freezing tolerance of strawberry by heter-
ologous expression of CBF1. Acta Horticulturae 626, 93–100.

Paquin, R., Bolduc, R., Zizka, J., Pelletier, G. and Lechausser, P. (1989) Frost tolerance, sugar and proline content 
of strawberry (Fragaria ananassa Duch) during winter. Canadian Journal of Plant Science 69, 945–954.

Parkhi, V., Kumar, V., Sunilkumar, G., Campbell, L.A.M., Singh, N.K. and Rathore, K.S. (2009) Expression of 
apoplastically secreted tobacco osmotin in cotton confers drought tolerance. Molecular Breeding 23, 
625–639.

Pinkerton, J.N., Ivors, K.L., Reeser, P.W., Bristow, P.R. and Windom, G.E. (2002) The use of soil solarization for 
the management of soilborne plant pathogens in strawberry and red raspberry production. Plant Disease 
86, 645–651.

Porcel, R., Aroca, R., Azcón, R. and Ruiz-Lozano, J. (2006) PIP aquaporin gene expression in arbuscular 
mycorrhizal Glycine max and Lactuca sativa plants in relation to drought stress tolerance. Plant Molecu-
lar Biology 60, 389–404.

Pratt, R.G. (2006) A direct observation technique for evaluating sclerotium germination by Macrophomina 
phaseolina and effects of biocontrol materials on survival of sclerotia in soil. Mycopathologia 162, 
121–131.

Raghothama, K.G., Liu, D., Nelson, D.E., Hasegawa, P.M. and Bressan, R.A. (1993) Analysis of an osmotically 
regulated pathogenesis-related osmotin gene promoter. Plant Molecular Biology 23, 1117–1128.

Rai, M., Acharya, D., Singh, A. and Varma, A. (2001) Positive growth responses of the medicinal plants Spilan-
thes calva and Withania somnifera to inoculation by Piriformospora indica in a field trial. Mycorrhiza 11, 
123–128.

Rantanen, M., Kurokura, T., Jiang, P., Mouhu, K. and Hytönen, T. (2015) Strawberry homologue of TERMINAL 
FLOWER1 integrates photoperiod and temperature signals to inhibit flowering. The Plant Journal 82, 
163–173.

Rosenzweig, C., Iglesias, A., Yang, X.B., Epstein, P. and Chivian, E. (2001) Climate change and extreme wea-
ther events; implications for food production, plant diseases, and pests. Global Change and Human 
Health 2, 90–104.

Ruiz-Lozano, J.M. (2003) Arbuscular mycorrhizal symbiosis and alleviation of osmotic stress. New perspec-
tives for molecular studies. Mycorrhiza 13, 309–317.

Sahay, N.S. and Varma, A. (1999) Piriformospora indica: a new biological hardening tool for micropropagated 
plants. FEMS Microbiology Letters 181, 297–302.

Sahay, N.S. and Varma, A. (2000) Biological approach towards increasing the survival rates of micropropagat-
ed plants. Current Science 78, 126–129.

Sánchez, S., Gambardella, M., Henríquez, J.L. and Díaz, I. (2013) First report of crown rot of strawberry 
caused by Macrophomina phaseolina in Chile. Plant Disease 97, 996–996.

Sander, J.D. and Joung, J.K. (2014) CRISPR-Cas systems for editing, regulating and targeting genomes. Nature 
Biotechnology 32, 347–355.

 EBSCOhost - printed on 2/13/2023 12:48 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Challenges of Climate Change	 285

Sarad, N., Rathore, M., Singh, N.K. and Kumar, N. (2004) Genetically engineered tomatoes: new vista for 
sustainable agriculture in high altitude aegions. In: Proceedings of the 4th International Crop Science 
Congress, 26 September–1 October, Brisbane, Australia, pp. 234–238.

Sardans, J. and Peñuelas, J. (2007) Drought changes phosphorus and potassium accumulation patterns in an 
evergreen Mediterranean forest. Functional Ecology 21, 191–201.

Sarnighausen, E., Karlson, D.T., Zeng, Y., Goldsbrough, P.B., Raghothama, K.G. and Ashworth, E.N. (2004) 
Characterization of a novel YnSKn class of dehydrin-like cDNAs from cold acclimated red-osier dogwood 
(Cornus sericea L.) xylem. Journal of Crop Improvement 10, 17–35.

Schestibratov, K.A. and Dolgov, S.V. (2005) Transgenic strawberry plants expressing a thaumatin II gene dem-
onstrate enhanced resistance to Botrytis cinerea. Scientia Horticulturae 106, 177–189.

Serçe, S. and Hancock, J.F. (2005a) The temperature and photoperiod regulation of flowering and runnering 
in the strawberries, Fragaria chiloensis, F. virginiana, and F. × ananassa. Scientia Horticulturae 103, 167–177.

Serçe, S. and Hancock, J.F. (2005b) Inheritance of day-neutrality in octoploid species of Fragaria. Journal of 
the American Society for Horticultural Science 130, 580–584.

Shaw, D.V. and Famula, T.R. (2005) Complex segregation analysis of day-neutrality in domestic strawberry 
(Fragaria × ananassa Duch.). Euphytica 145, 331–338.

Sherameti, I., Tripathi, S., Varma, A. and Oelmüller, R. (2008) The root-colonizing endophyte Pirifomospora 
indica confers drought tolerance in Arabidopsis by stimulating the expression of drought stress-related 
genes in leaves. Molecular Plant–Microbe Interactions 21, 799–807.

Silva, K.J.P., Brunings, A., Peres, N.A., Mou, Z. and Folta, K.M. (2015) The Arabidopsis NPR1 gene confers 
broad-spectrum disease resistance in strawberry. Transgenic Research 24, 693–704.

Singh, N.K., Handa, A.K., Hasegawa, P.M. and Bressan, R.A. (1985) Proteins associated with adaptation of 
cultured tobacco cells to NaCl. Plant Physiology 79, 126–137.

Singh, N.K., Bracker, C.A., Hasegawa, P.M., Handa, A.K., Buckel, S., Hermodson, M.A., Pfankoch, E., Regnier, F.E. 
and Bressan, R.A. (1987) Characterization of osmotin: a thaumatin-like protein associated with osmotic 
adaptation in plant cells. Plant Physiology 85, 529–536.

Singh, N.K., Nelson, D.E., Kuhn, D., Hasegawa, P.M. and Bressan, R.A. (1989) Molecular cloning of osmotin 
and regulation of its expression by ABA and adaptation to low water potential. Plant Physiology 90, 
1096–1101.

Sjulin, T.M. and Dale, A. (1987) Genetic diversity of North American strawberry cultivars. Journal of the 
American Society for Horticultural Science 112, 375–385.

Sokhansanj, A., Sadat Noori, S. and Niknam, V. (2006) Comparison of bacterial and plant genes participating 
in proline biosynthesis with Osmotin gene, with respect to enhancing salinity tolerance of transgenic 
tobacco plants. Russian Journal of Plant Physiology 53, 110–115.

Staudt, G. (1973) Fragaria iturupensis: a new species of strawberry from East Asia. Willdenowia 7, 101–104.
Stewart, L.I., Hamel, C., Hogue, R. and Moutoglis, P. (2005) Response of strawberry to inoculation with arbus-

cular mycorrhizal fungi under very high soil phosphorus conditions. Mycorrhiza 15, 612–619.
Stewart, P.J. and Folta, K.M. (2010) A review of photoperiodic flowering research in strawberry (Fragaria spp.). 

Critical Reviews in Plant Sciences 29, 1–13.
Sylvia, D.M. and Williams, S.E. (1992) Vesicular-arbuscular mycorrhizae and environmental stress. ASA Spe-

cial Publication 54, 101–124.
Sziderics, A.H., Rasche, F., Trognitz, F., Sessitsch, A. and Wilhelm, E. (2007) Bacterial endophytes contribute 

to abiotic stress adaptation in pepper plants (Capsicum annuum L.). Canadian Journal of Microbiology 
53, 1195–1202.

Thomashow, M.F. (1999) Plant cold acclimation: freezing tolerance genes and regulatory mechanisms. Annual 
Review of Plant Physiology and Plant Molecular Biology 50, 571–599.

Timmusk, S. and Wagner, E.G.H. (1999) The plant-growth-promoting rhizobacterium Paenibacillus polymyxa 
induces changes in Arabidopsis thaliana gene expression: a possible connection between biotic and 
abiotic stress responses. Molecular Plant–Microbe Interactions 12, 951–959.

Turhan, E. (2012) Seasonal alteration of sugar metabolism in strawberry (Fragaria × ananassa) plants during 
cold-acclimated and non-acclimated stages. African Journal of Biotechnology 11, 4558–4565.

Turhan, E., Aydogan, C., Akoglu, A., Baykul, A. and Evrenosoğlu, Y. (2012a) Relationship of seasonal changes 
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15.1.  Introduction

Only about 38.5% of land in the world is 
farmed. However, most of the farmable land 
is under suboptimal conditions for plant 
growth and development due to various 
stress factors (FAO, 2015a). In addition to 
stress factors that already exist, farmable 
lands are being lost every year due to cli-
mate change-induced global warming. How-
ever, the population is increasing and is 
estimated to reach over 9 billion in 2050, so 
a considerable increase in world food pro-
duction will be necessary. Stress factors are 
the principal cause of crop failure world-
wide, reducing average yields for most major 
crops by more than 50% (Bray et al., 2000). 

Thus, an understanding of stress mechan-
isms in plants is very important.

According to Levitt (1980), biological 
stress is any change in environmental condi-
tions that might reduce or adversely change a 
plant’s growth or development; biological 
strain is the reduced or changed function. 
Any change in environmental conditions that 
results in a plant response that is less than 
optimal is considered stressful (Salisbury and 
Ross, 1992). The changes in an organism’s 
function that enable a return to the optimal 
level when conditions are again optimal are 
known as elastic biological strain. If the func-
tions do not return to normal, this is defined 
as plastic biological strain (Levitt, 1980). 
Plants may possess avoidance or tolerance 
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mechanisms to any stress factor to help them 
to cope with the stress. Levitt (1980) defined 
avoidance as a response of the organism that 
somehow reduces the impact of the stress fac-
tor. Tolerance implies that the plant simply 
tolerates or endures the adverse environment. 
Salisbury and Ross (1992) identified three 
main stages that occur when plants are ex-
posed to a stress factor: (i) the alarm stage, in 
which the function of interest deviates mark-
edly from the norm; (ii) the resistance stage, 
in which the organism adapts to the stress 
factor and the function often returns towards 
its normal level (but may not completely 
achieve it); and (iii) the exhaustion stage, in 
which the function may again strongly devi-
ate from the norm if the stress factor increases 
or continues for a long time (this can eventu-
ally lead to death of the plant).

Plants can respond and adapt to any 
stress factor using a number of physiological, 
biochemical and molecular responses. One 
example is the antioxidant system: evidence 
shows that stress factors can lead to the pro-
duction of reactive oxygen species (ROS). 
This increases the level of reactive oxygen 
injury, which leads to lipid peroxidation, 
membrane deterioration, protein degradation, 
nucleic acid damage, chlorophyll bleaching 
and metabolic function disruption (Tan et al., 
2011). The degree of damage depends on the 
balance between the formation of ROS and 
their detoxification by the antioxidative 
scavenging system, specific protein accumu-
lation, hormonal system and other mechan-
isms. Thus, a high level of protective enzymes 
and antioxidants such as superoxide dismu-
tase (SOD), peroxidase (PRX), ascorbate per-
oxidase (APX), catalase (CAT) and glutathione 
reductase (GR) are essential for maintenance 
of the concentration of ROS at a relatively 
low level, which is required for the survival 
of plants under many types of stress (Scebba 
et al., 1998; Wang, 1999; Gulen and Eris, 
2004; Gulen et al., 2006; Turhan et al., 2008; 
Zhang et al., 2008a; Ergin, 2012; Ergin et al., 
2012; Turhan et al., 2012a,b). In plant sys-
tems, tolerance mechanisms are activated 
by induction of the antioxidant system, and 
production of chaperone proteins, osmolytes 
and hormones to stop the cellular homeosta-
sis and to repair the damaged membrane. 

However, if the stress is too strong, the de-
fence system of plants cannot remove the 
ROS effectively and the activities of antioxi-
dant enzymes decrease, resulting in severe 
damage to the plant and even death (Zhang 
et al., 2008b). Cellular membranes are an im-
portant factor in the ability of plants to cope 
with stressful conditions. Cellular mem-
branes have been implicated as the site of 
primary lesions in many stress-caused injur-
ies. It has been shown that plants exhibit a 
capacity for considerable acclimation at the 
membrane level by increasing the amount of 
specific membrane components useful in 
mitigating cellular stresses and, in some in-
stances, by undergoing relatively rapid mo-
lecular rearrangements within the membrane 
when challenged by stress factors (O’Neill, 
1983).

The stress factors limiting plant growth 
and development are classified into two 
main groups: biotic and abiotic. The biotic 
group comprises pathogens such as bacteria, 
fungi, and viruses, as well as herbivores, 
while temperature, salt, drought, flooding 
and heavy metal toxicity are examples of 
abiotic stress factors. All of these stress fac-
tors are a menace for plants and prevent 
them from reaching their full genetic poten-
tial, limiting crop productivity worldwide 
(Mahajan and Tuteja, 2005).

Strawberry is an economically import-
ant world berry fruit whose production con-
tinues to increase throughout the world. 
In 2012, strawberry production throughout 
the world was approximately 4,516,810 t on 
241,109 ha (FAO, 2015b). The ploidy levels 
of members of the genus Fragaria range 
from diploid (2x) to decaploid (10x). Study-
ing the stress tolerance of strawberry spe-
cies, Na et al. (2014) reported that octoploid 
species have greater abiotic stress tolerance 
than diploid species according to analysis 
of their chlorophyll fluorescence character-
istics. Indeed, strawberry plants are often 
exposed to extreme environmental condi-
tions because of their year-round production 
cycle using various cultivation techniques. 
The major abiotic stress factors of salinity, 
temperature and water stress will be dis-
cussed in relation to strawberry cultivation 
in this chapter.
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15.2.  Salinity Stress

Salinity is a major environmental stress and 
is a substantial constraint to crop produc-
tion. Excess salt, usually in the form of 
sodium chloride (NaCl), is the most wide-
spread chemical condition inhibiting plant 
growth in nature (Munns and Termaat, 1986). 
In arid and semi-arid regions of the world, 
limited rainfall, high evapotranspiration, 
high temperature and inadequate water man-
agement contribute to increased soil salinity 
(Meloni et al., 2003). Increased salinization 
of arable land is expected to have devastat-
ing global effects, resulting in 50% land loss 
by the middle of the 21st century (Wang et al., 
2003).

Strawberry represents an important 
commercial fruit crop with increasing areas 
of cultivation worldwide and rising con-
sumption, but it is considered sensitive to 
NaCl salinity (Levitt, 1980; Schwarz, 1995), 
although the sensitivity criteria and causes 
of the injuries due to toxic Na+ or Cl– ions 
are important points of discussion (Barroso 
and Alvarez, 1997). Variations in salt toler-
ance among different strawberry cultivars 
have been reported (Awang et al., 1993a; 
Kaya et al., 2002; Turhan, 2002; Turhan and 
Eris, 2005a; Gulen et al., 2006; Turhan et al., 
2008; Turhan and Eris, 2009). These differ-
ences were mainly in biomass production 
and leaf injury (Barroso and Alvarez, 1997), 
stomatal behaviour and antioxidant enzymes 
(Gulen et al., 2006; Turhan et al., 2008), 
membrane permeability (Kaya et al., 2002; 
Gulen et al., 2006) and yield (Awang et al., 
1993b; Keutgen and Pawelzik, 2008).

Below, we discuss the responses of 
strawberry plants to salinity stress at the 
whole-plant, cellular and subcellular levels, 
as well as tolerance mechanisms and strat-
egies for genetic improvement of strawberry 
with salt-stress tolerance.

15.2.1.  Salt injury

Salt stress with osmotic, nutritional and toxic 
effects prevents growth in many plant spe-
cies (Cheeseman, 1988; Salisbury and Ross, 

1992). High salt depositions in the soil gen-
erate a low water potential zone in the soil, 
making it increasingly difficult for the plant 
to acquire both water and nutrients. There-
fore, salt stress essentially results in a water-
deficit condition in the plant and takes the 
form of an osmotic stress or, as it is some-
times called, a physiological drought stress 
(Levitt, 1980; Mahajan and Tuteja, 2005). 
This osmotic dehydration leads rapidly to a 
decrease in the osmotic and water potential 
of cells and a decrease in cell volume (Levitt, 
1980). It has been determined that salt treat-
ments decrease the leaf water potential and 
osmotic potential (Awang et al., 1993a; Awang 
and Atherton, 1994) and cause osmotic stress 
(Turhan, 2002; Turhan and Eris, 2005b, 2009) 
in strawberry plants.

The reduction in plant growth is ex-
plained by the lower osmotic potential in 
the soil, which leads to decreased water up-
take, reduced transpiration and closure of 
stomata, which are associated with reduced 
growth (Levitt, 1980; Ben-Asher et al., 2006). 
Transpiration rates generally tend to decline 
with increasing rhizospheric salinity in both 
halophytes and non-halophytes. Addition 
of salt to the growth medium causes a re-
duction in stomatal conduction (gs) and the 
transpiration ratio (E) of strawberry (Turhan 
and Eris, 2007a).

Excessive uptake of Na+ and Cl– may 
result in limited assimilation, transport and 
distribution of mineral nutrients, as well 
as nutrient imbalances within the plant 
(Greenway and Munns, 1980; Levitt, 1980; 
Cheeseman, 1988). There is little informa-
tion about the distribution of macronutri-
ents and micronutrients in strawberry plants 
under NaCl salinity (Awang and Atherton, 
1994; Saied et al., 2005; Turhan and Eris, 
2005a,b; Keutgen and Pawelzik, 2009; 
Khayyat et al., 2009a). Different researchers 
have reported contradictory results. For ex-
ample, it was determined that short-term 
salt application in the strawberry cultivar 
‘Rapella’ did not affect potassium (K), sodium 
(Na), calcium (Ca) and magnesium (Mg) 
content on a dry-weight basis (Awang and 
Atherton, 1994). However, salt applications in 
the cultivar ‘Camarosa’ increased the amount 
of Na, Cl, Ca and Mg in its aerial parts, while 
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K and phosphorus (P) decreased. In the roots 
of plants, it was observed that, as Na and Cl 
levels increased, the amount of K and Mg 
decreased, but Ca and P were not affected 
by the salt application (Turhan and Eris, 
2005b). High NaCl levels can also induce Ca 
deficiency in the leaves of strawberry (Kaya 
et al., 2002). Keutgen and Pawelzik (2009) 
found that, under NaCl stress, plants of the 
cultivar ‘Korona’ achieved a significant in-
crease in K content in the leaves and 
crowns, while ‘Elsanta’ plants showed an 
increase in K in the fruits and petioles. The 
accumulation of K under evaluated NaCl 
levels suggests an efficient K uptake system 
in strawberry plants. Concentrations of Ca 
were not significantly affected, with the ex-
ception of rising levels in roots of ‘Elsanta’ 
plants. Concentrations of Mg, manganese 
(Mn) and iron (Fe) significantly decreased 
in the leaves, while those of Mg and Mn 
rose remarkably in the crowns of both culti-
vars. Nitrogen (N) content in the leaves, 
petioles and roots of both cultivars in-
creased. In addition, N levels rose in the 
fruits and crowns in ‘Elsanta’. A significant 
limitation of N uptake by competition with 
Cl did not occur in these plants. Concentra-
tions of P increased in the roots and petioles 
of both cultivars, and in the fruits of ‘Elsan-
ta’. These results were in line with those of 
Saied et al. (2005).

It is unclear how salinity affects the micro
nutrient composition of strawberry plants. 
El-Fouly and Salama (1999) suggested that 
micronutrient levels are generally less af-
fected by salt stress than macronutrient 
levels. Turhan and Eris (2005a) and Khayyat 
et al. (2009a) observed that Fe, Zn and Mn 
concentrations in the shoots of salt-stressed 
strawberry plants increased. Moreover, they 
found that the copper (Cu) concentration of 
roots increased, whereas the Cu concentra-
tion of shoots remained unaffected under 
salt stress. Keutgen and Pawelzik (2009) 
also found that Zn and Cu content did not 
change with salt treatments in strawberry 
plants.

Direct toxicity due to Na+ and Cl– of sa-
line water is common, especially in plants 
like strawberries and roses. These toxic 
effects occur below the osmotic levels, and 

both ions accumulate in relatively high 
amounts in plant tissues. The first toxicity 
symptom is leaf burn (Schwarz, 1995). 
Chlorine mainly causes the impairment of 
strawberry plant growth and carbohydrate 
production, because Na is effectively ex-
cluded from the plants, especially from the 
leaf tissue. Na exclusion is the most usual 
salinity adaptation mechanism found in 
glycophytes (Greenway and Munns, 1980). 
In contrast to Na, Cl tends to move more 
rapidly to the leaves. It has been determined 
that NaCl treatments increase Cl content in 
strawberry plants (Barroso and Alvarez, 
1997; Turhan, 2002; Turhan and Eris, 2005b, 
2009). According to Levitt (1980), NaCl 
treatments increased Na and Cl accumula-
tion, and the toxic effects related to these 
ions caused necrosis and moulding in 
leaves. NaCl application causes necrosis at 
various levels in strawberry plants, and the 
severity of this injury varies depending on 
the NaCl concentration (Barroso and Alvarez, 
1997; Turhan and Eris, 2005b; Keutgen and 
Pawelzik, 2009). High NaCl additions into 
nutrient solutions induced significant in-
creases in electrolyte leakage for the straw-
berry cultivars ‘Oso Grande’, ‘Camarosa’ 
(Kaya et al., 2002) and ‘Chandler’ (Gulen et al., 
2006).

Salinity is a factor that affects the whole 
plant metabolism, including its morphology 
and anatomy (Levitt, 1980). The decline in 
leaf growth is the earliest response of glyco-
phytes exposed to salt stress. Reduced ex-
pansion could be due to NaCl increasing the 
osmotic potential of the solution and to the 
activity of Na+ and Cl– in the root zone 
(Greenway and Munns, 1980). Leaf number, 
leaf area, plant dry weight, and root and 
shoot growth also decrease with increasing 
salt concentration in strawberry plants (Awang 
et al., 1993a; Turhan and Eris, 2007a; Keut-
gen and Pawelzik, 2009). Besides death of the 
plant, salt stress results in the development 
of leaf necrosis and accelerated leaf senes-
cence, thus reducing the photosynthetic 
capability of the plants. In consequence, as-
similation of carbohydrates available for 
fruit production is also reduced (Giuffrida 
et al., 2001; Keutgen and Keutgen, 2003; 
Saied et al., 2005).
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The effects of increasing salinity in the 
soil on the growth of strawberry plants and 
on the yield of fruit have been well docu-
mented (Awang et al., 1993a; Awang and 
Atherton, 1995a,b; Kaya et al., 2002; Turhan, 
2002; Saied et al., 2005; Keutgen and Paw-
elzik, 2007, 2008). Negative influences of 
salinity on strawberry plant growth and 
fruit productivity have been reported by 
Awang et al. (1993a), Awang and Atherton 
(1995a,b), Turhan (2002) and Turhan and 
Eris (2005a,b, 2007a,b, 2009). NaCl salinity 
impairs leaf metabolism in sensitive spe-
cies, photosynthesis is reduced and carbo-
hydrate production is limited. This results 
in lower strawberry fruit yield and quality. 
Awang et al. (1993b) and Keutgen and Paw-
elzik (2008) reported a reduction in fruit 
yield, but fruit quality was improved at 
moderate salinity stress, because the con-
centrations of reducing sugars and acids in-
creased on a fresh weight basis due to 
decreasing fruit water content. Salt stress in 
fruits of the cultivars ‘Elsanta’ and ‘Korona’ 
increased the antioxidant capacity, antioxi-
dant pools (ascorbate (ASA), anthocyanins 
and SOD) and selected minerals such as Na, 
Cl, K, N, P and Zn, as well as lipid peroxida-
tion. Furthermore, salt stress increased the 
contents of free and essential amino acids, 
especially in ‘Elsanta’. The more tolerant 
‘Korona’ was characterized by an increase 
in reduced glutathione (GSH) and a better 
fruit taste. In salt-stressed fruits of ‘Elsanta’, 
the taste was significantly impaired (Keut-
gen and Pawelzik, 2008). Fruit fresh weight 
is reduced markedly by increased salinity 
(Awang et al., 1993b; Awang and Atherton, 
1995a,b; Kaya et al., 2002) but fruit dry matter 
content is less affected (Awang et al., 1993b).

Salinity may affect various metabolic 
processes such as photosynthesis, protein 
synthesis, respiration, nitrogen assimilation 
and phytohormone turnover (Arshi et al., 
2002). Increasing salinity in the growth me-
dium decreased the content of chlorophyll 
in the cultivars ‘Camarosa’ (Kaya et al., 2002; 
Rahimi et al., 2011) and ‘Oso Grande’ (Kaya 
et al., 2002). Garriga et al. (2014) also showed 
reduced chlorophyll and anthocyanin con-
tent related to salinity stress in Fragaria chilo-
ensis. However, total chlorophyll content 

was unaffected by salt applications in the 
cultivars ‘Camarosa’ and ‘Tioga’ (Turhan and 
Eris, 2005a). Different results can occur 
depending on the salt concentration and ex-
posure time within a cultivar. Net photo-
synthesis was found to be reduced by high 
salinity, but only in ‘Rapella’ strawberry plants 
grown in unshaded conditions (Awang and 
Atherton, 1994).

One of the biochemical changes occur-
ring when plants are subjected to biotic or 
abiotic stresses is the production of ROS. 
ROS are highly reactive and, in the absence 
of any protective mechanism, they can dis-
rupt normal metabolism through oxidative 
damage to lipids, protein and nucleic acids 
(Allen, 1995). The chloroplasts and mito-
chondria of plant cells are important intra-
cellular generators of activated oxygen 
species. Stomatal closure resulting from os-
motic stress limits carbon dioxide availabil-
ity for photosynthetic carbon assimilation, 
hence causing high accumulation of super-
oxide (O

2
•−) in chloroplasts, which can cause 

oxidative damage (Ashraf, 2009). It was found 
that NaCl induces oxidative stress in straw-
berry leaves, as evidenced by hydrogen per-
oxide (H2O2)/O2

•− anion accumulation, an 
increase in lipid peroxidation and carbonyl-
group content. NaCl causes an accumula-
tion in putrescine and spermidine, oxidation 
of ASA and GSH redox pairs, and inhibition 
of the activities of CAT, APX and GR (Tanou 
et al., 2009).

15.2.2.  Salt tolerance

Salt tolerance in plants is a complex phe-
nomenon and depends on a number of inter-
related factors based on morphological, 
biochemical and physiological processes 
(Greenway and Munns, 1980; Arshi et al., 
2002; Qasim et al., 2003).

The maintenance of turgor by osmotic 
adjustment is an important physiological 
adaptation for minimizing the detrimental 
effects of salt stress (Munns, 2002). Turhan 
and Eris (2007a) suggested that the reductions 
in stomatal conduction (gs) and the transpir-
ation ratio (E) represent adaptive mechan-
isms to cope with excessive salt, especially 
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in the strawberry cultivar ‘Camarosa’. More-
over, control of the stomatal response to sal-
inity has been indicated as a physiological 
trait that may differentiate salt-tolerant and 
salt-sensitive cultivars (Turhan et al., 2008). 
Orsini et al. (2012) also demonstrate that 
low stomatal density may be beneficial for 
strawberry cultivars that are cultivated in 
marginal environments, in terms of salinity.

Cell membrane stability is widely used 
to express stress tolerance; and higher mem-
brane stability is correlated with abiotic 
stress tolerance (Premachandra et al., 1992). 
In this respect, leaf tissue of the cultivars 
‘Camarosa’ and ‘Tioga’ exhibited salt toler-
ance, having less electrolyte leakage, which 
is symptomatic of cellular damage (Gulen 
et al., 2006). Reduced electrolyte leakage has 
been correlated with greater membrane in-
tegrity under stressful conditions and these 
plants are characterized as salt stress-tolerant 
genotypes (Sudhakar et al., 2001).

Plant species adjust to high salt concen-
trations by lowering their tissue osmotic po-
tential by the accumulation of inorganic ions 
(e.g. Na+, K+ and Ca2+), as well as organic sol-
utes (e.g. sugars, organic acids, free amino 
acids and proline), depending on the spe-
cies (Levitt, 1980; Hasegawa et al., 1986). 
For example, in strawberry, Na content in 
fresh tissue was found to increase with sal-
inity, suggesting that strawberry has adopted 
the mechanism of Na exclusion to tolerate 
high Na salinity in the nutrient solution 
(Awang and Atherton, 1994). The exclusion 
or maintenance of low concentrations of 
toxic Na+ and Cl–, especially in meristem-
atic tissues and reproductive organs, is re-
garded as an essential phytophysiological 
mechanism for salinity tolerance (Munns, 
2002). Rahimi et al. (2011) found that NaCl 
treatment increased proline content and 
soluble sugar levels in ‘Camarosa’ plants. 
The authors suggested that strawberry may 
uses osmoregulation by increasing proline 
and soluble sugar levels to tolerate salinity 
conditions.

Salt stress is reported to be responsible 
for some changes in nitrogen metabolism 
(Levitt, 1980). Amino acids and amides 
have been reported to accumulate in higher 
plants under salinity stress (Mansour, 2000). 

Keutgen and Pawelzik (2008) found that 
total amino acid levels, especially of essen-
tial amino acids, rose significantly in fruits 
of the cultivars ‘Korona’ and ‘Elsanta’. Salt 
stress also increased the levels of free pro-
line, asparagine and glutamine, and the au-
thors suggested that these increases might 
contribute to osmotic adjustment. Turhan and 
Eris (2009) reported that the levels of total 
amino acids decreased with higher NaCl 
concentrations. Martínez-Ballesta et al. (2004) 
explained that this could be due to a toxic 
effect on cytoplasmic enzymes involved in 
amino acid synthesis. Turhan (2002) and 
Turhan and Eris (2009) reported that aspar-
tic acid, glutamic acid, arginine, proline, 
serine and alanine were the most variable 
amino acids under salt stress in strawberry 
plants. Despite the presence of a strong cor-
relation between stress tolerance and accu-
mulation of proline in higher plants, this 
relationship may not be universal. For ex-
ample, at low salt concentrations, proline 
accumulation is an indicator of salt toler-
ance, whereas at high salt concentrations, 
its accumulation is an indicator of salt dam-
age, especially in more salt-sensitive straw-
berry cultivars such as ‘Chandler’. It was 
determined that proline accumulation is not 
an indicator of salt tolerance or salt damage 
in more tolerant cultivars such as ‘Camarosa’ 
(Turhan, 2002; Turhan and Eris, 2009).

Salt-tolerant plants, besides being able 
to regulate ion and water movement, should 
also have a better antioxidative system for 
effective removal of ROS (Rout and Shaw, 
2001). Antioxidative enzymes such as SOD, 
CAT and PRX are the most important com-
ponents in the scavenging system of ROS. 
An association of antioxidant activity or 
production with salt tolerance at the cellu-
lar level has been observed in some studies. 
For example, Gulen et al. (2006) showed 
that total and specific PRX activities were 
significantly increased by salinity in straw-
berry plants. The same authors also reported 
that one basic isoperoxidase band (retard-
ation factor (Rf) = 0.27) was commonly ob-
served with different band intensities in all 
salt treatments. Salt stress decreased the 
total soluble protein content in leaf tissue 
of the cultivars ‘Tioga’ (salt tolerant) and 
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‘Chandler’ (salt sensitive). However, no effect 
of salt stress was observed on leaf soluble 
proteins in ‘Camarosa’, another salt-tolerant 
cultivar (Gulen et al., 2006). In strawberry, 
although a higher constitutive activity of 
the antioxidant enzymes CAT, APX and GR 
was found to be associated with the salt tol-
erance of two salt-tolerant cultivars (‘Cama-
rosa’ and ‘Tioga’), these enzymes showed 
variable expression levels in the cultivars 
(Turhan et al., 2008).

Exogenous application of some chem-
icals or plant growth regulators has been also 
studied as a means of improving salt-stress 
tolerance in strawberry. Supplementary Ca 
can ameliorate the parameters affected by 
high salinity (e.g. plant growth, water use 
and membrane permeability) and can also 
correct Ca deficiency (Kaya et al., 2002). 
Kaya et al. (2001) and Khayyat et al. (2009b) 
showed that supplementary K also reduces 
some of the negative effects of NaCl stress in 
strawberry. In addition, salicylic acid (SA) 
treatments induced increases in leaf relative 
water content and decreases in electrolyte 
leakage under salt-stress conditions in straw-
berry. SA treatments increased the levels of 
almost all nutrients in the leaves and roots of 
strawberry plants under salt stress (Karlidag 
et al., 2009). The authors suggested that the 
SA treatments could reduce the negative ef-
fects of salinity on the growth of strawberries 
(Karlidag et al., 2009). It was also shown that 
arbuscular mycorrhizae fungi (AMF) not 
only stimulated plant growth but also con-
tributed towards enhancing the tolerance to 
salinity stress. AMF were able to alleviate 
the damage caused by salinity stress on 
strawberry plants and promoted their growth 
(Fan et al., 2012). Christou et al. (2013) de-
scribed treatment with hydrogen sulphide 
(H2S) as a potential priming agent in straw-
berry plants under salt stress. Plants pre-
treated with H2S showed tolerance to 
100  mM NaCl or 10% polyethylene glycol 
6000 for 7  days. Data from quantitative 
real-time reverse transcription polymerase 
chain reaction gene expression analysis of 
antioxidative defence agents and salt overly 
sensitive (SOS) pathway genes revealed the 
ameliorative effects of H2S. Christou et al. 
(2014) also showed that the priming effects 

of nitric oxide and H2O2 root pre-treatment 
correlated with increased transcript levels of 
enzymatic antioxidants, as well as ASA and 
GSH biosynthesis in leaves of the cultivar 
‘Camarosa’.

Investigations have become focused on 
biotechnology, transgenic plants, improve-
ment of breeding and screening methodolo-
gies, and modification of the genetic structure 
of existing crops, aiming at enhanced adap-
tation to salinity conditions (Dajic, 2006). 
In spite of the complexity of salt tolerance, 
transfer of a single or a few genes can in-
crease the tolerance of plants to saline con-
ditions (Flowers, 2004). Therefore, there has 
been much interest in transferring salt-
tolerance genes from wild salt-tolerant rela-
tive species to the cultivated species by means 
of breeding programmes. Husaini and Abdin 
(2008) successfully developed transgenic 
strawberry lines in which the tobacco osmo-
tin gene was introduced. Osmotin-induced 
proline accumulation in transgenic straw-
berry plants imparted salinity tolerance, 
and the plants showed increased biomass, 
protein content, and shoot and root lengths 
compared with the wild-type plants, under 
stress conditions. The transgenic strawberry 
plants overexpressing osmotin were able to 
maintain a higher chlorophyll content under 
salt stress. Thus, under salinity stress con-
ditions, the transgenic strawberry plantlets 
overexpressing the osmotin gene performed 
better than their counterparts (wild-type 
and transgenic lines that failed to express 
osmotin), but under permissive conditions, 
the rate of their growth was somewhat 
slower, perhaps due to the use of a constitu-
tive promoter, thereby continuously causing 
diversion of basal metabolites, even in the 
absence of stress (Husaini and Abdin, 2008). 
Studies of gene expression in strawberry re-
quire suitable reference genes. Recently, 
Galli et al. (2015) reported that the candi-
date reference gene HISTH4 (encoding his-
tone H4) was the most stable of the genes 
tested under osmotic and salt stress. The 
traditional genes encoding glyceraldehyde 
3-phosphate dehydrogenase and 18S ribo-
somal RNA were considered the most un-
stable genes in strawberry plants in all 
conditions tested.
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15.3.  Temperature Stress

One of the major environmental factors 
affecting plant growth and productivity is 
temperature (Havaux, 1993). Strawberry 
plants are known to be highly sensitive to 
variations in environmental conditions 
(Wang and Camp, 2000). However, field and 
greenhouse-grown strawberries are often 
subjected to extreme temperatures during 
cultivation. Wang and Camp (2000) re-
ported the optimum day/night temperatures 
for leaf and petiole growth as 25/12°C and 
for roots and fruits as 18/12°C. For growth 
of the whole plant and the highest starch 
and total carbohydrate contents, 25/12°C 
was also stated as the optimum temperature. 
In general, studies related to temperature ef-
fects on strawberry have mostly considered 
the effects of low temperatures or freezing, 
rather than high temperatures. The effects 
of extreme temperature stress are discussed 
in the following sections.

15.3.1.  Cold stress

Strawberry is a moderately cold-hardy spe-
cies. It is one of the most important small 
fruit crops in several northern parts of the 
world (Ndong et al., 1997). Barney et al. 
(1992) reported the cold hardiness of straw-
berry cultivars over a wide temperature 
range from –3.8 to –45.0°C. However, chill-
ing injury of strawberry plants is a serious 
problem, particularly in subtropical culti-
vated areas (Zhang et al., 2008a). Freezing 
tolerance is expressed as the temperature 
that kills 50% of the whole plant or tissues 
(LT50), and is calculated by an ion leakage 
test of the cell membrane (Arora et al., 
1992). The LT50 level thus indicates the cold 
hardiness of a cultivar. For strawberry culti-
vars ‘Chamly’, ‘Red Coat’ and ‘Oka’, the LT50 
was reported as –12°C, while for the freezing-
sensitive ‘Chandler’ it was was –2°C (Ndong 
et al., 1997). The wild strawberry is known 
as the most cold hardy, with the highest LT50 
(–16°C). Turhan et al. (2012a) recently dem-
onstrated seasonal changes in cold hardi-
ness of eight strawberry cultivars. The cold 

hardiness of leaf tissues in non-acclimated-
stage plants varied from –6 to –12°C, whereas 
it was reported as –9 to –22°C in acclimated 
plants, depending on the cultivar. ‘Ventana’ 
and ‘Kabarla’ were reported as the most and 
least cold-hardy cultivars, respectively, 
among the eight cultivars evaluated.

Studies about mechanisms of cold 
stress in strawberry have mostly focused on 
physiological and metabolic changes during 
cold acclimation or under cold-stress condi-
tions, such as changes in protein content, 
antioxidative enzyme activities, alterations 
in lipid composition and soluble sugar con-
centrations. Freezing tolerance is induced 
in perennial and winter annual plants by low 
temperature and a short photoperiod, which 
are characteristics of autumn (McKersie and 
Leshem, 1994). Plant species differ greatly 
in their ability to develop cold or freezing 
tolerance through a process known as cold 
acclimation, which is the main factor in the 
plant’s survival. Thus, understanding the 
mechanism involved in cold acclimation 
has great importance in the enhancement 
of cold tolerance of species, and is of con-
siderable interest in terms of preventing 
cold damage. Some hormonal mechanisms 
are also important in plant cold acclima-
tion. Rajashekar et al. (1999) showed that 
exogenous applications of abscisic acid 
(ABA) and glycine betaine to unhardened 
plants increased the cold tolerance of 
leaves. To elucidate the molecular basis of 
cold acclimation in strawberry, Ndong et al. 
(1997) conducted a study to identify genes 
associated with cold acclimation. The level 
of Fcor1 (Fragaria Cold-Regulated1) tran-
script accumulation was correlated with the 
freezing tolerance of the strawberry cultivars 
‘Champly’, ‘Red Coat’, ‘Oka’ and ‘Chandler’ 
and with wild strawberry (Fragaria virginia-
na), suggesting that Fcor1 might be useful as 
a molecular marker.

According to our current knowledge, 
biochemical changes that have been associ-
ated with cold acclimation in various plant 
species include alterations in lipid compos-
ition, increased sugar and soluble protein 
content, expression of specific proteins, the 
appearance of new isozymes and alterations 
in the activity of antioxidative enzymes 
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(Thomashow, 1999; Sarnighausen et al., 2004; 
Eris et al., 2007; Gulen et al., 2008, 2009; 
Cansev et al., 2009). These metabolically ac-
tive processes are regulated at the gene ex-
pression level and are associated with the 
induction of specific proteins that lead to an 
increased capacity to withstand cold tem-
peratures (Guy, 1990; Hughes and Dunn, 
1996; Danyluk et al., 1998; Thomashow, 
1999). Cold-induced genes and their prod-
ucts have been isolated and characterized in 
many species (Houde et al., 1995; Hughes 
and Dunn, 1996; Limin et al., 1997; Sarhan 
et al., 1997; Breton et al., 2000). Many of the 
cold tolerance-responsive genes have been 
predicted to encode proteins with charac-
teristics of the dehydrin family of late em-
bryogenesis abundant (LEA) proteins (Hughes 
and Dunn, 1996). The dehydrin family of 
proteins has been shown in many studies to 
be related to cold stress (Close, 1996). Dehy-
drin proteins accumulate at high levels 
under cold stress and are different from 
functionally known enzymes or proteins. 
Davik et al. (2013) demonstrated the vari-
ation in cold/freezing tolerance among 22 
diploid Fragaria genotypes and a correlation 
of plant survival with expression of dehy-
drin and alcohol dehydrogenase proteins in 
the crown during acclimation.

The WCOR410 protein has been shown 
to be associated with plasma membrane cold 
tolerance in wheat (Danyluk et al., 1998), 
and was employed by Houde et al. (2004) in 
strawberry to increase freezing tolerance us-
ing transformation of the WCOR410 acidic 
dehydrin gene. Data from the study demon-
strated that the WCOR410 protein prevents 
membrane injury and greatly improves 
freezing tolerance in the leaves of transgenic 
strawberry. Koehler et al. (2012) also reported 
stress-responsive proteins in the crown tis-
sue of strawberry plants exposed to cold 
treatments. Recently, Gu et al. (2013) inves-
tigated protein changes in non-transgenic 
and rd29A:RdreB1B1-transgenic strawberry 
leaves following low-temperature treatment. 
Twenty-one differentially displayed pro-
teins that potentially participate in photo-
synthesis, carbohydrate metabolism, protein 
biosynthesis and the response to stress 
were identified. Proteins were identified as 

RuBisCO activase, RuBisCo large subunit, 
Cu/Zn-SOD, Lea14-A, elF5A and cold-stress- 
related expressed sequence tags (ESTs), all of 
which were sensitive to low-temperature 
stress and were differentially regulated be-
tween non-transgenic and rd29A:RdreB1B1- 
transgenic strawberries. Thus, they con-
cluded that the RdreB1B1 gene may elevate 
photosynthesis- and defence-related protein 
accumulation to increase plant cold toler-
ance. More recently, Rajashekar and Panda 
(2014) reported expression of the cold-
responsive genes COR47 and COR78, which 
are responsible for the cold acclimation pro-
cess and freezing tolerance in strawberry 
plants.

Regarding the antioxidative defence 
mechanism, Gulen et al. (2008) studied al-
terations in the activity of PRX isozyme and 
malondialdehyde content (an indication of 
cellular damage through lipid peroxidation) 
during the process of cold acclimation in 
the strawberry cultivar ‘Camarosa’. The pos-
sible role of the acidic and basic PRX bands 
with Rf = 0.23 and Rf = 0.17, respectively, 
was emphasized in cold acclimation of 
strawberry leaf tissues. Zhang et al. (2008a) 
reported that chilling acclimation at 0°C re-
sulted in the enhancement of SOD, CAT, 
PRX, dehydroascorbate reductase, monode-
hydroascorbate reductase, APX and GR ac-
tivities, and increased the levels of reduced 
ASA, dehydroascorbate and reduced GSH 
in the strawberry cultivar ‘Toyonaka’. Thus, 
it was concluded that the ASA–GSH cycle 
plays an important role in the detoxification 
of H

2O2, which is associated with the en-
hancement of chilling resistance in straw-
berry. In a study on the strawberry cultivars 
‘Toyonaka’ and ‘Zoji’, the fast increase and 
maintenance at a high level of production of 
O2

• − and the H2O2 in strawberry leaves treat-
ed at a low temperature suggested that O2

• − 
and H2O2 might serve as signal molecules 
(Zhang et al., 2008b). More recently, Turhan 
et al. (2012a) reported considerable increases 
in APX and GR enzyme activity in cold-
acclimated plants and indicated a marker 
potential of these two enzymes in cold 
hardiness of strawberry plants. As ice for-
mation occurs primarily in the intercellular 
spaces during freezing injury, Turhan et al. 
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(2012b) studied apoplastic antioxidant en-
zymes in the leaves of two strawberry culti-
vars, ‘Aromas’ and ‘Diamante’, to investigate 
their role in cold hardiness. It was found that 
the activities of apoplastic CAT, PRX and 
APX varied significantly depending on the 
cold-acclimation stage and cold-hardiness 
level of the cultivar. A lower malondialde-
hyde content and higher total carotenoid 
and enzyme activities were also reported 
during the hardening stage.

Carbohydrate metabolism is also very 
important in cold tolerance of plants. It is 
known that sugars reduce the freezing point 
and increase the intracellular osmotic po-
tential (Levitt, 1980). Paquin et al. (1989) 
showed a direct effect of total soluble sugars, 
reducing sugars and sucrose in the cold 
hardiness of two strawberry cultivars, ‘Red-
coat’ and ‘Bounty’. Seasonal alterations in 
apoplastic and symplastic sugar metabol-
ism were also explained clearly by Turhan 
(2012). Total soluble sugar, reducing sugar 
and sucrose content were higher in the cold-
acclimated stage than in the non-acclimated 
stage in the symplast. Thus, symplastic sugar 
metabolism was found to be more effective 
in cold tolerance than apoplastic sugar me-
tabolism. In addition, the regulatory role of 
acid invertase and sucrose synthase enzyme 
activities were reported in cold acclimation 
of strawberry plants (Turhan, 2012).

15.3.2.  Heat stress

Heat stress is often defined as the increase 
in temperature above a threshold level for a 
period of time sufficient to cause irrevers-
ible damage to plant growth and develop-
ment (Wahid et al., 2007). According to Bray 
et al. (2000), a heat-stress response is observed 
in plants exposed to the temperatures at least 
5°C above their optimal conditions. As an 
abiotic stress factor, high temperatures have 
a negative effect on plant growth and devel-
opment, and limit crop production around 
the world. Exposure to high temperatures 
(≥35°C) causes a reduction in plant growth 
and yield (Renquist et al., 1982; Hellman 
and Travis, 1988). It was also reported that 
cells of the strawberry cultivar ‘Shikinari’ 

grew very slowly and did not proliferate 
normally at 30°C in suspension cultures 
(Zhang et al., 1997). However, thermotoler-
ance can be developed as plant acclimation 
to a high temperature. High-temperature tol-
erance is usually expressed as the tempera-
ture required to produce a defined level of 
injury or a defined level of dead plants (usu-
ally 50%). Tolerance to high-temperature 
stress results from the ability to maintain 
high rates of photosynthesis and stability of 
proteins (which must resist conformational 
changes at high temperatures), the ability to 
repair or synthesize structural proteins and 
the possession of substances that protect 
proteins from change. There is evidence 
that the lower the hydration of protoplasm, 
the greater the hydrogen bonding and the 
greater the tolerance to high temperatures 
(Hale and Orcutt, 1987). One hypothesis on 
high-temperature acclimation is that there 
may be several mechanisms of adaptation 
to high temperature involving induction of 
protein synthesis or altered protein func-
tion (Sun et al., 2002). Those plants that do 
not adapt may be incapable of carrying out 
the structural or functional change in the 
proteins.

Acclimation of plants to higher temper-
atures is minimal (a few degrees) compared 
with acclimation to drought or to freezing 
temperatures (Salisbury and Ross, 1992). 
Heat-shock proteins (HSPs) also appear when 
the increase in temperature is more gradual, 
as might occur under natural conditions, in 
order to acclimate the plants to high tem-
perature (Salisbury and Ross, 1992). Gulen 
and Eris (2004) studied heat acclimation in 
strawberry plants under gradual heat stress. 
Gradually heat-stressed plants showed less 
membrane injury and exhibited greater heat-
stress tolerance than shock heat-stressed 
plants. Thus, gradual high-temperature stress 
with long exposure increased heat-stress 
tolerance in strawberry leaves. Increased 
heat-stress tolerance was correlated with 
the accumulation of several heat-stable pro-
teins in gradually heat-stressed plants. In 
addition significant differences between grad-
ually and shock heat-stressed plants were re-
ported in leaf relative water content, loss of 
turgidity, and total protein and DNA content. 
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Gulen and Eris (2003) also found that heat 
stress increased the chlorophyll content in 
plants of the strawberry cultivar ‘Camarosa’. 
Similarly, Kesici et al. (2013) reported an 
increase in chlorophyll content of straw-
berry plants under heat stress.

Studies on the mechanism of stress tol-
erance in different strawberry species and 
cultivars are important for the development 
of heat-tolerant cultivars, but there is limited 
knowledge about the tolerance to heat stress 
of the commonly grown cultivars. Recently, 
Kesici et al. (2013) studied the heat toler-
ance of 15 commonly grown strawberry cul-
tivars. The LT50 ranged from 51.8 and 52.9°C. 
The cultivars ‘Elsanta’, ‘R. Hope’ and ‘Ca-
marosa’ were determined as relatively heat 
tolerant, while ‘Whitney’, ‘Fern’, ‘Festival’ 
and ‘CG3’ were relatively heat sensitive.

Regarding the role of antioxidant en-
zymes, similar to other stress factors, high 
temperature also increased the activities 
APX, PRX and CAT in strawberry plants 
(Ergin, 2012). However no effect was re-
ported on GR activity under heat stress. The 
activity of PRX was closely related to cell 
membrane stability and lignification; thus, 
studies have mostly focused on PRX as a 
potential enzyme marker. Gulen and Eris 
(2004) reported one basic PRX band 
(Rf = 0.22) associated with cell membrane 
recovery and heat acclimation in plants of 
the strawberry cultivar ‘Camarosa’ under 
high-temperature stress. Similarly, Ergin et 
al. (2012) showed an increase in activity of 
basic PRX band (Rf = 0.55) under heat-stress 
treatments in two strawberry cultivars 
known to be heat tolerant (‘R. Hope’) and 
heat sensitive (‘CG3’), and Ergin et al. (2014) 
reported a correlation between ASA appli-
cation and high temperature. Plants to which 
ASA was applied showed less loss of turgid-
ity and a higher relative water content under 
heat stress, and ASA content and PRX activ-
ity were higher, especially in the heat-tolerant 
‘R. Hope’, compared with plants in which 
ASA was not applied, Thus, exogenously 
applied ASA may be effective in amelior-
ating the adverse effects of heat stress in 
strawberry (Ergin et al., 2014).

Although a reduction in the contents 
of total soluble proteins and nucleic acids 

(DNA and RNA) has been observed under 
high-temperature stress in some plants 
(Waters and Schaal, 1996; Chaitanya et al., 
2001), the changes in protein that occurred 
and the adaptation to high temperature re-
main poorly understood. The potential role 
of HSPs in heat tolerance of strawberry has 
been noted in a limited number of studies. 
Ledesma et al. (2004) reported 19–29 kDa 
HSPs in leaves and 16–26  kDa HSPs in 
flowers of the strawberry cultivars ‘Nyoho’ 
and ‘Toyonaka’ under high-temperature 
conditions. More recently, Ergin (2012) de-
tected a 23 kDa HSP in leaf tissues during 
heat acclimation of strawberry cultivars. 
Accumulation of the 23  kDa HSP was re-
ported to be higher in heat-tolerant culti-
vars than in heat-sensitive cultivars, and 
thus correlated with heat tolerance in 
strawberry. The HSPs in these two studies 
could be considered as markers for future 
research.

In order to understand the molecular 
responses of strawberry to abiotic stresses, 
Fragaria vesca has been used, rather than 
cultivated hybrid strawberry species. ESTs 
were determined for this species for abiotic 
stresses including a combination of heat 
and osmotic stresses (Rivarola et al., 2011). 
This EST collection includes useful data to 
improve our knowledge on the molecular 
responses of plants to abiotic stresses.

15.4.  Water Stress

Water stress can be defined as either water 
excess (flooding) or water deficit (drought) 
(Mahajan and Tuteja, 2005). Drought stress 
decreases strawberry leaf water potential, 
transpiration rate and water channel activ-
ity, despite an increase in ABA. However, 
leaf water potentials and water channel ac-
tivity were found to remain unchanged in 
flooded strawberry plants (Blanke and Cooke, 
2004, 2006). These authors also reported 
that stomata closed more rapidly in flooded 
strawberry leaves than in drought-stressed 
ones, in spite of ABA delivery from the roots 
being significantly suppressed. Thus, straw-
berry plants appear to be more adversely af-
fected by drought than by flooding.
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Strawberry plants are known for their 
high water demand because of their shallow 
root system (almost all of the roots are in 
0–15 cm zone), large leaf area and the high 
water content of the fruit (Chandler and 
Ferree, 1990; Klamkowski and Treder, 2006). 
They are therefore very susceptible to water-
deficit stress. According to Sruamsiri and 
Lenz (1986), photosynthesis and transpir-
ation decreased when the leaf water poten-
tial reached –1.0 MPa. Thus, it is important 
to optimize the irrigation strategies in straw-
berry cultivation. A partial root-zone drying 
(PRD) irrigation technique was developed 
to stimulate root growth and increase water-
use efficiency because of general opinion 
about the better performance of PRD in com-
parison with deficit irrigation. However, Liu 
et al. (2007) demonstrated no significant 
difference between PRD-grown and deficit-
irrigated strawberry plants when considering 
water-use efficiency and other physiological 
measurements. According to Jensen et al. 
(2009), PRD and deficit-irrigation strategies 
can be applied in short-term strawberry pro-
duction in relation to water-use efficiency 
and root xylem ABA induction. However, 
PRD irrigation is not suggested in commer-
cial strawberry production due to its cost 
and management complexity.

There are strong relationships among 
solar irradiance, temperature, field topog-
raphy, soil-water content, water management, 
and fruit yield and quality in horticultural 
crops. According to Li et al. (2010), in straw-
berry plant, water stress occurs on the slope 
and shoulder areas, where there is high 
irradiance and temperature and low soil-
water content, resulting in significantly 
lower fruit yield. Drought stress has an in-
hibitory effect on plant growth and yield in 
strawberry (Chandler and Ferree, 1990). 
Significant reductions in leaf water poten-
tial, fresh and dry masses, and leaf area and 
leaf number, and a gradual reduction in 
photochemical quenching and quantum ef-
ficiency were reported in strawberry plants 
under water stress (Razavi et al., 2008). 
Moreover, it is known that the yield and fruit 
size of strawberries are reduced when plants 
are subjected to drought stress during flower-
ing and fruit development (Liu et al., 2007).

There are limited studies on the geno-
typic differences among members of the 
genus Fragaria and among genotypes in 
terms of drought tolerance, and more know-
ledge on cultivar variation for drought tol-
erance is needed for effective breeding 
programmes. Variation in drought tolerance 
has been indicated among Fragaria spp., 
and Fragaria chiloensis has been reported 
as the most drought-tolerant species (Zhang 
and Archbold, 1993). Regarding strawberry 
genotypes, Klamkowski and Treder (2008) 
reported that the strawberry cultivar ‘Elsanta’ 
was the most drought tolerant among the 
three cultivars tested, based on morpho-
logical and physiological measurements. 
Razavi et al. (2009) determined an ecophys-
iologically relevant grouping among 23 straw-
berry genotypes based on amplified fragment 
length polymorphism markers linked to the 
leaf relative water content and water-loss 
rate. Johnson et al. (2009) screened ten short-
day strawberry cultivars to investigate the 
effect of water deficits on the vegetative and 
generative growth of the plants to determine 
their physical adaptations to drought stress. 
They reported that water-use efficiency 
(fruit yield) of the cultivars differed in their 
response to water deficit (66%), as an indi-
cation of the capability of the cultivars in 
developing tolerance to drought. Grant et al. 
(2010) also compared the performance of 
ten strawberry cultivars under water deficit 
(70%) and reported some drought-tolerant 
characteristics such as osmotic adjustment, 
small leaf area and transpiration rate as use-
ful data in a breeding programme. However, 
studies on the combined effects of heat and 
water stress are needed to fully understand 
this scenario because of the close relation-
ship between high temperature and water 
demand in plants. Recently, Çetinkaya (2013) 
showed a direct relationship between heat 
and drought tolerance of strawberry culti-
vars using physiological and molecular 
tools. The heat-tolerant cultivars ‘R. Hope’ 
and ‘Camarosa’ showed drought tolerance, 
while the heat-sensitive ‘Festival’ and ‘CG3’ 
showed drought sensitivity during drought 
and recovery treatments.

Stress avoidance and tolerance mech-
anisms have been described in drought 
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stress, similar to the effect of other stress 
factors (Levitt, 1980). A drought-induced 
series of morphological and physiological 
responses in addition to lower fruit produc-
tion were shown during stress tolerance 
and adaptation mechanisms in strawberry 
(O’Neill, 1983; Savé et al., 1993; Klam-
kowski and Treder, 2006). The physiological 
basis underlying differences in sensitivity 
of different-aged leaves to water stress in 
strawberry was correlated with changes in 
cell size and other anatomical alterations in 
the leaf that affected the cellular osmotic 
volume and cellular water relationships 
(O’Neill, 1983). In addition, Savé et al. (1993) 
demonstrated changes in leaf osmotic and 
elastic properties and in the canopy struc-
ture of the strawberry cultivar ‘Chandler’ 
under mild water stress following an irriga-
tion regime at a soil matric potential of 
–70 kPa. Strawberry plants exposed to water 
stress showed a tolerance mechanism based 
on high elasticity of the tissues as a morpho-
logical adaptation. The changes in whole-
plant morphology and canopy architecture, 
from monolayer to polylayer leaf distribu-
tion and leaf orientation from south to 
north, were also reported as an indication 
of stress avoidance mechanisms in water-
stressed plants. Klamkowski and Treder 
(2006) reported a reduction in growth of the 
above-ground part of a strawberry plant and 
an increase in root system development under 
water-deficit conditions. Determination of 
modifications in stomatal density and the 
size of stomata were used as an indication 
of water-use efficiency in the periods of de-
creased water.

External application of some plant 
growth regulators or similar chemicals has 
also been studied as a means of reducing 
water stress in strawberry plants. ABA and 
jasmonic acid or its methyl ester, methyl 
jasmonate, are the most effective plant growth 
regulators under osmotic-stress conditions 
due to their effects on a series of physio-
logical and biochemical events in plant me-
tabolism. ABA and jasmonic acid/methyl 
jasmonate are known as stress hormones 
(growth inhibitors), and when used as a fo-
liar spray can inhibit stomatal opening, 
cell division, plant growth, photosynthesis 

activities, flower-bud formation, seed ger-
mination and embryogenesis, while they 
limit water loss and ameliorate injuries re-
lated to osmotic stress (Salisbury and Ross, 
1992; Wang, 1999). The effect of methyl jas-
monate on changes in transpiration, anti-
oxidant enzyme activities and membrane 
lipid composition was studied in straw-
berry leaves under water stress by Wang 
(1999). Plants treated with methyl jasmon-
ate showed a better ability to withstand 
water stress through alterations in their me-
tabolism, such as increased CAT and SOD 
activity and reductions in transpiration, 
membrane lipid peroxidation, membrane 
lipids, glycolipids and phospholipids. In 
addition to plant hormones, some chemical 
applications such as Vapor Gard® and 
prohexadione-calcium (ProCa) have been 
reported to reduce water stress during first 
2 weeks of strawberry transplantation, which 
is a critical stage of growth, when trans-
plants are highly susceptible to water stress 
(Duval et al., 2001; Reekie et al., 2007). Pro-
Ca is known to be a gibberellin biosynthesis 
inhibitor, and has been shown to regulate 
leaf morphology in tolerance to water stress 
in the strawberry cultivars ‘Camarosa’ and 
‘Sweet Charlie’ when used as a foliar spray 
(Reekie et al., 2007). It was also reported 
that application of ProCa prevented the ex-
cessive water usage required to ensure the 
survival of strawberry transplants. Recently, 
Caulet et al. (2014) demonstrated the effect 
of external application of two furostanol 
glycosides on the capacity for acclimation 
to drought of strawberry plants by increased 
root development and water-use efficiency. 
Another external application that can be 
used to alleviate the effects of drought stress 
is inoculation of AMF. In general, mycor-
rhizal fungi stimulate root development, in-
crease the uptake of plant nutrients from 
growth media and improve stress tolerance 
in plants. Borkowska (2002) showed that 
application of AMF strongly affected the 
growth and tolerance to drought stress of 
the strawberry cultivar ‘Senga Sengana’ cul-
tivated in the greenhouse.

The development of transgenic straw-
berry plants has been well described and 
a  protocol for Agrobacterium-mediated 
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transformation of strawberry leaf discs has 
been reported by Husaini (2010) and Husaini 
et al. (2011). Husaini et al. (2012) also reported 
the role of overexpression of the osmotin 
gene (encoding a PR-5c protein) in tolerance 
to drought stress in three transgenic straw-
berry lines developed using Agrobacterium- 
mediated transformation. Transgenic straw-
berry plants have been produced with toler-
ance to drought stress by Chalavi and 
Raeini-Sarjaz (2012) using the coding region 
of a chitinase gene from Lycopersicon chilense. 
Chitinase is a 25–35 kDa protein and is ex-
pressed under biotic and abiotic stress con-
ditions (Hong and Hwang, 2006). Expression 
of the chitinase gene is also related to the 
growth and development of strawberry plants 
exposed to water stress. Chalavi and Raeini- 
Sarjaz (2012) demonstrated that chitinase 
expression increased stomatal conductance 
and the photosynthetic rate in both well-
watered and moderately watered transgenic 
strawberry lines in comparison with non- 
transgenic plants.

15.5.  Conclusions and Future Prospects

All plants are subjected to various abiotic 
stresses in natural environments during 
their lives. Drought, salinity, temperature 
and heavy-metal stresses are among the 
major abiotic stresses that adversely affect 
plant growth and productivity. Almost all 
farmable land over the world is under sub-
optimal conditions for plant growth and de-
velopment as a result of various abiotic 
stresses. Serious yield reductions are re-
corded due to unfavourable physiochemical 
environments, even in high-tech agricul-
ture. Alongside these losses, because of the 
possible effects of global climate changes it 
is thought that yield reductions in the fu-
ture will be greater than expected. However, 
the world population is increasing and is 
estimated to reach more than 9 billion in 
2050, so a considerable increase in world 
food production will be necessary. One of 
the most important ways of increasing prod-
uctivity under stressful conditions is the 
development of new cultivars that can tol-
erate or avoid stress. Generally, breeding 

programmes, cross-breeding and more re-
cently marker-assisted selection have been 
considered in relation to varietal improve-
ment. As plant responses to stress are highly 
complex and depend on a number of inter-
related factors based on morphological, 
biochemical and physiological processes, 
multidisciplinary work is needed for var-
ietal improvement. In this respect, specific 
physiological and molecular data are re-
quired, as well as basic knowledge about a 
particular plant under a certain and/or mul-
tiple stress factor(s). Thus, physiological 
and molecular research into the mechan-
isms of abiotic stress in different species 
and cultivars has great importance for fu-
ture strawberry breeding programmes.

Plants respond to extreme levels of en-
vironmental conditions in a wide variety of 
ways. The severity of the plant response 
also depends on other environmental con-
ditions, such as plant species/cultivar, age 
of the plant and its physiological stage. 
Most studies have focused on salt, tempera-
ture and water stresses in strawberry, and 
there are very few data available about the 
response of strawberry plants to other abi-
otic factors such as heavy metals, radiation 
and nutrients. Thus, studies investigating the 
effects of these factors should be designed 
for future expectations. In addition, multi-
disciplinary studies considering the effects 
of more than one stress factor are necessary 
to understand the impact of stressful condi-
tions on plant growth and development. As 
an example, when water is limiting, the ef-
fects of high temperature are increased.

A large number of researchers have 
devoted their efforts to investigating the 
possible effects of a stress factor on a par-
ticular tissue and physiological stage of a 
plant, and these results are summarized in 
Tables 15.1 and 15.2. Some studies have 
focused on investigating stress-associated 
genes in order to understand the molecular 
mechanism of abiotic stress. The primary 
objective of breeding programmes is gener-
ally to reduce the gap between yield poten-
tial and actual yield under unfavourable 
(stressful) conditions for sustainable agri-
culture. Conventional breeding or marker-
assisted selection using molecular techniques, 
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Table 15.1.  Morphological and physiological effects of abiotic stresses in strawberry plants.

Stress type Response Parameter Reference(s)

Salinity Negative Leaf water potential and  
osmotic potential

Awang et al. (1993a); 
Awang and Atherton 
(1994)

Negative Stomatal conductance (gs) and  
transpiration ratio (E)

Turhan and Eris (2007a)

No effect K, Na, Ca, and Mg content in ‘Rapella’ Awang and Atherton 
(1994)

Positive Increased Ca, and Mg in its aerial parts 
‘Camarosa’

Turhan and Eris (2005b)

Negative K and P decreased in ‘Camarosa’ Turhan and Eris (2005b)
Increase Na and Cl contents Barroso and Alvarez 

(1997); Turhan (2002); 
Turhan and Eris (2005b, 
2009)

No effect P content in roots Turhan and Eris (2005b)
Positive P content in roots, petioles and fruits Keutgen and Pawelzik 

(2009)
No effect Ca content Turhan and Eris (2005b); 

Keutgen and Pawelzik 
(2009)

Negative Mg, Mn and Fe in leaves Keutgen and Pawelzik 
(2009)

Positive Mg and Mn in crowns, N content in  
leaves, petioles, and roots and in  
fruits and crowns, P content in roots 
and petioles and in fruits

Keutgen and  Pawelzik 
(2009)

Positive Fe, Zn, and Mn concentrations  
in shoot

Turhan and Eris (2005a); 
Khayyat et al. (2009a)

Positive Cu content in root Turhan and Eris  
(2005a); Khayyat  
et al. (2009a)

No effect Cu content in shoot Turhan and Eris (2005a); 
Khayyat et al. (2009a); 
Keutgen and Pawelzik 
(2009)

No effect Zn content Keutgen and Pawelzik 
(2009)

Negative Causes necrosis Barroso and Alvarez 
(1997); Turhan and Eris 
(2005b); Keutgen and 
Pawelzik (2009)

Negative Increased electrolyte leakage Kaya et al. (2002); Gulen 
et al. (2006)

Negative Leaf number, leaf area, plant dry  
weight,  root and shoot growth

Awang et al. (1993a); 
Turhan and Eris (2007a); 
Keutgen and Pawelzik 
(2009)

Negative Fruit productivity Awang et al. (1993a), 
Awang and Atherton 
(1995a,b), Turhan 
(2002)

continued
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Stress type Response Parameter Reference(s)

Positive Improves fruit quality  
(moderate salinity)

Awang et al. (1993b) 
Awang and Atherton 
(1995b); Kaya et al. 
(2002); Keutgen and 
Pawelzik (2008)

Positive Antioxidant capacity, and some  
minerals and lipid peroxidation in 
fruits, contents of free and essential 
amino acids, reduced GSH

Keutgen and Pawelzik 
(2008)

No effect Fruit dry matter content Awang et al. (1993b)
Negative/no effect 

(depending on  
cultivar, exposure  
time and salt  
concentration)

Chlorophyll content Kaya et al. (2002); Turhan 
and Eris (2005a); Rahimi 
et al. (2011); Garriga 
et al. (2014)

Negative Net photosynthesis Awang and Atherton 
(1994)

Positive Increase in H2O2 and O2
• −  

accumulation, lipid peroxidation  
and carbonyl groups, therefore  
induces oxidative stress

Tanou et al. (2009)

Positive Proline content and soluble sugars Turhan and Eris (2009); 
Rahimi et al. (2011)

Negative Total amino acids in leaves Turhan and Eris (2009)
Positive Total amino acid levels, especially 

contents of essential amino acids  
in fruits

Keutgen and Pawelzik 
(2008)

Positive Specific PRX activities Gulen et al. (2006)
Negative/ 

no effect
Total soluble protein content in leaf  

tissue depending on cultivar
Gulen et al. (2006)

Positive CAT, APX and GR activities, but variable 
expression in salt-tolerant cultivars

Turhan et al. (2008)

Temperature
Cold Positive Fcor1 transcript accumulation was  

correlated with the freezing tolerance
NDong et al. (1997)

Positive Stress-responsive proteins in crown  
tissue

Koehler et al. (2012)

Positive PRX isozyme activity and MDA content Gulen et al. (2008)
Positive SOD, CAT, PRX, DHAR, MDHAR,  

reduced ASA, DHA
Zhang et al. (2008a)

Negative GSH contents Zhang et al. (2008a)
Negative Increased O2

•− generation and  
content of H2O2

Zhang et al. (2008b)

Positive APX and GR Zhang et al. (2008a); 
Turhan et al. (2012a)

Positive CAT, PRX and APX in apoplast Turhan et al. (2012b)
Positive Total soluble sugars, reducing sugars  

and sucrose
Paquin et al. (1989); 

Turhan (2012)
Heat Positive Causes less membrane injury  

(during gradual heat stress)
Gulen and Eris (2004)

Positive Chlorophyll content Gulen and Eris (2003); 
Kesici et al. (2013)

Table 15.1.  Continued.

continued
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Stress type Response Parameter Reference(s)

Positive Increased heat-stress tolerance  
correlated with the accumulation  
of several heat-stable proteins in  
gradually heat-stressed plants

Gulen and Eris (2004)

Positive APX, PRX and CAT activities Ergin (2012)
No effect GR activity Ergin (2012)
Positive Accumulation of HSPs Ledesma et al. (2004); 

Ergin (2012)
Positive Produced ESTs in F. vesca Rivarola et al. (2011)

Water Negative Leaf water potential, transpiration  
rate and water channel activity

Blanke and Cooke (2004, 
2006)

Positive ABA content Blanke and Cooke (2004, 
2006)

Negative Photosynthesis and transpiration Sruamsiri and Lenz (1986)
Negative Growth and yield O’Neill (1983); Chandler 

and Ferree (1990); Savé 
et al. (1993); Klamkowski 
and Treder (2006); Liu 
et al. (2007)

Positive Root system development Klamkowski and Treder 
(2006)

Negative Leaf water potential, fresh and dry 
masses, leaf area and leaf number, 
gradual reduction of photochemical 
quenching and quantum efficiency

Razavi et al. (2008)

Neutral Leaf water potentials and water channel 
activity (during flooding)

Blanke and Cooke (2004, 
2006)

GSH, glutathione; PRX, peroxidase; CAT, catalase; APX, ascorbate peroxidase; GR, glutathione reductase; MDA, 
malondialdehyde; SOD, superoxide dismutase; DHAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate 
reductase; ASA, ascorbate; DHA, dehydroascorbate; HSP, heat-shock protein; ABA, abscisic acid.

Table 15.1.  Continued.

or a combination of both, are being used to 
develop stress-tolerant cultivars. However, 
abiotic stresses are highly complex phe-
nomena. Furthermore, cultivated straw-
berry is a hybrid species and an octoploid, 
making some studies difficult. Therefore, 
the diploid strawberry F. vesca has been an 
attractive model plant for genomic ana-
lysis because of its small genome size. 
Recently, an F. vesca EST collection has 
been established, and data from proteomic 
studies on abiotic stresses are proving use-
ful and promising tools for further studies. 
A similar set of genes and stress-induced 
proteins have been described for tolerance 
to abiotic stresses. Transgenic strawberry 
plants that are tolerant to certain stress 
factors have been developed using genetic 
engineering approaches. However, results 
are still at the laboratory level rather than 
in field conditions where the whole cycle 

of plant growth and development can be 
considered. A detailed understanding of 
the complex mechanisms of stress and 
interactions with other related factors in 
the plant response is still needed. In this 
respect, variation among genotypes in re-
sponse to stress factors should be analysed 
as a first step of any breeding programme 
to improve stress tolerance in plants. Thus, 
screening studies should be established to 
investigate the stress tolerance of different 
genotypes for each abiotic stress factor. 
A  more complete understanding of the 
physiological and molecular mechanisms 
of the stress response in tolerant plants 
may help in the development of new culti-
vars and may prevent severe injury caused 
by stress factors. Research and breeding 
studies need not only to be based on pre-
sent worldwide conditions but also planned 
to meet potential future conditions.
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genetic origins  15
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Fragaria virginiana
cold weather tolerance  268
cultivation history  1, 11
subspecies, characteristics and  

distributions  19, 265
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29, 270–271
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commercial importance  158, 263
description by Duchesne  2, 26
genome composition  15–16, 71
origin as natural hybrid  1, 11
propagation strategies  140
rebuilt from selected wild clones  17

France
historically important cultivars  27
locations for nurseries  140
recent breeding programme releases  35
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frigo (cold-stored) plants  101–102, 104, 130, 

143, 148
frost damage tolerance  21, 268–269, 273, 295–297
fruit

effects of salinity stress  292, 302–303
fungal diseases  160–161, 161–163, 164, 166
growth and development  2
nutritional value  5, 31
organoleptic quality  30–31, 35
phenolic profile, Chilean white  

strawberry  45, 46, 47, 48
pruning  131, 132
shelf-life and decay control  204–205
size/weight improvement as  

breeding aim  28, 30
fruit blotch, causal fungi  160–161, 163
fruiting habit, cultivar classification  29
functional food status  4–5
fungal diseases

biological control strategies  199–207
breeding for tolerance and resistance  31, 

162, 163–166
infection mechanisms  163, 164, 165, 183
metabolic response, Chilean white  

strawberry  42, 46, 46–47
monitoring for nursery plant  

certification  156
naturally resistant genotypes  20–21
significant diseases and pathogens  159–167, 

160–161, 196–197
virulence and pathogenicity factors  175, 
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compared with biocontrol agents  203–204
global trends in use  197, 198
soil fumigation chemicals  198–199

Fusarium oxysporum
characteristics in culture  215, 216
control measures  218–221, 235, 251–255
molecular methods of diversity  

analysis  173, 215, 216–218
as strawberry wilt pathogen  163–164, 203, 

213–215, 214, 267
virulence-related genes  181

Fusarium yellows disease  213–221, 214

GenBank database  218, 227
gene expression analysis

control of perpetual flowering trait  265–266
defence responses  56, 56–57, 57, 59–61, 60
enhanced resistance in transgenic 

plants  272–273
lateral root growth, histone synthesis  123, 
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stress-related  276, 296
use of RT-PCR techniques  169

genetic engineering
alternatives to use of Agrobacterium  88
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transgenes  89–90, 162, 166, 
271–273, 272

benefits of transgenic technology  32–33, 
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CRISPR genome editing method  88, 275
public acceptance of GMOs  33, 88
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genetics
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environmental community analysis by 
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Fragaria genome origins and evolution  12, 
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identity control in nursery material  154
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fungal pathogens  181, 182

geographical distributions  11, 13
Germany, notable cultivars  27
germplasm collections  20, 22–23, 23, 271
Gliocladium roseum (biocontrol agent)  203–204
Glomus spp. (mycorrhizal fungi)  220, 252,  
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glucosinolates (GCs)  235
green manuring  133, 200, 229, 236–237
grey mould disease  162, 203–204, 264

growing cycles  101–102, 120, 142–143, 152, 
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GST (glutathione S-transferase) proteins  59–61, 60

hardiness  21, 268–269, 271, 295–297
harvesting

labour costs  30
season manipulation

extension by breeding  28–30
nursery conditions and  

techniques  101–102
Hautboy strawberry see Fragaria moschata
health benefits  4–5, 31
heat shock proteins (HSP)  268, 297, 298
heat stress  267–268, 270, 297–298, 303–304
hexaploid species  15, 264
history

early breeding activities  26–27
of strawberry cultivation  1, 10–11, 157–158

HP analysis (heteroduplex patterns,  
barcoding)  174

HPLC analysis
for Botrytis cinerea secretome analysis  183
metabolic profiling results  44–47, 45–46, 

47, 48–49
techniques  43–44

humification  133–134, 135
hydrogen peroxide, H2O2

detoxification, chilling acclimation  269, 296
oxidative burst in defence  63–64, 64, 65

hydrogen sulphide priming treatment  294, 305
hypersensitive response (HR)  54, 60
hyponasty  120, 126

Identificator (disease diagnosis tool)  174–175
immunity, triggers and suppression  54
induced systemic resistance  202, 220, 252–255, 

258–259
inflorescence see flowers
internal transcribed spacer (ITS) regions  170, 

171, 174, 216–217, 218
irrigation

capillary watering  251, 253
drip systems  128, 220, 232, 233
partial root-zone drying (PRD) technique  299
sprinkler systems  142, 238
see also water supply

isothiocyanates  200, 200, 229, 235–236
Italy

breeding programme aims  28, 30, 36
effects of latitude on growth and  

flowering  103
locations for nurseries  140
negative effects of intensive cultivation  134
planting and production cycles  153
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June-bearing cultivars  29, 30

kanamycin, in transgenic selection  77, 81, 83
'Keens' Seedling' cultivar  26–27

lateral roots
allelopathic effect of strawberry  

residues  124
formation process  120, 122, 122–123, 
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Lavandula spp., biocidal residues  200, 201
leather rot disease  160, 164–165
leaves

architectural analysis  109, 111
biological control agent mixtures  205
effects of water stress  270, 300, 304
fungal pathogens, disease spread  161,  

162, 167
leaf burn from salt injury  291
phenolic profile, infected and healthy  44, 
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transcriptional responses to avirulent  

infection  59–61, 60
used as explants for regeneration  75

light
artificial, to influence flowering  102, 104
effects on tissue culture regeneration  75–76
intensity and quality manipulation  104
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marker-assisted selection  32, 265
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in vitro culture (micropropagation)  141
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phasing-out of use  31, 168, 198–199,  
213, 240

methyl iodide (soil fumigant)  233
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216–218, 226–228
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226–227, 295
monoterpenoids  200, 201
Montreal Protocol  198, 213
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crown/canopy  2, 99–100, 109–111
root  120–128

mulching  134, 151, 166
polythene films  231–232, 233, 234–235

multiplex PCR  172
Murashige and Skoog media  77, 79
mycoparasitism  206–207, 229
mycorrhizae

effect on Fusarium wilt tolerance  220, 
254–255, 255, 276

impacts on soil health  133–134
plant growth improvement effects  275–276
see also arbuscular mycorrhizal fungi

nematodes
chemical nematocides  321, 323
pest species monitoring  156
resistance  20, 271

Netherlands, cultivars released and grown  35
netting

anti-aphid mesh, for propagation stock  141, 
141, 153

photoselective  104
nitric oxide (NO), signalling role
nitrogen

leaching limitation methods  134
nutrition

effects of salinity stress  291, 293
microbial interactions  207

supply for nursery plants  104–105
non-remontant plants see short-day plants
Norway, cultivar breeding  35–36
nuclear stock (mother plants)  140–141, 153–154
nursery cultivation

plant growth manipulation  100,  
102–106, 128

propagation  106–107, 130, 140–142
quality evaluation of plants  107–108
regulations  153–155
requirements for fruit production  139, 140

nutrient supply
effects of high salinity  290–291
nursery plants  104–105
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