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Preface

Microbes play an integral role in the development of biotechnology and biomedical sectors. It has
become a subject of increasing importance as new microbial resources are identified. The interaction
between microbes and their environment is central to many natural processes that occur in the bio-
sphere. The hosts and habitats of these microorganisms are very diverse; microbes are present in
every ecosystem on earth. The microbial branch of the tree of life is immensely diverse, consisting of
several defined and still unresolved phyla, yet detailed knowledge is limited to relatively few taxa. The
relationship between microbes and humans has been characterized by the juxtaposed viewpoints of
microbes as infectious agents of much dread and their exploitation as highly versatile systems for a
range of economically important biotechnological applications. Understanding the biology of differ-
ent microbes in diverse ecosystems as well as their biotrophic interactions with other microorganisms,
animals, humans and plants is essential to underpin effective and innovative technological develop-
ments. Microbes occupy an important place in the natural world because as non-photosynthetic
organisms they obtain their nutrients from the degradation of organic material. They use many of
their secondary metabolites to secure a place in a competitive natural environment and to protect
themselves from predation. The diverse structures, biosyntheses and biological activities of microbial
products or the microbe itself as a product have attracted chemists for many years. Microbes are ubi-
quitous and their activities affect many aspects of our daily lives, whether it be as sources of pharma-
ceuticals and food or as spoilage organisms and the causes of diseases in plants and man. Biosyn-
thesis of biomolecules provides a unifying feature underlying the diverse structures of microbial
metabolites. Microbes have the ability to transform chemicals in ways which can complement con-
ventional reactions.

The book provides valuable information and recent developments on a wide range of microbes
and their products involved in applications with plants, animals and humans. Plant topics include
microbial resources for improved crop productivity, the potential of soil microbes in eco-friendly agri-
culture, the contributions of mycorrhizal fungi, Trichoderma biotechnology, Bacillus bacterium in
plant defence, rhizobacteria-induced plant growth and biofilmed biofertilizers, microbial nanofor-
mulation, Bacillus thuringiensis as insect pest control and microbial secondary metabolites from
Gibberella fujikuroi. Microbial resources involved in human health that are covered include Listeria
monocytogenes, bacteria as natural weapons against cancer, recent developments on Giardia and giar-
diasis, and bifidobacteria in food applications, probiotics and dental caries. There are chapters that
focus on microbial technology employed in the industrial sector including functional enzymes for
animal feed applications, microbial xylanases, microbial chitinase, characteristics of microbial inu-
linases, microbial cellulases, microbial resources for biopolymer production, microbial metabolites in

XVii
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cosmetic industries, Pleurotus as an exclusive eco-friendly modular biotool, microbial biotechnology
for biosurfactants and probiotic carbohydrates, bio-flavones and biocolourants. Other topics covered
include yeast modification for high expression of recombinant protein, actinomycetes in biodiscov-
ery, molecular strategies for the studies of the expression of gene variation by real-time PCR and
whole genome sequence typing for Escherichia coli. There are also chapters on applied aspects of
microorganisms in the environmental sector, for example archaea for energy production, useful
microorganisms for environmental sustainability and algal biofuel technology.

The present publication aims to provide a detailed compendium of work and information used
to investigate different aspects of microbial resources and their products, as well as interdisciplinary
interactions including biochemistry of metabolites and biomolecules as mentioned above, in a man-
ner that reflects recent developments of relevance to researchers/scientists investigating the microbe.

Editors

Vijai K. Gupta
Gauri D. Sharma
Maria G.Tuohy
Rajeeva Gaur
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Foreword

Biological resources play a significant role in research and industry as the source of new biotechnology
and medicines. The bioresources of developing countries, especially in tropical areas where there is
great biodiversity, are particularly attractive as subjects for research. However, there has been a long
debate over how best to apportion profits from the use of such resources to the developing country
where they originated.

It is only now being fully realized by the chemical industry that microorganisms (bacteria, yeast
and fungi, micro-algae) are an inexhaustible source of a wide range of useful chemical compounds.
Indeed, an ever-increasing number of fine and bulk chemicals, solvents, food additives, enzymes,
agrochemicals and biopharmaceuticals are now being produced based on microbial biotechnology
via industrial fermentation or the process of biocatalysis. Also bioconversion reactions, based on the
use of microbial biocatalysts (cells or enzymes), yield useful interesting molecules under mild reac-
tion conditions. Furthermore, all these microbial processes have a positive environmental impact.

These microbial products generally are biodegradable and practically all are produced starting
from renewable substrates. Agricultural practice, as well as this industrial processing, leads to
agro-industrial residues, which should be considered now also as nutrient substrates, rather than as
a waste. To maximize the bioresources’ potential, several systems for systematic storage of biological
extracts and chemical libraries, together with semi-high throughput capability in conducting vari-
ous biological assays have been established.

In this context, The Handbook of Microbial Bioresources edited by one of the most renowned
experts in bioprocesses, Dr Vijai Kumar Gupta, is extremely opportune not just to meet a growing
demand in the sector, but also for its comprehensiveness and indisputable competence.

Each of the chapters presented in this book shows current and important information related
to that mentioned above, which ensures high quality on each topic. One can certainly say that the
relevance of the information brought by each of the authors in this publication will make a great
contribution not only for professionals but also for students and scholars interested in the field of
bioprocesses.

Professor Helen Treichel
Universidade Federal da Fronteira Sul
UFFS — Campus Erechim

Erechim, Rio Grande do Sul, Brazil

XiX
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1 Microbial Resources for Improved
Crop Productivity

Javier Raya-Gonzalez,' Esmeralda Hernandez-Abreu,?
Eduardo Valencia-Cantero' and José Lépez-Bucio'
'Instituto de Investigaciones Quimico-Biolégicas, Universidad
Michoacana de San Nicolas de Hidalgo, Morelia, Mexico;
2Centro de Bachillerato Tecnolégico-Agropecuario No. 7, Morelia, Mexico

Abstract

The ever-increasing human population and depletion of soil, nutrient and water resources make it necessary to
ensure sustainability and genetic integrity of crops via exploitation of new technologies and through better agri-
cultural practices. Many bacterial and fungal species may contain genes for plant resistance to biotic and abiotic
factors and can produce metabolites that improve both the quality and the quantity of grains, fruits, fibre and
nutritional energy. To ensure that beneficial microbes are available for commercial use, development of screening
methods for identifying favourable traits is necessary. Recent advances in plant molecular biology, genomics and
physiology using model plants and crop species together with improvements in microbial isolation, identification
and culture techniques have provided the means to accelerate and strengthen the use of microbial formulations.
This chapter describes recent advances in the field of plant—-microbe biotechnology, such as the use of micro-
organisms for enhancing plant biomass production, reinforcing immunity and conferring tolerance to abiotic
stress. These approaches should provide solutions to the current major problems, such as pollution and economic
costs that threaten crop productivity and ecological sustainability.

1.1 Introduction has played an essential role in sustaining a high

yield, circumventing nutrient deficiencies, and
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Current agricultural practices are becoming
inadequate, with an imminent decline in crop
productivity because of nutrient and water
shortages and reduction of fertile arable soils. In
contrast the global population increases at a rate
of 1.2% per year and will double from 7 x 10° to
14 x 10? in less than 60 years (Pimentel, 2012).
Thus, the demand placed upon farmers to sup-
ply enough plant products is one of the greatest
challenges for modern biotechnology.

Since the start of the ‘green revolution’, the
use of machinery, fertilizers and agrochemicals

*jbucio@umich.mx

in combating pathogens and pests. However,
natural conditions or inadequate management
causes salinization of soils and contamination
of water ecosystems; these problems in turn
negatively affect the productivity and sustain-
ability of crop plants. In this regard, the role of
naturally abundant yet functionally unexplored
microorganisms — mainly bacteria and fungi — is
of special significance in the provision of nutrients
to commercial plantations at low cost and with a
lesser environmental footprint (Ortiz-Castro et al.,
2009; Ortiz-Castro and Lopez-Bucio, 2013).

© CAB International 2016. The Handbook of Microbial Bioresources (eds V.K. Gupta et al.) 1
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Microorganisms promote plant growth dir-
ectly via fixation of nitrogen (N), solubilization
of phosphorus (P) and iron (Fe), production
of plant growth-regulating substances such as
auxins and cytokinins, or via release of quorum-
sensing (QS) signals or volatiles that are recog-
nized by roots and allow for adjustment of
morphogenesis (Ortiz-Castro and Lopez-Bucio,
2013). Moreover, microorganisms can induce
resistance to pathogens through systemic ac-
quired resistance (SAR) or induced systemic re-
sistance (ISR), and even increase tolerance to
water scarcity (Shoresh et al., 2005; Dimpka
etal., 2009).

The alternative to the extensive use of fer-
tilizers containing N, P and Fe may be the
development of bacterial formulations that in-
crease nutrient uptake or efficiency of nutrient
use by crops. The microbial communities in-
habiting the rhizosphere — a soil zone in close
contact with plant roots — play an important
role in crop improvement in different agroeco-
systems, but our understanding of the com-
position of these microbial communities and
the factors that determine specific root—
microbe interactions is inadequate. Worldwide,
salinity is an important abiotic stress that limits
crop growth and productivity. Ion imbalance
and hyperosmotic stress in plants caused by
high concentrations of salt often lead to oxida-
tive stress that restricts root growth (Krasensky
and Jonak, 2012). Soil salinization may be due
to natural causes and is common in the hot and
dry regions of the world, or it may be a conse-
quence of inadequate management of irriga-
tion. In this context, the use of microorganisms
that stimulate root growth either by increas-
ing the amount of root hairs or lateral root ex-
pansion offers an attractive approach to the
adaptation of crops to high-salt soils (Contreras-
Cornejo et al., 2014).

Combining species of microorganisms within
one formulation may take advantage of mul-
tiple beneficial mechanisms. An understanding
of these mechanisms is likely to lead to the de-
velopment of simple and practical approaches
towards sustainable plant productivity. This
chapter considers the roles of microbes in phy-
tostimulation, plant defence and plant toler-
ance to abiotic stress and explains how these
functions improve the efficiency of use of crop
resources.
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1.2 Microbes Promote Plant Growth
and Nutrient Uptake

Sustained agricultural productivity is unlikely to
come from farmers expanding their efforts into
new territories; the availability of fertile arable
land is more or less fixed and unlikely to increase
significantly without negative effects on biodiver-
sity. The current goal of the industry is to grow
crops within smaller, more productive areas or
on soils considered marginally useful for agricul-
tural purposes. Not all such land is marginal in
the same sense; some of it may be too dry or salty
or may be limited in nutrients or contain high
concentrations of metals, such as aluminium,
often associated with acidity. Each situation re-
quires crop plants with different adaptive mech-
anisms. Thus, researchers need to develop novel
strategies to make plants more productive even
when growth conditions are poor. To produce
more fruits or grains, simply adding more and
more fertilizer each season will not help. For in-
stance, plants react in many ways to changes
in nutrient provision, including the following:
(i) regulation of root nutrient uptake; (i) changes
in root architecture; and (iii) fast modulation of
shoot growth. All these responses are due to the
combined action of external and internal nutri-
ent levels. Levels of macronutrients such as N, P,
potassium (K) and sulfur (S) and micronutrients
such as Fe (required in low concentrations but
essential for photosynthesis) are sensed locally
by the root system (Lopez-Bucio et al., 2003;
Amtmann and Armengaud, 2009; Hindt and
Guerinot, 2012; Nacry etal., 2013). Equally im-
portant is the sensing of levels of internal nutri-
ents or metabolites, which circulate between stems
and leaves and move downwards to the root
system to activate or suppress the mechanisms
of nutrient uptake.

During the course of evolution, plants and
microbes have developed mutually beneficial or
detrimental relationships, most of which involve
nutrient use efficiency. Plants interact with
endophytic and mycorrhizal fungi or with bac-
teria that form biofilms on root and leaf surfaces
or live inside plant tissues; nitrogen-fixing bac-
teria are housed inside root nodules, and many
pathogenic organisms can initiate active infec-
tion of leaves and roots (Ortiz-Castro et al.,
2009). Therefore, colonization of plants by
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microbes is rather the norm and not an excep-
tion. The diversity of microbes associated with
rootsis huge: > 33,000 prokaryotic taxa (Mendes
et al., 2011). In some cases, plants have gained
specific advantages from this intimate associ-
ation with microbial partners, for example,
an exchange of nutrients and protection from
pathogens. Strong evidence exists that micro-
organisms affect plant fitness through direct or
indirect effects on provision of nutrients. The
best known microbes that help plants to deal
with nutrient-poor soils are N-fixing rhizobia,
which establish symbiosis with legume plants
and arbuscular mycorrhizal fungi (AMF) that
improves plant P supply in approximately 95%
of land plants (Smith and Smith, 2011; Olivares
etal., 2013).

An interesting example of how the concept
of the use of fungi as biofertilizers has been
changing with time is AMF, which live within
plant roots, from which they send out filaments
or hyphae that collect phosphate, a critical nu-
trient for their host plants. These fungi, which
microbiologists first recognized ~50 years ago,
are found in all soils and form symbiosis with
plant roots. Years ago, when scientists applied
AMTF to crops, they conducted field trials mostly
in North America and Europe, where plants
grow well with conventional phosphate fertil-
izers. Adding the fungi had little effect, and in
consequence, only a few farmers started using
AMF for cultivation of plants. Later, it was found
that the high P level in most agricultural soils
negatively affects the AMF-root interaction,
thereby limiting any practical applications (Gu
etal.,2011).

Farming in the tropics is a different story
because the soils there are often acidic. When
working on acidic soils, farmers need to add
large amounts of phosphates because P fertilizer
combines with aluminium forming insoluble
salts; therefore, P becomes unavailable for up-
take by the roots. In accordance with the aim to
increase yields and reduce the amounts of P
used as a fertilizer, select isolates of AMF that
thrive in tropical soils may improve the uptake of
P by crops such as maize, sorghum and soybean
grown in those regions; thus, it is important to
test whether adding such fungi will improve
yields (Cakmak, 2002).

Practical studies on various crop plants
have been performed in developing countries of

Latin America and Africa, probably as a result of
the potential for cheaper production of inocu-
lants by small companies or research groups and
the low availability of fertilizers. These studies
mostly involved plant growth-promoting rhizo-
bacteria (PGPR) and yielded highly promising
results (Bashan et al., 2014). PGPR that are used
for production of inoculants include species of
the genera Azospirillum, Azotobacter, Bacillus,
Burkholderia, Enterobacter, Paenibacillus, Pseudo-
monas, Serratia and Stenotrophomonas. Genera
such as these allowed for reduced application
rates of chemical fertilizers in greenhouses and
in field trials, for which we present just a few re-
cent examples (Table 1.1).

In a field trial that lasted 3 years, Ade-
semoye and associates (2008) evaluated a com-
mercially available PGPR formulation, AMF, and
their combination across two tillage systems.
The inoculants promoted plant height, yield (dry
mass of ears and silage) and nutrient content of
grain and silage (Adesemoye et al., 2008). Sub-
sequently, in a greenhouse study tomato plants
inoculated with a mixture of PGPR strains Bacil-
lus amyloliquefaciens IN937a and Bacillus pumi-
lus T4 consistently provided the same yield and
show the same N and P uptake at 70% of the
regular fertilizer amount as do plants with full
fertilizer rate without inoculants, thus saving on
the amount of fertilizer used. Addition of the
AMF Glomus intraradices to the inoculant mix-
ture produced an improvement only when P was
a growth-limiting nutrient (Adesemoye et al.,
2009).

Enterobacter radicincitans is a promising
plant growth-promoting bacterium isolated from
the phyllosphere of wheat and known to increase
the yield of crop plants such as wheat and maize
as well as various horticultural plants from the
families Brassicaceae (e.g. Brassica napus, Brassica
oleracea and Raphanus sativus) and Solanaceae
(e.g. Solanum lycopersicum and Capsicum annu-
um). To assess how reduced nitrogen fertilization
modulates the growth-promoting capacity of
E. radicincitans, its root colonization behavior
and the regulation of nitrogen and phosphate
marker genes were determined in tomato plants.
When treated with E. radicincitans, dry weight of
plant roots and shoots increases by 180% and
150%, respectively, under high nitrogen condi-
tions and by 120% and 140%, respectively, under
low nitrogen conditions. Interestingly, plant roots
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Table 1.1. Microbial traits that enhance nutrient uptake by plants.

Microorganism Crop species Nutrient Mechanism Reference
Rhizobium spp. Phaseolus vulgaris N Symbiotic nitrogen Devi et al. (2013)
fixation
Bradyrhizobium Glycine max N Symbiotic nitrogen Solomon et al.
japonicum fixation (2012)
Frankia spp. Discaria trinervis N Symbiotic nitrogen Valverde and
fixation Wall (2003)
Frankia spp. Casuarina spp. N Symbiotic nitrogen Zhang et al.
fixation (2012)
Azospirillum Oryza sativa N Non-symbiotic Garcia de Salamone
brasilense nitrogen fixation et al. (2010)
A. brasilense Triticum aestivum N Non-symbiotic Piccinin et al.
nitrogen fixation (2013)
Azotobacter spp. Heliantus tuberosus N Not determined Hassan (2013)
Herbaspirillum spp. O. sativa Pand N  Phosphorous Estrada et al.
and Burkholderia solubilization; (2013)
vietaminensis promotion of N
use efficiency
Bradyrhizobium Ipomoea batatas N Non-symbiotic Terakado-Tonooka
nitrogen fixation et al. (2013)
Pseudomonas Hordeum vulgare P Unknown Mehrvarz et al.
putida (2008)
Rhizobium spp. G. max P Phosphorous Qin et al. (2011)
solubilization by
acidification
Sinorhizobium Medicago P Phosphorous Bianco and
meliloti truncatula solubilization by Defez (2010)
acidification and
phosphatase
activity
Piriformospora Zea mays P Phosphate transport ~ Yadav et al. (2010)
indica
Bacillus Sorgum vulgare, K Potassium Basak and Biswas
mucilaginosus T aestivum, Z. mays solubilization (2009), Singh
et al. (2010)
Arthrobacter agilis P vulgaris Fe Iron reduction/ Valencia-Cantero
UMCV2 solubilization et al. (2007)
A. agilis UMCV2 M. truncatula Fe Plant strategy Orozco-Mosqueda
| induction et al. (2013b)

were more highly colonized by soil bacteria when
grown in conditions of N availability than under
low nitrogen conditions (Berger et al., 2013).

In different laboratory assays designed to
evaluate possible promotion of plant growth by
endophytic bacteria in maize, another Enterobacter
species (strain FD17) showed both higher growth-
promoting activity under axenic conditions and
higher colonization capacity in two maize culti-
vars grown in pots until ripening and subjected
to outdoor climatic conditions. Inoculation with
FD17 increased plant biomass, the number of
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leaves, leaf area and grain yield up to 39%, 14%,
20% and 42%, respectively, compared with the
uninoculated control plants. Similarly, the in-
oculation improved photosynthesis in maize
plants and reduced the time needed for flowering
(Naveed et al., 2014).

Bacillus species, such as B. amyloliquefaciens,
contribute to biofertilization via production of
extracellular phytases, which are special phos-
phatases that catalyse sequential hydrolysis of
phytate to less-phosphorylated myo-inositol de-
rivatives and inorganic phosphate (Jorquera et al.,
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2008). In addition, phytases eliminate chelate-
forming phytate, which binds nutritionally im-
portant micronutrients. There are similar findings
in the case of Fe. In the soil, the most prevalent
form of iron is Fe**, which is almost completely
insoluble, whereas the more reduced form Fe?* is
relatively soluble and taken up more readily by
plants and microorganisms. Arthrobacter agilis,
Stenotrophomonas maltophilia and Bacillus spe-
cies such as Bacillus megaterium can potentially
increase the bioavailability of Fe (Valencia-Cantero
etal., 2007). In particular, A. agilis and Sinorhizo-
bium meliloti increased Fe reduction mechanisms
via emission of volatile organic compounds (VOCs)
(Orozco-Mosqueda et al., 2013a, b).

AMF, Trichoderma and Piriformospora indica
colonize the root surface or proliferate in internal
plant tissues without causing any damage. Sev-
eral of these fungal species are emerging as growth
promoters. P, indica colonization of tobacco, sugar-
cane, strawberry and barley improves yields of
crop plants because of increased shoot growth,
greater number of inflorescences, flowers and
seeds (Franken, 2012). For instance, the yield of
barley increased by 10% depending on the culti-
var because of a larger number of ears (Waller
et al., 2005), whereas in tomato this approach
increases the harvest yield and accelerates fruit
maturation (Fakhro et al., 2010). Trichoderma
virens and Trichoderma atroviride increase growth
potential of plants and nutrient uptake, effi-
ciency of fertilizer use, the percentage and rate
of seed germination, and proliferation of lateral
roots, thus leading to higher seedling fresh weight
and foliar area (Contreras-Cornejo et al., 2013).
These effects occur via the production of several
classes of metabolites including auxins, volatiles,
harzianolide and small peptides. These selected
examples suggest that integration of microbes
in nutrient management programmes can help
to reduce but not eliminate the use of chemical
fertilizers.

1.3 Microbes Produce Plant
Growth-regulating Substances

Microorganisms are phytostimulators when they
produce phytohormones such as auxins, cytoki-
nins and gibberellins, which perform major
functions in the configuration of root system
architecture. Plastic root development enables

plants to cope with abiotic stressors such as
drought and salinity and is therefore important
for adaptation to global climate changes. Plants
increase the absorptive surface through prolifer-
ation of lateral roots and root hairs, which are
important for anchorage to the soil and for ac-
quisition of nutrients and water (Orman-Ligeza
etal., 2013; Smith and Whatt, 2013).

Several bacterial and fungal species pro-
duce indole-3-acetic acid (IAA), auxin pre-
cursors or auxin mimics that might stimulate
lateral root or root hair proliferation and nutri-
ent uptake (Sukumar et al., 2013). For example,
in T. virens biosynthesis of TAA is responsible for
plant growth promotion, which in turn is de-
pendent on the presence of the auxin precursor
tryptophan (a major compound in plant root ex-
udates) and on the signalling mechanism in
plants involving auxin receptors and downstream
components (Contreras-Cornejo et al., 2009).
Similarly, inoculation of plants with cytokinin-
producing Bacillus subtilis or B. megaterium strains
has a beneficial effect on plant growth (Idris et al.,
2007), whereas Arabidopsis mutants deficient in
cytokinin receptors did not respond to B. megate-
rium inoculation in terms of enhanced growth
and root branching (Ortiz-Castro et al., 2008b).
AMF influence root architecture by enhancing
lateral root formation probably because of the
production and release of auxins, ethylene (ET) or
other volatile compounds (Splivallo et al., 2009).
Thus, various microbial species may influence
common root developmental programmes by pro-
ducing phytohormones.

VOCs and acyl-L-homoserine lactones
(AHLSs) from rhizobacteria trigger growth pro-
motion in Arabidopsis thaliana by regulating
auxin homeostasis, thus demonstrating a new
paradigm as to how these bacteria promote
plant growth (Zhang et al., 2007; Ortiz-Castro
et al., 2008a, 2011). VOCs perform diverse and
critical functions in plant-microbe interactions
and can travel far from the point of production
through the atmosphere, porous soils and
water. Thus, VOCs are compounds highly active
in both short- and long-distance intercellular
communication. Gutiérrez-Luna and co-workers
(2010) evaluated the effects of 12 bacterial
strains isolated from the rhizosphere of lemon
plants (Citrus aurantifolia) on plant growth and
development. Several bacterial strains showed
a plant growth-promoting effect stimulating
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biomass production, modulation of root system
architecture and root hair production. VOC
emission analysis identified aldehydes, ketones
and alcohols as the most abundant compounds
common to most rhizobacteria. Other VOCs,
including 1-octen-3-ol and butyrolactone were
strain specific (Gutiérrez-Luna et al., 2010).
Characterization of the bacterial isolates by 16S
rDNA analysis revealed the identity of these
strains as Bacillus cereus, Bacillus simplex and
other Bacillus spp. These data show that rhizos-
pheric bacterial strains can modulate both plant
growth and root system architecture via differ-
ential VOCs emission.

In bacteria, cell-to-cell communication oc-
curs via QS signals. AHLs produced by Gram-
negative bacteria are the best-known QS signals.
AHLs enter the roots and are transported to
shoots where they regulate gene expression and
protein biosynthesis (von Rad et al., 2008; Sieper
etal., 2014). Moreover, local sensing of AHL levels
affects the growth rate, root development and
resistance to microbial pathogens (Ortiz-Castro
et al., 2008a; Schikora et al., 2011). Further re-
search in this field will accelerate the develop-
ment and application of new products that
improve crop quality and yields.

1.4 Microbes Reinforce
Plant Immunity

Plants live in close interaction with a broad
range of pathogens and pests that affect roots or
shoots; these noxious organisms use different in-
fection strategies and include viruses, bacteria,
fungi, oomycetes, nematodes and insects. By their
parasitic relationships with plant hosts, patho-
gens can be necrotrophs or biotrophs. Necro-
trophs usually destroy cells and tissues through
the production of toxins and then feed on their
contents. In contrast, biotrophs derive nutrients
from living host tissues usually without destroy-
ing cells and tissues (Pieterse et al., 2009). Plants
have well-developed defence strategies that in-
clude physical barriers, such as the cuticle and
the cell wall, and produce antimicrobial com-
pounds such as phytoalexins or pathogenesis-
related (PR) proteins such as chitinases and
glucanases, which degrade the fungal and
oomycete cell wall.
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The plant immune system recognizes con-
served molecular characteristics of many microbes;
these signatures are also known as microbe- or
pathogen-associated molecular patterns (MAMPs
or PAMPs). MAMPs include flagellin, peptido-
glycan and lipopolysaccharides recognized
by specific cell membrane receptors to activate
MAMP-triggered immunity (Jones and Dangl,
2006). PAMPs may include strain-specific pro-
teins from pathogens, which interact with plant
resistance proteins to initiate SAR in parts of the
plant distant from the site of the attack in order
to induce immunity to subsequent infections by
related or unrelated pathogens. SAR-induced
defence responses include production of reactive
oxygen species (ROS) or reactive nitrogen species
such as nitric oxide (NO), alterations in the plant
cell wall, production of antimicrobial compounds
and the synthesis of host defence PR proteins
(Pieterse et al., 2009).

Similar to the immunostimulatory proper-
ties of human probiotics, root colonization by
certain strains of PGPR and plant growth-
promoting fungi (PGPF) helps a plant to effi-
ciently defend itself against a broad range of
pathogens and even insects through ISR (Zami-
oudis and Pieterse, 2012). Colonization of roots
by ISR-causing rhizobacteria and fungi does not
directly activate the plant immune system but
primes stems and leaves for an accelerated de-
fence response after an attack by a pathogen or
insect, thus providing cost-effective protection
from plant diseases (Bulgarelli et al., 2013). The
regulation of the defence network that trans-
lates the MAMP- or PAMP-induced early recog-
nition events into activation of defence responses
depends on the action of three plant hormones,
namely salicylic acid (SA), jasmonic acid (JA)
and ET. Necrotrophs are generally sensitive
to defences controlled by JA and ET, whereas
biotrophs are sensitive to SA-regulated defences.
At certain developmental stages, such as leaf
senescence, SA- and JA-dependent signalling ef-
fectively protect plants from potential attackers
(Pieterse et al., 2012).

The preformed structural barriers such as
cuticle protect plants from spread of pathogens.
Nevertheless, some pathogenic fungi infect plants
by penetrating the cell wall, and many bacterial
pathogens invade plants primarily through
stomata on the leaf surface. Entry of a foliar
pathogen, Pseudomonas syringae pathovar tomato
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DC3000, into the plant body occurs through
stomatal openings; consequently, a key innate
immune response in plants is the transient clos-
ure of stomata, which delays disease progres-
sion. Kumar and associates (2012) provided
evidence that the root colonization of Bacillus
subtilis FB17 restricts the stomata-mediated patho-
gen entry of PstDC3000 in A. thaliana through a
signalling mechanism involving abscisic acid
(ABA) and SA that closes stomata (Kumar et al.,
2012). These findings underscore the import-
ance of rhizospheric bacteria as an integral part
of the plant innate immunity to foliar bacterial
infections and open up new opportunities for
adaptation of agriculture to climate changes.

Recent evidence suggests that plants ac-
tively recruit non-pathogenic root-associated
microbes after an attack by pathogens or insects
(Rudrappa et al., 2008; Lakshmanan et al., 2012).
By regulating its root secretion of carbon-rich
exudates such as organic acids (i.e. malate) or by
detecting microbe signatures, plants can actu-
ally shape the root microbiome by changing mi-
crobial diversity, density and activity (Berendsen
etal., 2012).

Knowledge of AHL-signalling in bacteria led
to identification of the compounds that activate
plant immunity. The presence of AHL-producing
bacteria in the rhizosphere of the tomato in-
duces SA- and JA-dependent defence responses,
conferring resistance to the fungal pathogen
Alternaria alternata (Schuhegger et al., 2006).
Moreover, application of purified AHLs to Medi-
cago truncatula and Arabidopsis plants results in
differential transcriptional changes in roots and
shoots, affecting expression of genes potentially
involved in immune responses and development
(von Rad et al., 2008). Similarly, global analysis
of gene expression changes in A. thaliana in
response to N-isobutyl decanamide — a plant
alkamide related to AHLs — revealed over-
representation of defence-responsive transcrip-
tional networks. In particular, genes encoding
enzymes for JA biosynthesis are upregulated,
and this activation occurs in parallel with accu-
mulation of JA, NO and hydrogen peroxide
(H,0,). The alkamides confer resistance to the
necrotizing fungus Botrytis cinerea as shown by
inoculating detached Arabidopsis leaves with co-
nidiospores and by evaluating disease signs and
fungal proliferation. Application of N-isobutyl
decanamide significantly reduces necrosis caused

by the pathogen and inhibits fungal proliferation
(Méndez-Bravo et al., 2011). These results are
suggestive of a role of AHLs and alkamides in
induction of plant immunity.

Volatile compounds recently emerged as
important signals for plant-microbe and microbe—
microbe signalling that activates plant immun-
ity. In addition to the effects on plant volatiles
emitted by leaves and flowers, several root-
colonizing microbes can produce volatiles them-
selves. These microbial volatiles participate in
ISR to pathogens (Zamioudis and Pieterse, 2012;
Bulgarelli et al., 201 3; Farag et al., 2013). For in-
stance, the short-chain VOC 2,3-butanediol is
produced by root-associated B. subtilis GBO3
and B. amyloliquefaciens IN937a and can trigger
ISR of A. thaliana to the pathogen Erwinia carotovo-
ravia the ET signalling pathway (Ryu et al., 2004).
Interestingly, application of synthetic 2,3-
butanediol at different doses and a volatile ex-
tract from the strain GBO3 causes similar disease
protection, which is comparable to that induced
by bacterial inoculation (Ryu et al., 2004). The
Paenibacillus polymyxa strain E681 is another
PGPR; it was isolated from barley roots and acts
as a promising biocontrol agent that can protect
cucumber and sesame from damping-off caused
by the soil-borne pathogens Fusarium oxysporum,
Rhizoctonia solani and Pythium ultimum. Recent
data from the P. polymyxa strain E681 reveal that
long-chain bacterial VOCs, such as the C13 hydro-
carbon tridecane, can also elicit ISR, as can C4
alcohols such as 2,3-butanediol (Lee et al., 2012).

Root colonization by selected PGPF such as
Trichoderma increases resistance to different
types of pathogens in various plant species, both
below and above ground (Shoresh et al., 2005;
Contreras-Cornejo et al., 2013). This protective
effect occurs through activation of the plant im-
mune system via several mechanisms. Although
a clear understanding of the Trichoderma—plant
recognition process is lacking, several elicitors
that activate plant basal immunity are in the
fungus, including an ET-inducing xylanase, the
proteinaceous elicitor Sm1, 18-mer peptaibols
and cationic lipopeptides (Contreras-Cornejo
etal., 2013). Expression studies on marker genes
linked to the main defence signalling pathways
suggest that Trichoderma-induced systemic re-
sistance is complex and may involve direct acti-
vation of both SA- and JA-related pathways as
well as production of antimicrobial compounds
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(Shoresh et al., 2005; Contreras-Cornejo et al.,
2011; Mathys et al., 2012). Interaction of plant
roots with the mycelium of T. virens and T. atro-
viride induces growth and defence responses, in-
dicating that both processes are not inherently
antagonistic. Analysis of the pathogenesis-related
reporter markers pPrla:uidA and pLox2:uidA in
response to T. virens or T. atroviride infection indi-
cated that the defence signalling pathways acti-
vated by these fungi involves SA or JA depending
on the amount of conidia used for inoculation.
In Arabidopsis seedlings whose roots are in con-
tact with T. virens or T. atroviride that are chal-
lenged with B. cinerea in leaves, disease severity
is significantly lower than that seen for seedlings
grown axenically (Contreras-Cornejo etal., 2011).
To summarize, JA, SA and additional factors are
essential for ISR to B. cinerea and other patho-
gens in Arabidopsis, but the specific requirements
and degree of protection may depend on the
Trichoderma strain and the degree of plant colon-
ization. We speculate that the combined applica-
tion of root-associated microbes acting via different
signalling pathways may enhance plant defence
against both pathogens and insect herbivores.
Supporting this idea, in cucumber, co-inoculation
with non-pathogenic Trichoderma harzianum and
a Pseudomonas species contributes to significantly
enhanced resistance after a challenge by the stem
pathogen E oxysporum via activation of both
JA- and SA-dependent defence responses in com-
parison to individual treatments (Alizadeh et al.,
2013). Whether activation of both JA- and SA-
signalling pathways will also induce the biosyn-
thesis of higher diversity of secondary metabolites
remains to be determined, but it is increasingly
clear that an analysis of different soil com-
munity members is important for a thorough
understanding of their plant-mediated effects on
plant defence.

A parallel case is the mutualistic relation-
ship between the basidiomycete Piriformospora
indica and a wide range of vascular plants. P, indica
colonizes living root cells via direct penetration.
This Dbiotrophic colonization causes broad-
spectrum suppression of root innate immunity.
P, indica depends on JA for suppression of early
immune responses as well as the SA defence
pathway (Qiang et al., 2012). Inactivation of
components of the ET pathway dramatically im-
pairs root colonization by P. indica. Colonized
plants acquire resistance to a variety of leaf and
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root pathogens. P. indica colonization helps
the shoots and roots become preconditioned for
infection via JA and ET signals from the roots
(Unnikumar et al., 2013).

1.5 Microbes Provide Protection
from Abiotic Stress

Inoculation of crops with beneficial PGPR or
PGPF can help to better adapt these plant species
to abiotic stressors such as drought or salinity
because high temperatures and salinity affect
more than 30% of arable land, reducing crop
yields by up to 50% in certain regions. As a re-
sponse to water deficit, plants increase synthesis
of osmolytes, thereby increasing the osmotic
potential within cells. Some naturally drought-
tolerant plants produce trehalose, which stabil-
izes membranes and enzymes, protecting them
from damage when cells need rehydration. Al-
though the capacity for synthesis of trehalose is
rather rare among plants, many microorganisms,
including bacteria and fungi, can synthesize this
simple disaccharide (Dimpka et al., 2009). Gly-
cine betaine produced by osmotolerant bacteria
possibly acts synergistically with plant-produced
trehalose in response to the stress and increases
drought tolerance in this manner. Consistent
with this notion, the beneficial effects of osmolyte-
producing rhizobacteria on rice are effective
under drought stress with subsequent improve-
ments in dry weight of shoots and roots and in
the number of tillers in the inoculated rice plants
compared with uninoculated controls (Yuwono
etal., 2005). Another important factor in growth
stimulation by these osmotolerant bacteria is
their ability to produce IAA. Root proliferation is
induced by this hormone in drought-stressed
rice plants inoculated with bacteria and this in-
creases water uptake (Yuwono et al., 2005).
Additional studies have shown that inoculation
with the endophytic bacteria such as P. indica
and Trichoderma spp. can mitigate the effects of
salt stress in various plant species. Azospirillum-
inoculated seeds of lettuce, for instance, show
better germination rates and vegetative growth
than uninoculated control plants when exposed
to NaCl (Barassi et al., 2006). P. indica has a
strong growth-promoting effect during symbi-
osis with a broad spectrum of plants, conferring
tolerance to salt stress on barley (Waller et al.,
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2005), whereas T. virens (Tv29.8) and T. atrovir-
ide (IMI 206040) promote Arabidopsis growth
under both normal and high salt conditions
(Contreras-Cornejo et al., 2014). Arabidopsis
seedlings grown under high salt conditions
while inoculated with Trichoderma show in-
creased levels of ABA, L-proline and ascorbic
acid and enhanced elimination of Na* through
root exudates (Contreras-Cornejo et al., 2014).
These data further confirm the critical role of
auxin and root development to confer salt toler-
ance and suggest that these fungi may increase
plant IAA levels as well as the antioxidant and
osmoprotectant status of plants under salt
stress.

1.6 Current Challenges for
Agricultural Applications of
Microbes

Much interest has arisen in relation to the use
of microorganisms for stimulation of plant
growth and development, and in some cases
(e.g. Rhizobia, mycorrhizae and Trichoderma)
these approaches are commercialized as part
of so-called organic agriculture (Berg, 2009).
Most farmers employing natural products in-
creasingly utilize microbial technologies and
other microbe-derived compounds to inoculate
seeds or soils, in order to provide nutrients to
the plants; however, often the farmer uses
these products without proper knowledge and
understanding and as a consequence, results
can be variable and sometimes inconsistent.
Microbes have also attracted worldwide atten-
tion because of their role in disease manage-
ment and remediation of salinized/polluted
land. Thus, microbial communities in general
are promising tools for sustainable production
of crops and are the trend of the future.

The success of microbial formulations for
crop improvement will depend on the perform-
ance of microbes in the root/soil zone, on their
consistent beneficial effects and on the accept-
ance by the growers (Bashan et al., 2014). Cur-
rent limitations necessitate concerted action by
scientists, industry and farmers towards: (i) the
establishment of microbial collections; (ii) test-
ing of formulations based on robust scientific
knowledge; (iii) greenhouse and field trials;

(iv) dissemination of products for field use; and
(v) communication of promising data. A major
challenge is to ensure that microbial collections
represent the existing genetic diversity relevant
to agricultural applications. In this regard, the
rhizospheres of locally adapted wild and crop
plants are a rich source of bacterial and fungal
species, and screening of thousands of local iso-
lates for traits beneficial to plants is now possible
(Ortiz-Castro et al.,, 2013). These genetic re-
sources need protection through propagation
and exchange, and original isolates can be part
of ex situ collections. Protocols for bacterial cul-
ture and preservation need to be continually de-
veloped and refined to maintain their biological
properties and the genetic diversity present in
the original sample. Microbial collections based
on PGPR or PGPF have not been fully cata-
logued or developed. To facilitate the frequent
and effective use of microbes in research and
field use, the isolates as well as the associated in-
formation should be readily accessible and dis-
tributed rapidly and reliably among scientists
and farmers. Once a promising formulation
containing either a single or mixed microbial
community is identified, seed treatment should
be an effective way to deliver bioactive mol-
ecules directly to the seed surface to protect the
seed while it lies dormant in the soil and later to
enhance growth of the seedling (Bashan et al.,
2014).

Bioefficacy may be an additional desirable
trait of microbe-based inoculants because the
active microbe may control infestation by bac-
teria, fungi or insects that damage roots. This
property certainly depends on various micro-
bial traits, such as tolerance to desiccation, the
root colonization potential and soil mobility. If
such limitations are solved, the potential bene-
fits are: (i) new collections of agriculturally im-
portant microorganisms; (ii) expanded exchange
of microbial strains and relevant technical infor-
mation; (iii) new cultivation protocols and tech-
niques for enhancement of collection quality,
genetic integrity and efficiency of management
of genetic resources; (iv) protection of vulner-
able or endangered microbial resources; and (v)
more frequent use of bacteria and fungi for field
trials. We hope that current basic and applied
research will solve some of the existing prob-
lems and lead to an efficient agriculture based
on highly valuable microbial resources.
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Abstract

There is mounting research on microbial diversity and their products, especially those associated with soil
amendments such as biochar and compost. There is increasing recognition of the beneficial effects of biochar,
which, applied in suitable amounts and forms, can stimulate soil microbial activity, soil microbes and symbiotic
microorganisms, and mycorrhizal fungi. Mycorrhizas may have an important role in determining the impact of
biochar on plant communities. Biochar influences carbon (C) sequestration in soils as a simple instrument to
counterbalance C emissions related to the burning of fossil fuels. Among soil microorganisms, most plant species
associate with mycorrhizas and/or other symbionts. Mycorrhizas permit the plant to perform better under un-
favourable conditions, mostly in the soil superficial layers. Due to their key position in the soil-root interface, the
study of mycorrhizas in combination with biochar/compost has the potential to make a significant contribution
to the biochar effect. The appreciation of alternatives to cope with environmental constraints, such as the use of
soil amendments such as biochar and compost, is also of interest for understanding the effect of drought on
crops. This chapter explores current information on mycorrhizas in agroecosystems with respect to the benefits
of biochar/compost amendments.

2.1 Introduction

modifying the number, diversity and activity of
the soil microbiota, including both free and sym-

The interest in climate change is rising with in-
creased recognition that global changes can
negatively affect biodiversity and ecosystem ser-
vices (Sala et al., 2000; Pagano, 2013; van der
Wal et al., 2013; Winfree, 2013). Similarly, the
interest in ecologically sustainable plantations
and agroforestry systems is also growing with
a greater understanding of the adverse effects
of agricultural intensification (Borie et al.,
2006; Duarte et al., 2013) and the potential of
terrestrial carbon (C) sequestration (see King,
2011). However, plantations and crops affect
the soil's physical and chemical properties,

*marpagano@gmail.com

biotic fungal populations (Cardoso and Kuyper,
2006; Kahiluoto et al., 2009; Nyfeler et al., 2011;
Pagano et al. 2011).

Legumes that host nitrogen-fixing bacteria
and plant species associated with mycorrhizas,
which enhance nutrient uptake, can offer a route
for the return of C substrate directly to microbes
and soil (Azcon and Barea, 2010). Additionally,
the increased microbial nitrogen (N) inputs can
intensify soil C stocks by influencing decompos-
ition processes (reviewed by Stockmann et al.,
2013). For example, the rhizobial and mycorrhizal
symbioses with plants have been increasingly

14 © CAB International 2016. The Handbook of Microbial Bioresources (eds V.K. Gupta et al.)

printed on 2/13/2023 12:54 PMvia

. All use subject to https://ww. ebsco.conlterns-of-use



EBSCChost -

The Contributions of Mycorrhizal Fungi 15

printed on 2/13/2023 12:54 PMvia .

studied with respect to their benefits. Conse-
quently, it is known that different arbuscular
mycorrhizal fungi (AMF) communities can be
found in degraded versus pristine forest (Haug
etal., 2010; Pagano et al., 2011; De Souza et al.,
2013; Soteras et al., 2013), which can conse-
quently affect reforestation, plant production or
plant succession.

In addition, there are some alternatives to
cope with various environmental constraints,
for example the use of soil amendments. Among
them, the use of biochar and compost, which
can stimulate soil microbial activity (Ogawa,
1994a, b; Nishio, 1996), have rapidly increased
their inclusion in projects worldwide. Biochar
application can also stimulate AMF coloniza-
tion (Saito, 1990; Ogawa and Okimori, 2010)
and rhizobia, which can fix atmospheric N, sup-
ply to leguminous vegetation (Nishio and Okano,
1991). Some field experiments in Indonesia
have showed that biochar could increase yields
of maize together with 500 kg/ha of NPK
(15:15:15) fertilizer application (Yamato et al.,
2006). Benefits of biochar to plant nutrition
and microbial activity have been found in the
humid tropics (Lehmann and Rondon, 2006) as
well as in temperate forest (Zackrisson et al.,
1996; Pietikdinen et al., 2000). Furthermore,
ancient anthropic soils found in the humid trop-
ics show high fertility over long time usage,
and serve as an historical model for biochar
(Falcao et al., 2003; Glaser and Birk, 2012; Jorio
etal., 2012).

This chapter explores current information
on biochar and compost in plantations with re-
spect to the benefits of AMF symbioses. Possible
mechanisms through which biochar affects the
relationship between crops and mycorrhizal
fungi, as well as research paths that are neces-
sary for the increased understanding of mycor-
rhizal benefits, are discussed.

2.2 Soil Amendments

Forests store ~45% of terrestrial C and can seques-
ter large amounts of C (Bonan, 2008). Carbon
uptake by forests contributes to the terrestrial C
sink of anthropogenic C emissions from fossil
fuels and land use change (Denman et al., 2007).
However, soil C sequestration can be four times
higher: 2344 Gt of organic C is stored at the top

3 m of soil (54% of which is stored in the first
metre), reducing global warming. This counter-
acts the 9 Gt of anthropogenic carbon dioxide
(CO,) liberated into the atmosphere (Stockmann
etal.,,2013).

It is known that biochar may help to seques-
ter C in soils as a simple instrument to counterbal-
ance C emissions related to the burning of fossil
fuels (Lehmann and Joseph, 2009a, b; Atkinson
et al., 2010; Powlson et al., 2011), though it may
also act as soil amendment to improve soil fertility.

Other indirect effects of biochar addition
include the following: (i) increased water and nu-
trient retention; (ii) improvements in soil pH; (iii)
increased soil cation exchange capacity; (iv) ef-
fects on phosphorus (P) and sulfur (S) trans-
formations and turnover; (v) neutralization of
phytotoxic compounds in the soil; (vi) improved
soil physical properties; (vii) promotion of mycor-
rhizal fungi; and (viii) alteration of soil microbial
populations and functions (the mechanisms are
not yet understood). Biochar addition may alter
the microorganism populations that stimulate
plant health and resistance to biotic stresses
(reviewed by Elad et al., 2011).

Moreover, some authors have suggested
that biochar induction of responses in systemic
plant resistance results in controlling diseases
(reviewed by Elad et al., 2011). It is also known
that biochar can be used to mitigate salt stress
effects (Thomas et al., 2013).

In addition, because black carbon (black-C)
can be found in varied environments, it is crucial
to elucidate alterations of its natural oxidation
under different climatic and soil regimes.
Black-C oxidation may be improved by biotic
(Hamer et al., 2004) and abiotic processes, such
as greater temperature (Cheng et al., 2006) and
moisture. Conversely, black-C oxidation may di-
minish with better aggregate protection (Glaser
et al., 2000; Brodowski et al., 2005), for example
in fine-textured soils (see Cheng et al., 2008).

Several studies reported experiments using
laboratory-produced biochar, but only a few
have showed the elemental concentrations and
specific surface area of the samples (Baldock and
Smernik, 2002; Czimczik et al., 2002; Nguyen
etal., 2004; Zhu et al., 2005; Brown et al., 2006;
Turney et al., 2006). Nevertheless, it is known
that the final formation temperature and gas
composition during heating influence char
properties (Brown et al., 2006). Additionally, the
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temperature of formation is difficult to measure
and is rarely known in natural chars (Hammes
etal., 2006).

Due to the relevance of this topic a conference
on biochar took place in Italy — the ‘International
Conference BCD' 2013 — ‘Biochars, Composts,
and Digestates. Production, Characterization,
Regulation, Marketing, Uses and Environmental
Impact’. Among the topics discussed were recent
scientific results including: (i) research from
companies and current issues related to techno-
logical processes, analysis and characterization;
(ii) sustainable uses and certification, regulation
and marketing sides of biochar; and (iii) com-
post and digestate applications, waste, soil and
water sciences, agriculture and environmental
sciences and ecotoxicology (International Con-
ference BCD, 2013). In this conference 80 oral
presentations and 107 research posters were
registered, including composting of olive mill waste,
management of urban biodegradable waste, rice
cropping systems amended with waste-derived
material, and action of humic substances to
name just a few.

The effects of biochar soil amendment on
the different soil-plant-microbe interactions
that may have a role in plant health have been
little studied. Among the extended benefits of bi-
ochar is also improvement of plant responses to
disease. Historical and new black-C samples have
been examined worldwide, including samples
collected from the remnants of historical char-
coal (Cohen-Ofri et al., 2006, 2007; Cheng et al.,
2008), black-C from Amazonian dark soils, also
known as TPI (Terra Preta de Indio) (Falcéo et al.,
2003; Glaser and Birk, 2012; Jorio et al., 2012)
and newly produced black-C (Sohi et al., 2010).

Biochar has been compared to the histor-
ical black-C samples retrieved from Amazonian
dark earth. However, evidence suggests that be-
sides incorporating charcoal into the soil, the
Amazonians practised intensive soil composting
(reviewed by Briones, 2012). Lehmann and
Joseph (2009a) give a detailed review of the ef-
fect of biochar for environmental management.

In parallel, there is greater availability of re-
search on the compost as a peat substitute as well
as on their known effects on biocontrol agents
for plant disease management (see Martin and
Brathwaite, 2012). The use of peat is critically
viewed as a limited natural resource of unsus-
tainable use (Joosten and Clarke, 2002).
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Since 1898 approximately 14,752 peer-
reviewed journal papers on compost have been
reported all over the world (Scopus survey con-
ducted in March 2014), of which 259 are due to
be out in 2014. Composting is the controlled
microbial aerobic decomposition and stabiliza-
tion of organic substrates. The result is a stable
product without pathogens and viable weed
seeds that is employed in the cultivation of
plants. Additionally, there is substantial inter-
est on compost teas (the liquid obtained from
compost) as plant disease suppressors (Martin
and Brathwaite, 2012).

In order to improve access to technical infor-
mation on compost and its potential to mitigate
soil-borne diseases, more attention is nowadays
paid to research and review papers compiling all
this information (Martin and Brathwaite, 2012).
Traditionally, compost has been created in rural
farming areas of most developing tropical coun-
tries using small-scale, slow-rate, open compost-
ing methods, particularly heap and pit structures
(Persad, 2000), whereas in urban areas and
most developed countries, larger-scale tech-
niques involving windrow or in-vessel compost-
ing have been adopted.

However, with growing rates of organic waste
generation (in both rural and urban areas), tech-
nologies with higher turnovers, able to produce
more stable end products, such as windrow and
in-vessel systems, have been proposed (reviewed
by Martin and Brathwaite, 2012). Nowadays, in-
novative technologies have increasingly won the
market. In Italy, for example, companies such as
Tersan Puglia Composting Plant and Biovegetal®
Fertilizers Production Plant, transform urban or-
ganic waste, crop residues and agro-industrial
waste into organic fertilizers (Fig. 2.1a). This is
achieved in a composting plant in the industrial
area of the city of Bari. In Brazil, compost (leaves,
stems, grass and animal faeces) is transformed at
the campus of the Federal University of Minas
Gerais (Fig. 2.1b). After 6 months of maturity, the
product is used for ornamental plant cultivation
throughout the campus. In Europe and elsewhere,
organic waste is generally separated from the rest
of urban waste (glass, paper, plastic, woods, met-
als, etc.). The level of separate collection is in-
creasing worldwide. In Italy, for example, ~38%
of municipal waste is separated. The growing
worldwide attention to the high levels of wastes
will lead to a constant increase in their separation.
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Fig. 2.1. Large-scale composting techniques. (a) Compost produced in ltaly at Biovegetal® production
plant (www.biovegetal.it). (b) Compost produced on the campus of the Federal University of Minas
Gerais, Belo Horizonte, Brazil. (Photographs by M. Pagano with permission.)
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Research on biochar is more recent. The
first published reports on biochar in the Scopus
database were in 2000, contrasting with the
first report on compost (not in the Scopus) in
1898 from Germany. In the last years approxi-
mately 1,291 peer-reviewed journal papers on
biochar were reported all over the world (Scop-
us survey conducted in March 2014) of which
16 are due to be out in 2014. Biochar may help
in reforestation projects and reclamation of
degraded rangelands (Stavi, 2012), improving
our understanding of belowground ecology.
Conservation practices such as agroforestry
systems and application of biochar in soil are
considered the most promising options to effi-
ciently sequester large amounts of carbon in the
long run (Stavi and Lal, 2013).

Nowadays biochar may also help to deal
with wetland restoration practices. In the USA,
Ballantine et al. (2012) found better soil pro-
perties, essential for ecological functioning,
with biochar thus it appears it may be useful for
restoration ecology. Both biochar and compost
contain high levels of stable C and can be in-
corporated in the soil to improve soil quality.
Thus, the use of biochar and compost can in-
crease the soil organic C level compared with
no amendment in long field experiments (D’Hose
etal., 2013).

2.3 Morphology and Composition
of Historical Black-C

Black-C, the residue of incomplete combustion
of biomass or fossil fuel, is considered a chem-
ically and biologically very stable carbon that
can persist in nature for a long time (Schmidt
and Noack, 2000; Knicker, 2007). Research into
active management of black-C as a means to se-
quester atmospheric CO, in soils is increasingly
encouraged. However, the long-term persistence
of black-C does not mean that the properties of
black-C persist after its deposition. Cheng et al.
(2006) showed rapid oxidation of black-C in
short-term incubations, and altered black-C
properties (formation of oxygen-containing
functional groups). Moreover, black-C transport
(Hockaday et al., 2006), erosion (Rumpel et al.,
2006), stability (Bird et al., 1999; Czimczik and
Masiello, 2007) and cation retention (Liang et al.,
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2006, 2008) will depend on the oxidation in
soils. Up to now, detailed research on the natural
oxidation of black-C in soils remains scarce and
little is known about such aspects as to how fast
or to what extent black-C is oxidized.

Ancient anthropic soils in the humid trop-
ics provide an interesting model for a stable soil
that exhibits unusually long fertility, being chem-
ically and microbially stable. The high fertility
has been ascribed to the millenary black-C found
in these black earth soils (Falcao et al., 2003;
Glaser and Birk, 2012; Jorio et al., 2012). By ap-
plying materials science tools, including scanning
and transmission electron microscopy, energy
dispersive X-ray, electron energy loss spectros-
copy and Raman spectroscopy, it has been show
that the stable carbon materials found in the
Amazonian dark earth (named TPI-carbons,
from Terra Preta de Indio) exhibit a complex
morphology. Particles range in size from micro-
metres to nanometres from the core to the sur-
face of the carbon grains, and they are rich in
specific elements that are important for fertility
and carbon stability (Jorio et al., 2012; Ribeiro-
Soares et al., 2013; Archanjo et al., 2014).

Scanning electron microscopy (SEM) im-
ages of TPI-carbon grains show they exhibit
morphology in the micro-scale that is similar to
that of charcoal, and this is consistent with the
type of black-C appearing naturally in nature
(Jorio et al., 2012; Archanjo et al., 2014). The
TPI-carbon grains exhibit a ‘fractal-like’ struc-
ture, where a ‘compact core surrounded by por-
ous shell” structure repeats itself when zooming
in at different scales, from hundreds of micro-
metres down to nanometres (Jorio et al., 2012;
Jorio and Cancado, 2012; Ribeiro-Soares et al.,
2013; Archanjo et al., 2014).

The chemical composition at the micro-
scopic level has been obtained for hundreds of
grains, revealing that besides carbon, silicon and
oxygen, which are common to all grains, elem-
ents such as Al Fe, Cl, Ca, Mg, P, K Ti, Na, Mn, Ti
and Pt can be found (Jorio et al., 2012; Archanjo
et al., 2014, 2015). The main observations are:
(i) the core is composed mostly of carbon, but oxy-
gen and calcium are spread over the whole struc-
ture; and (ii) the other elements are located mostly
in the grain shell. Metal oxide-rich nanoparticles
were visible on a scale of 10—-100 nm. The presence
of Ca and P in the TPI-carbons has been attributed
to bone fragments and animal residue.
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To probe the chemical state of both the core
and the external regions of the TPI-carbon
grains, spatially localized electron energy loss
spectroscopy (EELS) has been performed, dem-
onstrating a aromatic carbon structure (Jorio
et al., 2012). Raman spectroscopy measure-
ments are consistent with aromatic carbon na-
nocrystallites (Jorio et al., 201 2b; Ribeiro-Soares
et al., 2013). EELS show four well-defined main
peaks related to aromatic-C, phenol-C, aromatic
carbonyl and carboxyl. The relative peak inten-
sities for the EELS spectral peaks indicate that
the core is more graphitic than the surface, the
external region of the grain demonstrating a
deeper level of oxidation, which caused an in-
crease in the abundance of phenol, carbonyl
and carboxylic groups. Spatially resolved map-
ping of each chemical group has been performed,
and chemical maps confirm that the grain core
has a tendency to be more aromatic (graphitic)
than the grain surface (shell) (Archanjo et al.,
2014). In addition, the results clearly show the
ageing-induced oxidation is not homogeneous in
the sample, with the spatial resolution of 15 nm
revealing chemical domains that go from 20 nm?
up to hundreds of square nanometres (Archanjo
etal.,, 2014).

Theoretical calculations based on density
functional theory have been performed to explore
the role of oxygen and calcium for TPI-carbon
stability (Archanjo et al., 2014). Other theoretical
studies address the stability dependence on the
TPI-carbon nanocrystallite size (Jorio et al.,
2012). Insights about the in-plane dimension of
the nanocrystalline structures composing these
grains were obtained from Raman spectroscopy
analysis, and the crystallite size distribution for
TPI-carbons was found to be in the 3-8 nm range,
while for charcoal it was typically found between
8 nm and 12 nm (Jorio and Cancado, 2012; Jorio
etal., 2012; Ribeiro-Soares et al., 2013).

All these studies demonstrate the unique-
ness of TPI-carbon morphology, scaling from
microns to nanometres. Morphology and com-
position probably play important roles in the func-
tionality of the historical black-C, providing a
model of a chemically and microbially stable soil
environment. It has been observed that increasing
soil depth in a Terra Preta de Indio site, decreased
soil nutrient content and associated abundance of
microbiota (M.C. Pagano, J. Ribeiro-Soares, L.G.
Cancado, N.PSS. Falcao, V.N. Gongalves, L.H. Rosa,

J.A. Takahashi, C.A. Achete and A. Jorio, 2014,
unpublished data). Understanding the interplay
between black-C morphology and microbiota
might elucidate the importance of black-C in soil
fertility.

2.4 Mycorrhizal Plants and Biochar

To date, only a few studies (e.g. Solaiman et al.,
2010; Warnock et al., 2010) have focused on
the effects of biochar on mycorrhizal fungi
(Table 2.1). Other reports only mention mycor-
rhiza, but focus on biochar with regard to soil or-
ganic matter protection (Stockmann et al., 2013)
or to soil aggregation (George et al., 2012).

Biochar application can have positive effects
on beneficial soil microorganisms, improving
the mycorrhizal root colonization, biological N,
fixation by rhizobia (associated only with legumes)
and activity of plant growth-promoting organ-
isms in the rhizosphere (see Solaiman et al.,
2010; Quilliam et al., 2013).

Table 2.2 illustrates reviews or papers deal-
ing with biochar and AMEF. For a review of some
pioneering works in biochar research, see Ogawa
and Okimori (2010). Ogawa (1998) was among
those interested in the use of symbiotic micro-
organisms and charcoal. He observed that most
symbiotic biota prefer to propagate in or around
char. However, knowledge about how biochar af-
fects soil aggregation and whether mycorrhizal
fungi or an active C source might be needed to in-
crease water stable aggregates in biochar-amended
soils is still limited. It has been shown that the
highest concentration of black-C was observed in
the finest size fraction (< 0.53 um) of soil aggre-
gates (Brodowski et al., 2006). Nevertheless, a
preferential embedding of black-C particles has

Table 2.1. Database survey conducted in March
2014 (Scopus, 2014) for journal articles dealing
with arbuscular mycorrhizal fungi (AMF) and
biochar.

Number of journal

Key words articles
Biochar 1528
Microbes + biochar 21
Mycorrhizas + biochar 14
Biochar + ectomycorrhiza 3
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Table 2.2. Sample reviews and papers dealing with arbuscular mycorrhyzal fungi (AMF) and biochar.

Focus

Country/review

References

Biochar, mycorrhizal fungi and nitrogen

North America/greenhouse LeCroy et al. (2013)

fertilizer experiment
Charosphere UK Quilliam et al. (2013)
Biochar, ectomycorrhizal fungi Canada Robertson et al. (2012)
Terra Preta, biochar Several countries Briones (2012)
Carbon sequestration, soil microbes Review Ennis et al. (2012)
Biochar effect Review Elad et al. (2011)
Carbon remediation and microbes Review King (2011)
Biochar use in agriculture and forestry Review Ogawa and Okimori (2010)
Mycorrhizas in managed environments Several countries Solaiman et al. (2010)
Biochar effects on soil biota Review Lehmann et al. (2011)
Biochar effects on soil organisms, mycorrhizas Review Thies and Rillig (2009)
Arbuscular mycorrhizas Field experiment in Warnock et al. (2010)

Colombia

Mycorrhizas Review Warnock et al. (2007)

been suggested compared with other organic
compounds within soil aggregates (reviewed by
Mukherjee and Lal, 2013).

Based on the scarce published research on
biochars and mycorrhizas reviewed here, appli-
cation of biochar stimulates arbuscular mycor-
rhizal colonization increasing P supply to plants.
Solaiman et al. (2010) tested different rates of bi-
ochar addition to soils together with two types of
commercial fertilizers (soluble and slow-release
mineral fertilizers) on wheat in field conditions.
Moreover, mineral fertilizers contain several
beneficial and non-pathogenic fungi including
mycorrhizas (Glomus intraradices) and bacteria
(Azospirillum and Azotobacter among other benefi-
cial microorganisms). They showed that at 30 kg/
ha of soluble fertilizer and the highest rate of bio-
char (6 t/ha) increased the uptake of all nutrients
by plants. With regard to root colonization by
AMF, the inoculated treatment presented higher
root colonization, which increases with biochar
addition, especially in unirrigated samples. The
presence of mycorrhizal fungi can increase the
surrounding soil explored by hypha, which can
cope with the drought stress during a dry period.
Furthermore, soil amendments can influence the
mycorrhizal colonization and establishment of
plants. Biochar was shown to directly stimulate
mycorrhizal root colonization resulting in better
plant growth and yield of wheat. Additionally, a
positive residual effect of biochar application on
mycorrhizal root colonization, plant growth and
nutrition of wheat was found after 2 years.
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Quilliam et al. (2013) analysed the relation
between biochar addition in agricultural soil
and the associated microbiota. They proposed
the term charosphere for the soil surrounding
the biochar that is directly influenced by the
chemical and physical properties of the char,
which can in turn influence soil-plant—microbe
interactions. The authors determined the level
of microbial colonization of field-aged (3 years)
biochar and showed there was only sparse col-
onization by microorganisms. They found that it
was difficult to identify the advantages of colon-
izing fresh or newly applied biochar, as most
microorganisms will be unable to utilize the
limited resources. There was heterogeneity of
colonization (microorganisms were frequently
found in the remains of the vascular tissue of
the feedstock) and this has implications when
considering the addition of biochar to soils. The
authors suggest that in time, microbial coloniza-
tion of biochar can be improved through the in-
fluence of abiotic factors. Thus, partial microbial
decomposition of biochar will provide both nu-
trient supply and habitat. Finally, they suggest
that the physical breakdown of biochar may ac-
celerate microbial colonization, and this can be
achieved by amendment with biochar powder.

Some studies in Table 2.2 report that bio-
char addition can enhance soil properties and
the early growth of pine and alder in sub-boreal
forest soils, but ectomycorrhizal abundance does
not change (Robertson et al., 2012). However,
some cases showed that the combined treatment

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

The Contributions of Mycorrhizal Fungi 21

printed on 2/13/2023 12:54 PMvia .

of biochar, mycorrhizal fungi and high nitrogen
can decrease aboveground plant biomass, but it
can promote mycorrhizal root colonization
(LeCroy et al., 2013). The authors ascribe the ef-
fect to an induced parasitism of the mycorrhizal
fungus in the presence of nitrogen and biochar
throughout the experiments. However, AMF col-
onization of biochar in soils with mycorrhizae
and less nitrogen showed more surface oxidation.
They conclude that soil nitrogen can act as a switch
controlling the capacity of char to influence the
AMF association and, consecutively, the degree
to which the fungi oxidize the char surface.
Lehmann et al. (2011) compiled informa-
tion on biochar effects on soil biota. They dis-
cussed biochar addition as an inoculant carrier,
instead of peat. They highlighted the possible in-
corporation of mycorrhizal inoculum to biochar
and the lack of debate on this topic. As biochar
will remain in the soil it may affect the inoculated
microorganisms. For instance, Ogawa (1989) re-
ported the preservation of spores of Gigaspora
margarita for more than 6 weeks in balls of bio-
char. Other studies (Rutto and Mizutani, 2006)
showed reduced mycorrhizal symbiosis in com-
bination with activated carbon. Nevertheless,
the properties of biochar (pH, origin, production,
etc.) should be appropriate for the inoculated
microorganisms. In the future, a combination of
approaches to design biochars as inoculant
transporters may be very useful, but soil type
should be also considered (Lehmann et al., 2011).

2.5 Mycorrhizal Plants
and Compost

We know that recycling organics from agricul-
tural and urban wastes can help to deal with ser-
ious environmental challenges. However, our
understanding of the factors that affect compost
management is limited. Composting has devel-
oped rapidly in order to manage poultry, swine
and cattle remains, but also to rehabilitate de-
graded soils. Moreover, due to the rising cost of
peat and transmission of several soil-borne dis-
eases, peat is frequently substituted by compost
(see Raviv, 2011, 2013).

The benefits of compost to soils and vegeta-
tion are well researched. Compost (a source of
organic matter) decreases bulk density and soil
erosion, and intensifies aggregate stability, soil

aeration, water infiltration and retention. Further-
more, compost carries micro- and macronutri-
ents, providing a wider range of nutrients than
inorganic fertilizers, with less nitrate leaching
and water contamination (Gagnon et al., 1997;
Mamo et al., 1999). However, better knowledge of
the C and N turnover from composts and in the soil
organic matter pools will be crucial for a specific
control of the negative impact on the groundwater
(see Amlinger et al., 2003). It is worth mentioning
that an international journal named Compost
Science & Utilization has been published by Taylor &
Francis (four issues per year) since 1995.

The positive effect of adding organic sub-
strates and humic substances of particular con-
centrations on the growth of numerous plants
is well documented (Nikbakht et al., 2008;
Verlinden et al., 2009; Scharenbroch et al., 2013;
Thangarajan et al., 2013). Copious reports on
compost have been published; however, mycor-
rhizas, a special group of fungi, are still under-
studied. Mycorrhizas are not typically viewed in
the same mode as compost addition. This can be
due to the difficulties in inocula preparation as
AMF are not culturable microorganisms (Smith
and Read, 2008).

In the last few years approximately 112
peer-reviewed journal papers on compost and
mycorrhizas were reported all over the world
(Scopus survey conducted in March 2014), of
which four were published in 2014. Of these
journal papers 58% comprise research dealing
with arbuscular mycorrhizas. Among them,
Tanwar et al. (2013) tested different sugarcane
bagasse substrates and one arbuscular mycor-
rhizal (AM) species (Funneliformis mosseae) in
order to improve plant growth. Moreover,
Daynes et al. (2013) tested sterilized compost
(< 2 mm) inoculated with indigenous microbes
and AMF (mostly Glomus sp.) in a controlled pot
experiment. They showed that compost (at least
6%), living roots and AMF resulted in a more
stable soil structure.

Bashan et al. (2012) showed that, in the
Sonoran Desert, Mexico, small quantities of
compost supplementation (cow manure and
wheat straw) and bioinoculation helped the sur-
vival of three native leguminous trees planted to
restore eroded soil. For inoculation they tested
plant growth-promoting bacteria (Azospirillum
brasilense and Bacillus pumilus) and native AMF
(from sorghum plants inoculated with Glomus
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spp. of a consortium of native species collected
under mesquite trees). These microorganisms
can enhance drought resistance of plants. The
compost was mixed with soil and added to each
planting hole at a proportion of 1:8 (735 g: 10 kg,
w/w). Interestingly, survival and growth of the
trees depended on the plant species.

Marosz (2012) showed that green waste
compost and AMF can improve the nutrient up-
take of woody plants grown under salt stress
(principal de-icing agents on roads). Application
of compost enhanced the growth of certain spe-
cies of trees and shrubs, and the inoculation of
mycorrhizal fungi (AMF propagules), before
planting trees sensitive to salinity, was useful in
such stressful conditions.

The AMF inocula used in such experiments
can consist of several fungal species, mainly from
the genus Glomus or other species as yet not com-
pletely taxonomically identified (a mixture of
site-specific species). The inoculum can consist of
AMF propagules (e.g. spores or colonized roots)
mixed with sphagnum peat. The inoculum is placed
under the roots of trees or shrubs during planting.
Knowledge about this issue is surprisingly scant,
taking into account that inoculation with mycor-
rhizas greatly affects plant and soil health.

In 2010, Viti et al. tested the agricultural
use of compost in both conventional and or-
ganic maize production showing that, while the
use of the compost as an amendment may exert
a restricted impact on AMEF, it can significantly
modulate the composition of plant growth-
promoting rhizobacteria in the rhizosphere of
maize. They found only species of Glomus.

All these reports show that Glomus spp. are
generally associated with compost. This is not
unexpected due to the prevalence of this genus
in agricultural experiments and field trials (Oehl
et al., 2005; Miréds-Avalos et al., 2011) that are
highly susceptible to disturbance. This is due to
the life history of Glomus spp., which is generally
considered to be that of an r-strategist.! Glomus
spp. belonging to the Glomeraceae 1 (GIGrA) b
clade (Schwarzott et al., 2001) show an opportun-
istic behaviour similar to r-strategists (Sykorova
et al., 2007). For instance, most different com-
post amendments are tested with Glomus as the
inoculant (Ustiiner et al., 2009; Adewole and II-
esanmi, 2011). This is also because most crops,
vegetables, fruits and cereals associate with Glo-
mus spp. such as Glomus mosseae (nowadays
named Funneliformis mosseae) (Miranda, 2008;
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Naher et al., 2013). This also depends on the cul-
tivation system, as shown by differences observed
in rice cultivation systems (Watanarojanaporn
etal.,, 2013).

2.6 Conclusion

The large variety of organic matter types utilized
as soil amendments, including composts, crop
residues, peat and organic wastes, adds to the het-
erogeneity of organic C delivered into ecosystems.
In the context of increasing rates of organic
wastes, emissions of CO, and other gases from in-
dustrial and agricultural development which
alter global C balance and climate C sequestra-
tion, strategies highlight the use of biochar. How-
ever, our understanding of the factors that affect
biochar use and the notable variability of its bio-
chemical qualities is limited. In the last decade,
new throughput analytical techniques, such as
Raman spectroscopy, have helped with biochar
characterization, including the elucidation of the
structure of historical black-C found in ancient
anthropic soils. Understanding the interplay be-
tween black-C morphology and microbiota is an
important direction for future research work.

Many studies have demonstrated that bio-
char can influence microbial activity by provid-
ing a favourable microhabitat, or that AMF can
extend their extraradical hyphae into biochar,
which helps nutrient conservation in soils. How-
ever, the weak alkalinity and strong dependence
on pH of biochars may provide grounds for the
variability of field observations. Since the inter-
relation of climate, land, water, vegetation and
human activity affects ecosystems, increasing
research on soil amendments and agroecosys-
tem management is needed.

Acknowledgements

M. Pagano is grateful to the Council for the
Development of Higher Education at Graduate
Level, Brazil (CAPES) for the postdoctoral
scholarships granted (CAPES-PNPD Process
N°23038.007147/2011-60). We acknowledge
the financial support from Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq)
for Universal Grant MCTI/CNPq N° 14/2012
(473840/2012-0).

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

The Contributions of Mycorrhizal Fungi 23

Note

' A rapid colonizer of plant roots, which produces high numbers of spores in a brief period, traits that are
favoured in unstable environments.

References

Adewole, M.B. and llesanmi, A.O. (2011) Effects of soil amendments on the nutritional quality of okra (Abel-
moschus esculentus [L.] Moench). Journal of Soil Science and Plant Nutrition 11, 45-55.

Amlinger, F., Gétz, B., Dreher, P, Geszti, J. and Weissteiner, C. (2003) Nitrogen in biowaste and yard waste
compost: dynamics of mobilisation and availability — a review. European Journal of Soil Biology 39,
107-116.

Archanjo, B.S., Araujo, J.R., Silva, A.M., Capaz, R.B., Falcédo, N.P.S., Jorio, A. and Achete, C.A. (2014)
Chemical analysis and molecular models for calcium—oxygen—carbon interactions in black carbon
found in fertile Amazonian anthrosoils. Environmental Science & Technology 48(13), 7445-7452.

Archanjo, B.S., Baptista, D.L., Sena, L.A., Cangado, L.G., Falcao, N.P.S., Jorio, A. and Achete, C.A. (2015)
Nanoscale mapping of carbon oxidation in biochar from ancient anthrosoils. Environmental Science:
Processes & Impacts 17, 775-779.

Atkinson, C.J., Fitzgerald, J.D. and Hipps, N.A. (2010) Potential mechanisms for achieving agricultural
benefits from biochar application to temperate soils: a review. Plant and Soil 337, 1-18.

Azcon, R. and Barea, J.M. (2010) Mycorrhizosphere interactions for legume improvement. In: Khan, M.S.,
Zaidi, A. and Musarrat, J. (eds) Microbes for Lequme Improvement. Springer, Vienna, pp. 237-271.

Baldock, J.A. and Smernik, R.J. (2002) Chemical composition and bioavailability of thermally altered Pinus
resinosa (Red pine) wood. Organic Geochemistry 33, 1093-1109.

Ballantine, K., Schneider, R., Groffman, P. and Lehmann, J. (2012) Soil properties and vegetative develop-
ment in four restored freshwater depressional wetlands. Soil Science Society of America Journal 76,
1482—-1495.

Bashan, Y., Salazar, B.G., Moreno, M., Lopez, B.R. and Linderman, R.G. (2012) Restoration of eroded soil
in the Sonoran Desert with native leguminous trees using plant growth-promoting microorganisms
and limited amounts of compost and water. Journal of Environmental Management 102, 26-36.

Bird, M.I., Moyo, C., Veenendaal, E.M., Lloyd, J. and Frost, P. (1999) Stability of elemental carbon in a sa-
vanna soil. Global Biogeochemical Cycles 13, 923-932.

Bonan, G.B. (2008) Forests and climate change: forcings, feedbacks, and the climate benefits of forests.
Science 320, 1444-1449.

Borie, F., Rubio, R., Rouanet, J.L., Morales, A., Borie, G. and Rojas, C. (2006) Effects of tillage systems on
soil characteristics, glomalin and mycorrhizal propagules in a Chilean Ultisol. Soil and Tillage Re-
search 88, 253-261.

Briones, A.M. (2012) The secrets of El Dorado viewed through a microbial perspective. Frontiers in Micro-
biology, Microbiotechnology, Ecotoxicology and Bioremediation 3, 239, 1-6.

Brodowski, S., Amelung, W., Haumaier, L., Abetz, C. and Zech, W. (2005) Morphological and chemical
properties of black carbon in physical soil fractions as revealed by scanning electron microscopy and
energy-dispersive X-ray spectroscopy. Geoderma 128, 116—129.

Brodowski, S., John, B., Flessa, H. and Amelung, W. (2006) Aggregate-occluded black carbon in soil. Euro-
pean Journal of Soil Science 57, 539-546.

Brown, R.A., Kercher, A.K., Nguyen, T.H., Nagle, D.C. and Ball, W.P. (2006) Production and characterization
of synthetic wood chars for use as surrogates for natural sorbents. Organic Geochemistry 37, 321-333.

Cardoso, I.M. and Kuyper, T.W. (2006) Mycorrhizas and tropical soil fertility. Agriculture, Ecosystems and
Environment 116, 72-84.

Cheng, C.H., Lehmann, J., Thies, J.E., Burton, S.D. and Engelhard, M.H. (2006) Oxidation of black carbon
by biotic and abiotic processes. Organic Geochemistry 37, 1477—1488.

Cheng, C., Lehmann, J. and Engelhard, M.H. (2008) Natural oxidation of black carbon in soils: changes in
molecular form and surface charge along a climosequence. Geochimica et Cosmochimica Acta 72,
1598-1610.

Cohen-Ofri, ., Weiner, L., Boaretto, E., Mintz, G. and Weiner, S. (2006) Modern and fossil charcoal:
aspects of structure and diagenesis. Journal of Archaeological Science 33, 428—439.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use



EBSCChost -

24 Marcela Claudia Pagano and Ado Jorio

Cohen-Ofri, |., Popovitz-Biro, R. and Weiner, S. (2007) Structural characterization of modern and fossil-
ized charcoal produced in natural fires as determined by using electron energy loss spectroscopy.
Chemistry — a European Journal 13, 2306-2310.

Czimczik, C.I. and Masiello, C.A. (2007) Controls on black carbon storage in soils. Global Biogeochemical
Cycles 21(3). Available at: http://onlinelibrary.wiley.com/doi/10.1029/2006GB002798/full (accessed
23 June 2015).

Czimczik, C.I., Preston, C.M., Schmidt, M.W.l., Werner, R.A. and Schulze, E.D. (2002) Effect of charring
on mass, organic carbon, and stable carbon isotope composition of wood. Organic Geochemistry 33,
1207-1223.

Daynes, C.N., Field, D.J., Saleeba, J.A., Cole, M.A. and McGee, P.A. (2013) Development and stabilisa-
tion of soil structure via interactions between organic matter, arbuscular mycorrhizal fungi and plant
roots. Soil Biology and Biochemistry 57, 683—-694.

D'Hose, T., Ruysschaert, G., Nelissen, V., De Vliegher, A., Willekens, K. and Vandecasteele, B. (2013) The
use of compost and biochar to increase soil organic carbon content without increasing nutrient leach-
ing. In: Senesi, N. (ed.) International Conference Biochars, Composts, and Digestates (BCD): Book
of Abstracts, Bari, ltaly, 2013. Selecto Srl — Society of Quality Management System, Bari, ltaly. Avail-
able at: http://www.biochar-international.org/sites/default/files/Bari_2013_final_program.pdf (accessed
23 June 2015).

De Souza, R.G., Da Silva, D.K.A., De Mello, C.M.A., Goto, B.T., Da Silva, F.S.B., Sampaio, E.V.S.B. and
Maia, L.C. (2013) Arbuscular mycorrhizal fungi in revegetated mined dunes. Land Degradation and
Development 24, 147-155.

Denman, K.L., Brasseur, G., Chidthaisong, A., Ciais, P.H., Cox, P., Dickinson, R.E., Hauglustaine, D.,
Heinze, C., Holland, E., Jacob, D., Lohmann, U., Ramachandran, S., Silva Dias, P.L., Wofsy, S.C.
and Zhang, X. (2007) Couplings between changes in the climate system and biogeochemistry. In:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M. and Miller, H.L.
(eds) Climate Change 2007: the Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC). IPPC, Cambridge
University Press, Cambridge.

Duarte, E.M.G., Cardoso, I.M., Stijnen, T., Mendonca, M.A.F.C., Coelho, M.S., Cantarutti, R.B., Kuyper, T.W.,
Villani, E.M.A. and Mendonga, E.S. (2013) Decomposition and nutrient release in leaves of Atlantic rain-
forest tree species used in agroforestry systems. Agroforestry Systems 87, 835—847.

Elad, Y., Cytryn, E., Meller Harel, Y., Lew, B. and Graber, E.R. (2011) The biochar effect: plant resistance to
biotic stresses. Phytopathologia Mediterranea 50, 335—-349.

Ennis, C.J., Evans, A.G., Islam, M., Ralebitso-Senior, T.K. and Senior, E. (2012) Biochar: carbon sequestra-
tion, land remediation and impacts on soil microbiology. Critical Reviews in Environmental Science
and Technology 42, 2311-2364.

Falcao, N.P.S., Comerford, N.B. and Lehmann, J. (2003) Determining nutrient bioavailability of Amazonian
Dark Earth Soil — methodological challenges. In: Lehmann, J., Kern, D.C., Glaser, B. and Woods, W.
(Org.). Amazon Dark Earth, Origin, Properties and Management. Vol. 1. Kluwer Academic Publishers,
The Netherlands, pp. 255-270.

Gagnon, B., Simard, R.R., Robitaille, R., Goulet, M. and Rioux, R. (1997) Effect of composts and inorganic
fertilizers on spring wheat growth and N uptake. Canadian Journal of Soil Science 77, 487-495.
George, C., Wagner, M., Kucke, M. and Rillig, M.C. (2012) Divergent consequences of hydrochar in the
plant—soil system: arbuscular mycorrhiza, nodulation, plant growth and soil aggregation effects.

Applied Soil Ecology 59, 68-72.

Glaser, B. and Birk, J.J. (2012) State of the scientific knowledge on properties and genesis of Anthropo-
genic Dark Earths in Central Amazonia (Terra Preta de Indio). Geochimica et Cosmochimica Acta
82, 39-51.

Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G. and Zech, W. (2000) Black carbon in density
fractions of anthropogenic soils of the Brazilian Amazon region. Organic Geochemistry 31, 669-678.

Hamer, U., Marschner, B., Brodowski, S. and Amelung, W. (2004) Interactive priming of black carbon and
glucose mineralization. Organic Geochemistry 35, 823-830.

Hammes, K., Smernik, R.J., Skjemstad, J.O., Herzog, A., Vogt, U.F. and Schmidt, M.W.I. (2006) Synthesis
and characterisation of laboratory-charred grass straw and chestnut wood as reference materials for
black carbon quantification. Organic Geochemistry 11, 1629-1633.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use


http://onlinelibrary.wiley.com/doi/10.1029/2006GB002798/full
http://www.biochar-international.org/sites/default/files/Bari_2013_final_program.pdf

EBSCChost -

The Contributions of Mycorrhizal Fungi 25

Haug, |., Wubet, T., Weil3, M., Aguirre, N., Weber, M., Glnter, S. and Kottke, |. (2010) Species-rich but distinct
arbuscular mycorrhizal communities in reforestation plots on degraded pastures and in neighboring
pristine tropical mountain rain forest. Tropical Ecology 51, 125—148.

Hockaday, W.C., Kim, S., Grannas, A.M. and Hatcher, P.G. (2006) Direct molecular-level evidence for
the degradation of black carbon in soils from ultrahigh resolution mass spectral analysis of dissolved
organic matter from a fire impacted forest soil. Organic Geochemistry 37, 501-510.

International Conference BCD (Biochars, Composts, and Digestates) (2013) Biochars, Composts, and Diges-
tates. Production, Characterization, Regulation, Marketing, Uses and Environmental Impact. Inter-
national Biochar Initiative (IBI) — International 2013 Conference, 17-20 October 2013, Bari, Italy. Final
Programme, Organizing Secretariat. IBl, Bari, Italy.

Joosten, H. and Clarke, D. (2002) Wise use of mires and peatlands — background and principles including
a framework for decision-making. Saarijarvi, International Mire Conservation Group and International
Peat Society, Saarijérvi, Finland, pp. 7-8.

Jorio, A. and Cancado, L.G. (2012) Perspectives on Raman spectroscopy of graphene-based systems: from
the perfect two-dimensional surface to charcoal. Physical Chemistry Chemical Physics 14, 15246—15256.

Jorio, A., Ribeiro-Soares, J., Cancado, L.G., Falcao, N.P.S., Dos Santos, H.F., Baptista, D.L., Martins
Ferreira, E.H., Archanjo, B.S. and Achete, C.A. (2012) Microscopy and spectroscopy analysis of car-
bon nanostructures in highly fertile Amazonian anthrosoils. Soil and Tillage Research 122, 61-66.

Kahiluoto, H., Ketoja, E. and Vestberg, M. (2009) Contribution of arbuscular mycorrhiza to soil quality in
contrasting cropping systems. Agriculture, Ecosystems and Environment 134, 36—45.

King, G.M. (2011) Enhancing soil carbon storage for carbon remediation: potential contributions and con-
straints by microbes. Trends in Microbiology 19, 75—-84.

Knicker, H. (2007) How does fire affect the nature and stability of soil organic nitrogen and carbon?
Biogeochemistry 85, 91-118.

LeCroy, C., Masiello, C.A., Rudgers, J.A., Hockaday, W.C. and Silberg, J.J. (2013) Nitrogen, biochar, and
mycorrhizae: alteration of the symbiosis and oxidation of the char surface. Soil Biology and Biochem-
istry 58, 248-254.

Lehmann, J. and Joseph, S. (2009a) Biochar for environmental management: an introduction. In: Lehmann, J.
and Joseph, S. (eds) Biochar for Environmental Management: Science and Technology. Earthscan,
London, pp. 1-12.

Lehmann, J. and Joseph, S. (2009b) Biochar for Environmental Management. Earthscan, London.

Lehmann, C.J. and Rondon, M. (2006) Bio-char soil management on highly-weathered soils in the tropics.
In: Uphoff, N.T., Ball, A.S., Fernandes, E., Herren, H., Husson, O., Husson, M., Laing, C., Palm J.
et al. (eds) Biological Approaches to Sustainable Soil Systems. Taylor & Francis, Boca Raton, Florida,
pp. 517-530.

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C. and Crowley, D. (2011) Biochar effects
on soil biota. A review. Soil Biology and Biochemistry 43, 1812—1836.

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O'Neill, B., Skjemstad, J.O., Thies, J.,
Luizao, F.J., Petersen, J. and Neves, E.G. (2006) Black carbon increases cation exchange capacity
in soils. Soil Science Society of America Journal 70, 1719-1730.

Liang, B., Lehmann, J., Solomon, D., Sohi, S., Thies, J.E., Skjemstad, J.O., Luizdo, F.J., Engelhard, M.H.,
Neves, E.G. and Wirick, S. (2008) Stability of biomass-derived black carbon in soils. Geochimica et
Cosmochimica Acta 72, 6069-6078.

Mamo, M., Rosen, C.J. and Halbach, T.R. (1999) Nitrogen availability and leaching from soil amended with
municipal solid waste compost. Journal of Environmental Quality 28, 1074—1082.

Marosz, A. (2012) Effect of green waste compost and mycorrhizal fungi on calcium, potassium, and sodium
uptake of woody plants grown under salt stress. Water, Air and Soil Pollution 223, 787-800.

Martin, C.C.G. St and Brathwaite, R.A.l. (2012) Compost and compost tea: principles and prospects as
substrates and soil-borne disease management strategies in soil-less vegetable production. Biological
Agriculture and Horticulture 28, 1-33.

Miranda, J.C.C. (2008) Cerrado. Micorriza Arbuscular: Ocorréncia e Manejo. Embrapa Cerrados, Planaltina,
Federal District. (in Portuguese)

Miras-Avalos, J.M., Antunes, PM., Koch, A., Khosla, K., Klironomos, J.N. and Dunfield, K.E. (2011) The
influence of tillage on the structure of rhizosphere and root-associated arbuscular mycorrhizal fungal
communities. Pedobiologia 54, 235-241.

Mukherjee, A. and Lal, R. (2013) Biochar impacts on soil physical properties and greenhouse gas emis-
sions. Agronomy 3, 313-339.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use



EBSCChost -

26 Marcela Claudia Pagano and Ado Jorio

Naher, U.A., Othman, R. and Panhwar, Q.A. (2013) Beneficial effects of mycorrhizal association for crop
production in the tropics — a review. International Journal of Agriculture and Biology 15, 1021-1028.

Nguyen, T.H., Brown, R.A. and Ball, W.P. (2004) An evaluation of thermal resistance as a measure of
black carbon content in diesel soot, wood char, and sediment. Organic Geochemistry 35, 217-234.

Nikbakht, A., Kafi, M., Babalar, M., Hia, Y.P,, Luo, A. and Etemadi, N. (2008) Effect of humic acid on plant
growth nutrient uptake, and postharvest life of Gerbera. Journal of Plant Nutrition 31, 2155-2167.

Nishio, M. (1996) Microbial Fertilizers in Japan. Food and Fertilizer Technology Center Extension Bulletin
No. 430. Food and Fertilizer Technology Center, Taipei, p. 13.

Nishio, M. and Okano, S. (1991) Stimulation of the growth of alfalfa and infection of roots with indigenous
vesicular-arbuscular mycorrhizal fungi by the application of biochar. Bulletin of the National Grass-
land Research Institute 45, 61-71.

Nyfeler, D., Huguenin-Elie, O., Suter, M., Frossard, E. and Luscher, A. (2011) Grass—legume mixtures can
yield more nitrogen than legume pure stands due to mutual stimulation of nitrogen uptake from sym-
biotic and non-symbiotic sources. Agriculture, Ecosystems and Environment 140, 155-163.

Oehl, F., Sieverding, E., Ineichen, K., Ris, E.A., Boller, T. and Wiemken, A. (2005) Community structure of
arbuscular mycorrhizal fungi at different soil depths in extensively and intensively managed agroeco-
systems. New Phytologist 165, 273-283.

Ogawa, M. (1989) Inoculation methods of VAM fungi: charcoal ball method and rice hull method. In:
Hattori, T., Ishida, Y., Maruyama, Y., Morita, R.Y. and Uchida, A. (eds) Recent Advances in Microbial
Ecology. Proceedings of the 5th International Symposium on Microbial Ecology (ISME 5). Japan
Scientific Societies Press, Tokyo, pp. 247-252.

Ogawa, M. (1994a) Symbiosis of people and nature in the tropics. Farming Japan 28, 10-20.

Ogawa, M. (1994b) Symbiosis of people and nature in the tropics. Ill. Tropical agriculture using charcoal.
Farming Japan 28, 21-35.

Ogawa, M. (1998) Utilization of symbiotic microorganisms and charcoal for desert greening. Osaka Insti-
tute of Technology Technical Papers. Green Age 14, 5—11.

Ogawa, M. and Okimori, Y. (2010) Pioneering works in biochar research, Japan. Australian Journal of Soil
Research 48, 489-500.

Pagano, M.C. (2013) Plant and soil biota: crucial for mitigating climate change in forests. British Journal of
Environment and Climate Change 3(2), 188-196.

Pagano, M.C., Schalamuk, S. and Cabello, M.N. (2011) Arbuscular mycorrhizal parameters and indicators
of soil health and functioning: applications for agricultural and agroforestal systems. In: Miransari, M.
(ed.) Soil Microbes and Environmental Health. Nova Science Publishers, New York, pp. 267—276.

Persad, R. (2000) Agricultural Science for the Caribbean. Book 2. Nelson Thornes, Cheltenham, UK.

Pietikainen, J., Kiikkila, O. and Fritze, H. (2000) Charcoal as a habitat for microbes and its effects on the
microbial community of the underlying humus. Oikos 89, 231-242.

Powlson, D.S., Whitmore, A.P. and Goulding, K.W.T. (2011) Soil carbon sequestration to mitigate climate change:
a critical re-examination to identify the true and the false. European Journal of Soil Science 62, 42-55.
Quilliam, R.S., Glanville, H.C., Wade, S.C. and Jones, D.L. (2013) Life in the ‘charosphere’ — does biochar
in agricultural soil provide a significant habitat for microorganisms? Soil Biology and Biochemistry 65,

287-293.

Raviv, M. (2011) Suppressing soil-borne diseases of container-grown plants using composts (conference
paper). Acta Horticulturae 893, 169-182.

Raviv, M. (2013) Composts in growing media: what's new and what’s next? Acta Horticulturae 982, 39-52.

Ribeiro-Soares, J., Cangado, L.G., Falcao, N.P.S., Ferreira, E.H.M., Achete, C.A. and Jorio, A. (2013) The
use of Raman spectroscopy to characterize the carbon materials found in Amazonian anthrosoils.
Journal of Raman Spectroscopy 44, 283-289.

Robertson, S.J., Rutherford, PM., Lépez-Gutiérrez, J.C. and Massicotte, H.B. (2012) Biochar enhances
seedling growth and alters root symbioses and properties of sub-boreal forest soils. Canadian Journal
of Soil Science 92, 329-340.

Rumpel, C., Alexis, M., Chabbi, A., Chaplot, V., Rasse, D.P,, Valentin, C. and Mariotti, A. (2006) Black
carbon contribution to soil organic matter composition in tropical sloping land under slash and burn
agriculture. Geoderma 130, 35-46.

Rutto, K.L. and Mizutani, F. (2006) Effect of mycorrhizal inoculation and activated carbon on growth and
nutrition in peach (Prunus persica Batsch) seedlings treated with peach root bark extracts. Journal of
the Japanese Society of Horticultural Sciences 75, 463—468.

Saito, M. (1990) Charcoal as a micro-habitat for VA mycorrhizal fungi, and its practical implication. Agricul-
ture, Ecosystems and Environment 29, 341-344.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use



EBSCChost -

The Contributions of Mycorrhizal Fungi 27

Sala, O.E., Chapin, FE.S. lll, Armesto, J.J., Berlow, E., Bloomfield, J. and Dirzo, R. (2000) Global biodiversity
scenarios for the year 2100. Science 287, 1770-1774.

Scharenbroch, B.C., Meza, E.N., Catania, M. and Fite, K. (2013) Biochar and biosolids increase tree growth
and improve soil quality for urban landscapes. Journal of Environmental Quality 42, 1372—1385.

Schmidt, M.W.I. and Noack, A.G. (2000) Black carbon in soils and sediments: analysis, distribution, impli-
cations and current challenges. Global Biogeochemical Cycles 14, 777-793.

Schwarzott, D., Walker, C. and SchuBler, A. (2001) Glomus, the largest genus of the arbuscular mycor-
rhizal fungi (Glomales), is nonmonophyletic. Molecular Phylogenetics Evolution 21, 190-197.

Scopus (2014) Available at: http://www-scopus-com.ez27.periodicos.capes.gov.br/home.url (accessed 14
March 2014).

Smith, S.E. and Read, D.J. (2008) Mycorrhizal Symbiosis. Elsevier, New York.

Sohi, S.P, Krull, E., Lopez-Capel, E. and Bol, R. (2010) A review of biochar and its use and function in soil.
Advances in Agronomy 105, 47-82.

Solaiman, Z.M., Blackwell, P,, Abbott, L.K. and Storer, P. (2010) Direct and residual effect of biochar ap-
plication on mycorrhizal root colonisation, growth and nutrition of wheat. Australian Journal of Soil
Research 48, 546-554.

Soteras, F., Renison, D. and Becerra, A.G. (2013) Growth response, phosphorus content and root col-
onization of Polylepis australis Bitt. seedlings inoculated with different soil types. New Forests 44,
577-589.

Stavi, |. (2012) The potential use of biochar in reclaiming degraded rangelands. Journal of Environmental
Planning and Management 55, 657—665.

Stavi, I. and Lal, R. (2013) Agroforestry and biochar to offset climate change: a review. Agronomy for Sus-
tainable Development 33, 81-96.

Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchia, N., Jenkins, M., Minasny, B.,
McBratney, A.B., de Remy de Courcelles, V., Singh, K., Wheeler, |., Abbott, L., Angers, D.A.,
Baldock, J., Bird, M., Brookes, P.C., Chenu, C., Jastrow, J.D., Lal, R., Lehmann, J., O’'Donnell, A.G.,
Parton, W.J., Whitehead, D. and Zimmermann, M. (2013) The knowns, known unknowns and unknowns
of sequestration of soil organic carbon. Agriculture, Ecosystems and Environment 164, 80—99.

Sykorova, Z., Ineichen, K., Wiemken, A. and Redecker, D. (2007) The cultivation bias: different communi-
ties of arbuscular mycorrhizal fungi detected in roots from the field, from bait plants transplanted to
the field, and from a greenhouse trap experiment. Mycorrhiza 18, 1-14.

Tanwar, A., Aggarwal, A., Yadav, A. and Parkash, V. (2013) Screening and selection of efficient host and
sugarcane bagasse as substrate for mass multiplication of Funneliformis mosseae. Biological Agri-
culture and Horticulture: an International Journal for Sustainable Production Systems 29, 107-117.

Thangarajan, R., Bolan, N.S., Tian, G., Naidu, R. and Kunhikrishnan, A. (2013) Role of organic amendment
application on greenhouse gas emission from soil. Science of the Total Environment 465, 72—96.

Thies, J.E. and Rillig, M.C. (2009) Characteristics of biochar: biological properties. In: Lehmann, J. and
Joseph, S. (eds) Biochar for Environmental Management. Earthscan, London, pp. 85-105.

Thomas, S.C., Frye, S., Gale, N., Garmon, M., Launchbury, R., Machado, N., Melamed, S., Murray, J.,
Petroff, A. and Winsborough, C. (2013) Biochar mitigates negative effects of salt additions on two
herbaceous plant species. Journal of Environmental Management 129, 62—68.

Turney, C.S.M., Wheeler, D. and Chivas, A.R. (2006) Carbon isotopic fractionation in wood during carbon-
ization. Geochimica et Cosmochimica Acta 70, 960-964.

Ustaner, O., Wininger, S., Gadkar, V., Badani, H., Raviv, M., Dudai, N., Medina, S. and Kapulnik, Y. (2009)
Evaluation of different compost amendments with AM fungal inoculum for optimal growth of chives.
Compost Science & Utilization 17, 257—-265.

van der Wal, A., Geydan, T.D., Kuyper, T.W. and de Boer, W. (2013) A thready affair: linking fungal diver-
sity and community dynamics to terrestrial decomposition processes. FEMS Microbiology Review
37, 477-494.

Verlinden, G., Pycke, B., Mertens, J., Dbersaques, F., Verheyen, K., Baert, G., Bries, J. and Haesaert, G.
(2009) Application of humic substances results in consistent increases in crop yield and nutrient up-
take. Journal of Plant Nutrition 32, 1407-1426.

Viti, C., Tatti, E., Decorosi, F., Lista, E., Rea, E., Tulia, M., Sparvoli, E. and Giovannetti, L. (2010) Compost
effect on plant growth-promoting rhizobacteria and mycorrhizal fungi population in maize cultivations.
Compost Science & Utilization 18, 273-281.

Warnock, D.D., Lehmann, J., Kuyper, TW. and Rillig, M.C. (2007) Mycorrhizal responses to biochar in soil —
concepts and mechanisms. Plant Soil 300, 9-20.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use


http://www-scopus-com.ez27.periodicos.capes.gov.br/home.url

EBSCChost -

28 Marcela Claudia Pagano and Ado Jorio

Warnock, D.D., Mummey, D.L., McBride, B., Major, J., Lehmann, J. and Rillig, M.C. (2010) Influences of
non-herbaceous biochar on arbuscular mycorrhizal fungal abundances in roots and soils: results from
growth-chamber and field experiments. Applied Soil Ecology 46, 450—456.

Watanarojanaporn, N., Boonkerd, N., Tittabutr, P., Longtonglang, A., Young, J.PW. and Teaumroong, N.
(2013) Effect of rice cultivation systems on indigenous arbuscular mycorrhizal fungal community
structure. Microbes and Environments 28, 316-324.

Winfree, R. (2013) Global change, biodiversity, and ecosystem services: what can we learn from studies
of pollination? Basic and Applied Ecology 14, 453-460.

Yamato, M., Okimori, Y., Wibowo, I.F., Anshori, S. and Ogawa, M. (2006) Effects of the application of
charred bark of Acacia mangium on the yield of maize, cowpea and peanut, and soil chemical prop-
erties in South Sumatra, Indonesia. Soil Science and Plant Nutrition 52, 489-495.

Zackrisson, O., Nilsson, M.C. and Wardle, D.A. (1996) Key ecological function of charcoal from wildfire in
the boreal forest. Oikos 77, 10-19.

Zhu, D., Kwon, S. and Pignatello, J.J. (2005) Adsorption of singlering organic compounds to wood char-
coals prepared under different thermochemical conditions. Environmental Science and Technology
39, 3990-3998.

printed on 2/13/2023 12:54 PMvia . All use subject to https://www ebsco. conf terms-of - use



EBSCChost -

3 Trichoderma: Utilization for Agriculture
Management and Biotechnology

Pradeep Kumar,'™ Madhu Kamle,? Sarad Kumar
Mishra® and Vijai Kumar Gupta*

'Department of Biotechnology Engineering, Ben Gurion University of the
Negey, Israel; 2Department of Dryland Agriculture and Biotechnology,
Ben Gurion University of the Negev, Israel; 3Department of Biotechnology,
Deen Dayal Upadhyay Gorakhpur University, India; *Department of
Biochemistry, National University of Ireland Galway, Ireland

Abstract

Plant diseases are the primary cause of reducing both the quality and the quantity of crop yields. Numerous
synthetic products have been used to control plant infections; however, overuse of such products has favoured
the development of strains of pathogens that are resistant to fungicides. Unfortunately, the more exact the im-
pact of a synthetic product on a pathogen, the more likely it is that the pathogen will develop resistance to it. In
addition, the widespread use of fungicides produces undesirable effects on non-target organisms. Concerns
about nature, human well-being and other related hazards resulting from the overuse of synthetic chemicals
have led to considerable interest in developing eco-friendly methods of biocontrol against plant pathogens.
There have been many new discoveries that have identified biocontrol agents and this includes Trichoderma, a
soil-borne fungus with green spores that is found worldwide; it has become one of the most popular biocontrol
agents of plant pathogens. Natural control of a pathogen may be achieved in a variety of ways including: (i) the
ability to colonize the rhizosphere and successfully compete with the pathogen for nutrients and space; (ii) anti-
biosis; (iii) mycoparasitism; (iv) dissolving cell walls; (v) improving plant development; and (vi) boosting plant
immunity. Trichoderma spp. may produce distinctive antifungal mixtures of metabolites that attack and limit the
development of fungal pathogens. Trichoderma spp. are readily available in soil where they can exist for a consid-
erable time under a wide variety of natural conditions. The recognition of the usefulness of numerous Trichoderma
strains as potential biocontrol agents has increased the urgency and importance of further work in order to
commercialize strains. This chapter gives an overview of Trichoderma biology, the potential use of Trichoderma
strains as biocontrol agents in agriculture, mechanisms of action and applications in biotechnological industries.

3.1 Introduction Such pathogens include phytoplasma, micro-

organisms, parasites, nematodes and parasitic
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In the present day, there is increasing pressure to
grow and produce more food in order to feed the
expanding world population. However, there are a
wide range of pathogens that directly or indirectly
affect crop production both pre- and postharvest.

*pkbiotech@gmail.com

plants. Plant diseases account for a significant
proportion of the losses experienced in farming
which prompts a need to combat disease-causing
organisms in order to increase food security. Soil-
borne pathogens such as Pythium, Phytophthora,
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Botrytis, Rhizoctonia and Fusarium stand out
among the most damaging plant pathogens
causing significant reductions in crop yields and
resulting in considerable financial losses. They
cause damage to standing harvests as well as to
stored yields at risk of fungal diseases (Chet et al.,
1997). The requirement to increase horticultural
production and quality has prompted overuse of
synthetic compost which means there is a genu-
ine risk of ecological contamination. It has been
observed that the expansive range of fungicides
that are used have created undesirable outcomes
on non-target organisms (Tjamos et al., 1992)
and their overuse has favoured the advancement
of pathogens that are resistant to fungicides.
Plant researchers work towards keeping plants
disease free to improve harvest yields while min-
imizing the use of pesticides. To minimize the
use of synthetic compost their aim is to build use
of bio-manures and biopesticides in order to
maintain advances in agribusiness and to gener-
ate many eco-friendly products. This includes
work on the traditional mycorrhizal organisms,
rhizobium microorganisms, other plant growth-
promoting rhizobacteria (PGPR) and potential
biocontrol fungi, for example Trichoderma spp.
and the root-colonizing species Piriformospora
indica which can be used for strengthening plant
development by stifling plant diseases (Van Wees
etal., 2008).

Many diverse soil-borne microscopic organ-
isms and fungi have the capacity to colonize plant
roots and may have helpful impacts on the plant.
Members of the filamentous ascomycete genus
Trichoderma are universal and are considered to be
ordinary general saprotrophs. They are found in
almost all soil types and biological systems, par-
ticularly those that are rich in natural matter,
exhibiting great versatility in different environ-
mental conditions (Klein and Eveleigh, 1998;
Jaklitsch, 2009, 2011; Brotman et al., 2010;
Druzhinina et al., 2011). The capability of Tricho-
derma as biocontrol specialists for plant infection
was initially perceived as early as the 1930s;
since then Trichoderma spp. have been used to
control numerous infections (Elad and Kapat,
1999). An outline of the landmark discoveries
in the biology and applications of Trichoderma
are shown in Table 3.1. Trichoderma strains used
as biocontrol agents against phytopathogens
achieve control in a variety of ways including: (i)
by successfully competing with the pathogen for
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nutrients and space; (ii) by changing the natural
conditions; (iii) by improving plant development;
(iv) by boosting plant immunity; (v) by antibiosis;
and/or (vi) straightforwardly by mycoparasitism.
Numerous types of Trichoderma are equipped to
deliver catalysts that corrupt the target pathogenic
organisms or produce various lethal mixtures
which limit the development of pathogens. The
adversarial properties of these are focused
around numerous systems. These indirect and
direct components may act in concert and their
importance in terms of biocontrol depends upon
the Trichoderma strain, the irritated fungus, the
crop plant and the ecological conditions, along-
side the nutrient supply, pH, temperature and iron
levels. Initiation of each system suggests the gath-
ering of particular mixtures and metabolites, in
the same way as plant development elements,
hydrolytic compounds, siderophores, antimicro-
bials and carbon and nitrogen permeases. These
metabolites can be either overproduced or con-
solidated with proper biocontrol strains so that
new methods of use are developed that are more
effective in controlling plant diseases and with
applications for preventing losses during post-
harvest storage (Benitez et al., 2004).
Trichoderma strains are ideal as biocontrol
specialists because of: (i) their high regenerative
limit; (ii) their capacity to survive under un-
favourable conditions; (iii) their effectiveness in
acquiring nourishment and adjusting to condi-
tions in the rhizosphere; (iv) their hostility to
growth of phytopathogenic organisms; and (v)
their proficiency to advance plant development
and a plant protection framework. These proper-
ties have made Trichoderma spp. widespread
worldwide, being present in the soil of a variety
of environments in high numbers. Trichoderma
species are more abundant in acidic soil than al-
kaline soils. The most widely recognized biocon-
trol specialists of Trichoderma are strains of
Trichoderma virens, Trichoderma viride and Tricho-
derma harzianum. Incredible effects of control
have been accomplished with strains of T. virens
and metalaxyl against Pythium ultimum infecting
cotton (Chet et al., 1997). Trichoderma species cre-
ate various proteins, for example cellulases and
hemicellulases, chitinases and glucanases. The
chitinases and glucanases can control the spread
of pathogens. Under field conditions Trichoderma
has been recorded to improve plant development
too. Nowadays, these readily accessible fungi are
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Table 3.1. Landmark discoveries in the biology and applications of Trichoderma in biotechnology
(Mukherijee et al., 2013).

Year Landmark discoveries References

1932 Trichoderma lignorum (Hypocrea virens) is a Weindling (1932)
mycoparasite. First evidence that Trichoderma spp. are
mycoparasitic and have biocontrol potential

1934 Discovery of gliotoxin. First antimicrobial from Weindling (1934)
Trichoderma

1957 Discovery of an effect of light on conidiation (in Gutter (1957)
Trichoderma viride; syn. Trichoderma reesei)

1972 Demonstration of biocontrol in the field. Biological Wells et al. (1972)
suppression of Sclerotium rolfsii by Trichoderma
harzianum

1979 Cellulase hyperproducing mutant RutC30 of T. reesei Montenecourt and Eveleigh (1979)
isolated

1983 Cloning of the first cellulase of T reesei Shoemaker et al. (1983)

1986 Demonstration of plant growth promotion by Trichoderma  Chang et al. (1986)

1987 Successful transformation of T. reesei Penttila et al. (1987)

1989 Heterologous protein expression in T reesei Harkki et al. (1989)

1992 Lectin-coated fibres are coiled by Trichoderma: Inbar and Chet (1992)
biomimetics of fungal—-fungal interactions

1993 Cloning of the first mycoparasitism-related gene (prb7) Geremia et al. (1993)
and its induction by cell walls

1997 Ability of Trichoderma spp. to boost plant immunity at a Bigirimania et al. (1997)
site away from site of application (induced resistance)

1998 Diffusible factors induce mycoparasitism-related genes Cortes et al. (1998)
before contact

1999 Internal colonization of plant roots by Trichoderma Yedidia et al. (1999)
demonstrated

2002 Signalling pathways involved in biocontrol and Rocha-Ramirez et al. (2002)
conidiation; role of G-protein pathways established

2002, Genetics of peptaibols production. Cloning of peptaibol Wiest et al. (2002), Mukherjee et al.

2011 synthase genes and demonstration of one non-ribosomal (2011)

peptide synthetase catalysing multiple peptaibols

2003 Mitogen-activated protein kinase (MAPK) negatively Mendoza-Mendoza et al. (2003),
regulates conidiation in T. virens Mukherjee et al. (2003)

2004 Photoreceptors (Brl1 and Brl2) discovered in Casas-Flores et al. (2004)
Trichoderma atroviride

2005 Role of Trichoderma MAPK in induced systemic Viterbo et al. (2005)
resistance (ISR)

2006 The first true elicitor protein (Sm1/Epll) purified Djonovic et al. (2006), Seid| et al.

(2006)

2006 Master regulator of cellulases and xylanases identified in  Stricker et al. (2006)
T reesei (XYRT1)

2008 T reesei genome published. First Trichoderma genome Martinez et al. (2008)
sequenced

2009 Endophytic Trichoderma imparts biotic and abiotic stress  Bae et al. (2009)
tolerance in plants

2009 Successful crossing in T reesei. First time sexual Seidl et al. (2009)
crossing was achieved for any Trichoderma species
under laboratory conditions

2009 Role of sucrose metabolism established. First clue to Vargas et al. (2009, 2011)
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source—sink dynamics in the Trichoderma—plant
interaction

Continued
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Table 3.1. Continued.

Year Landmark discoveries

References

2009

Ability of mutualistic Trichoderma to modify plant root

Contreras-Cornejo et al. (2009)

architecture through the production of auxins

demonstrated
2010
identified
2010

Master regulator (Vel7) of morphogenesis and biocontrol

Peptide pheromone precursor genes described for

Mukherjee and Kenerley (2010)

Schmoll et al. (2010)

Trichoderma spp. T. reesei HPP1 represents a novel

type of pheromone
2011

Comparative genome analysis of three Trichoderma

Kubicek et al. (2011)

species. Molecular support for the different lifestyles of

Trichoderma spp.
2012

T harzianum, Trichoderma asperellum, Trichoderma

Mukherjee et al. (2013)

longibrachiatum and Trichoderma citrinoviride
genomes sequenced using next generation sequencing

(Joint Genome Institute)
2012

programmes in Trichoderma

High-throughput procedure for gene deletion developed
for T reesei. Provides a basis for knockout

Schuster et al. (2012)

widely used in a variety of commercial ways.
Currently more than 60% of listed biofungicides
used in agriculture worldwide are Trichoder-
ma-based (Verma et al., 2007). This has brought
about the creation of business based on the use
of Trichoderma spp. to protect crops against a few
plant diseases and to develop increased crop
yields in India, Israel, New Zealand and Sweden.
The importance of Trichoderma strains as
biocontrol agents and makers of important me-
tabolites and proteins has confirmed their status
among distinctive genera of organisms. The util-
ization of morphological and taxonomic charac-
ters alone to separate species inside the genus
Trichoderma has been troublesome because of an
absence of reliable characters. The next section
provides an outline of the biology of this genus,
including morphological characters and phyl-
ogeny, and this is followed by sections on the sig-
nificance of Trichoderma species as biocontrol
specialists and the biocontrol mechanism, pro-
gress in identification of Trichoderma genes and
finally a section on commercial utilization.

3.2 Biology of Genus Trichoderma

Types of the contagious sort of Trichoderma are
commonly soil inhabitants, existing as anamorphs
fitting in with the sub-division Deuteromycotina
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(fungi imperfecti) (Hawksworth et al., 1983).
Types of the mycotrophic filamentous ascomy-
ceteous class Trichoderma (hypocreales, hypo-
creaceae, telemorph hypocrea) are among the
most normally experienced growths (Druzhinina
et al., 2011). Trichoderma are every now and
again disconnected from soil and are discovered
developing on dead wood, bark, other plants,
building materials and creatures, including
people, showing a high entrepreneurial potential
and versatility to environmental conditions (Klein
and Eveleigh, 1998; Druzhinina et al., 2011).
Numerous Trichoderma species are of consider-
able financial value, creating hydrolytic com-
pounds (e.g. chitinases, cellulases and xylanases)
(Schirmbock et al., 1994; Ahamed and Vermette,
2008; Alvira et al.,, 2013), biochemicals and
antibiotics (Ghisalberti and Sivasithamparam,
1991), products which have been applied to the
fields of, for example, food processing and pulp
bleaching (Nigam, 1994). Furthermore, a few spe-
cies produce heterologous proteins (Nevalainen
et al., 1991) and others have been effectively util-
ized as natural control specialists against a range
of phytopathogens (Chet and Inbar, 1994). On
the other hand, a few species of Trichoderma are
detrimental to plants. For instance, decreases in
mushroom yields have been ascribed to Tricho-
derma disease (Fletcher, 1990). Trichoderma ag-
gressivum is the causal organism of green mould,
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a disease of the edible mushroom Agaricus bispo-
rus and T. viride is the causal organism of green
mould decay of onion (Samuels et al., 2002; Beyer
et al., 2007). Besides, phytopathogenic strains
of species have likewise been discovered, in spite
of the fact that these appear to be moderately
uncommon (Menzies, 1993).

3.2.1 Morphological characters

of Trichoderma spp.

Rifai (1969) and Bissett (1991) provide details
of the morphological characters they used to de-
scribe and separate species of Trichoderma. They
stress the difficulties in characterizing morpho-
logical types of Trichoderma. Samuels (1996)
additionally remarked on the utility of morpho-
logical characters to characterize species in

Trichoderma. Morphological characters helpful
for characterization and identification in other
hyphomycete genera are often not as valuable in
separating Trichoderma species. However, despite
this, observed morphological characters remain
the essential technique for identification and
confirmation of species in Trichoderma.
Trichoderma strains can often be recognized by
a unique morphology that incorporates rapid
development, brilliant green or white conidial
colours, and repeatedly branched conidiophores.
Figure 3.1 shows classification of Trichoderma
based on conidia and conidiophores. Bissett (1991)
proposed to incorporate all the anamorphs of
Hypocrea in the genus Trichoderma. On the off
chance that this idea is acknowledged, then an
acceptable morphological definition for the class
Trichoderma would be dangerous (Samuels,
1996), since the conidiophore fanning structure

Conidiophore

!

Colonies white, whitish green,long
thick, often sterile hyphae.
Conidiophores in compact tufts.
Side branches short and thick
Phiallides crowded, short and plump

L]
Y L

l

Colonies yellowish, dull to dark
green, long slender, without sterile
hyphae. Conidiophores in compact
tufts. Side branches long and
slender. Phiallides not crowded

Sterile hyphae (-).
Phialospores globose,
and hyaline

globose green

Sterile hyphae (+).
Phialospores not

Phialospores

(T. piluliferum)

Phialospores
I

Rough
(T viride)

Smooth\\

' : :

!

Green, Hyaline, Oblong, Short ovoid,

small small angular length: width Phialospores

to large (T. polysporum) (T koningi) (1:2.5)

(T hamatum) (T harzianum)

Oblong ellipsoidal,

Elliptical, branching more
branching simple complicated
(T longibrachiatum) (T pseudokoningii)

Fig. 3.1. Classification of Trichoderma based on conidia and conidiophore (Ranasingh et al., 2006).
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is very variable, and more or less looks somewhat
like that of less significant genera, for example
Verticillium and Gliocladium. By and large, Tricho-
derma anamorphs of Hypocrea can be separated
from these two genera in having conidiophores
that are more variable in that they fan out at an
inconclusive number of levels — contrasting with
the more consistent verticillate or biverticillate
fanning in Verticillium; and being distinguished
from Gliocladium which has a characteristic peni-
cillate conidiophore structure with terminal
penicillate extensions and more regularly acu-
leate phialides on a generally decently sized stipe.

Colony characters such as the development
rate in culture, pigmentation, the conidiophores
and conidia are important morphological charac-
ters used to identify diverse types of Trichoderma.
Development rates in culture can be valuable to
recognize generally comparative species. Colonies
of strains of T. viride are usually an arresting
brilliant greenish-yellow colour, at least when
the colonies are small and restricted in terms of
space. Dull yellowish shades are characteristic of
numerous species so this is not a feature that can
be used to distinguish different species. A few
species are white while others are ruddy in col-
our. Some colonies have distinctive smells, for
example Trichoderma aureoviride and the trade-
mark sweet-smelling coconut smell produced by
strains of T. viride, T. harzianum and Trichoderma
koningii. A few strains of Trichoderma produce
unpleasant smells. The fanning of the conidio-
phore is either consistently verticillate or unpre-
dictable. Conidiophores are erect or straggling,
expanded at standard intervals, with singular
extensions or several branches collected into
floccose tufts. Every progressive limb is apically
and distally dynamically shorter and narrower
than its predecessor giving the fan a pyramidal
appearance. Conidiogenous cells are phialides,
borne separately or in groups terminally, and these
may be lageniform, ampulliform, sub-globose or
barrel-shaped, with a conidium-bearing neck.
Phialides are naturally short and stout in T. har-
zianum, though in T. viride they are elongated
and lageniform to almost round and hollow. Ter-
minal phialides in many species have a tendency
to be longer and narrower and habitually pretty
much subulate. Subterminal cells of the conidio-
phore may deliver conidia through a short parallel
neck, hence intercalary phialides or what Gams
and Bissett (1998) called aphanophialides are
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somewhat ordinarily seen in Trichoderma. The
single-celled conidia may be dreary green, ash or
tannish in colour; conidial shape changes from
globose to ellipsoidal, obovoidal or short-tube
shaped, with the basal end pretty much decreas-
ing and truncate. There is not a great variety in
conidial measurements in Trichoderma; however,
related species can regularly be separated by
slight yet steady contrasts in size. In many spe-
cies the conidial surface appears to be smooth
when examined under the light microscope,
however, inspection using a scanning electron
microscope reveals these apparently smooth
conidia to be lightly ornamented. Conidia are
either roughened or verrucose in T. viride and
there are wing-like projections on the outer
walls in Trichoderma saturnispoerum and Tricho-
derma ghanense. Chlamydospores are normal in
numerous species. They tend to be globose to
ellipsoidal, terminal and intercalary, smooth-
walled, yellowish, greenish or lacklustre and
6-15 um wide in many species.

3.3 Trichoderma as Biocontrol
Agents

Biocontrol, reducing a pest’s population by using
the pest’s natural enemies, is characterized by the
strategy of gainfully utilizing microscopic organ-
isms such as Trichoderma spp. as biocontrol spe-
cialists against pathogen assault on plants. The
biocontrol agent uses a variety of diverse compo-
nents that act synergistically to achieve natural
disease control. Four noteworthy components are
reported by which biocontrol agents control other
harmful microorganisms: (i) antibiosis (creating
antimicrobial metabolites that chemically adjust
the rhizosphere so that pathogen cannot develop
and/or that kill the pathogen’s cells); (ii) myco-
parasitism (involving direct physical contact be-
tween the pathogen and the biocontrol agent and
use of hydrolytic catalysts, anti-infections agents
and other harmful compounds produced by the
biocontrol agent); (iii) competition (e.g. for space
or nutrients); and (iv) fungistasis (e.g. by blocking
spore germination). There are a large number of
different species of Trichoderma some of which are
biocontrol agents and they achieve this by using
one or more of these methods of control. In add-
ition Trichoderma biocontrol agents can bring

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

Trichoderma: Agricultural Use and Biotechnology 35

printed on 2/13/2023 12:54 PMvia .

about positive consequences for plants including
improving plant development (biofertilization)
and boosting the plant’s natural immunity. Initi-
ation of every component infers the creation of
particular metabolites, for example plant develop-
ment variables, hydrolytic compounds, sidero-
phores, antimicrobials and permeases.

Bailey and Lumsden (1998) showed that
particular strains of Trichoderma colonized and
infiltrated plant root tissues and launched a pro-
gression of morphological and biochemical
changes in the plant, which were thought to be
part of the plant barrier reaction and in this
manner impelled systemic safety. Traditionally,
three chief components of activity of Trichoderma
spp. have been perceived: (i) antibiosis; (ii) myco-
parasitism; and (iii) competition for nourishment,
space or oxygen. In an average mycoparasitic
interaction, the parasitic fungus (e.g. Trichoderma)
detects chemicals discharged by the host fungus
(e.g. Rhizoctonia solani) and is chemotropically
pulled in towards the host. This is followed by the
parasitic fungal hyphae growing in a snake-like
fashion coiling around the host hyphae, com-
pletely surrounding and covering the host, cre-
ating appressoria-like structures and infiltrating
the host in order to use the host as a nutrient
source, eventually causing lysis of the host
(Mukherjee et al., 2008).

Successtul biocontrol is dependent upon the
strain of the biocontrol agent, the organism that it
is intended to control and the natural environmen-
tal conditions (Papavizas and Lumsden, 1980;
Ayers and Adams, 1981; Cook and Baker, 1983).

3.3.1 Type of biocontrol mechanism

As already stated, there are four main compo-
nents by which biocontrol agents control other
harmful microorganisms: (i) antibiosis; (ii) myco-
parasitism; (iii) competition; and (iv) fungistasis.

Antibiosis

T. harzianum Rafai is an effective biocontrol agent
with a distinct pathosystem that makes a moder-
ate adjustment to the soil and it is not harmful to
people, natural life and other valuable micro-
organisms that help towards plant disease con-
trol. It is a powerful biocontrol agent that is used
fairly commonly and when used in controlled

situations it does not accumulate in the environ-
ment and its use is considered to be safe. Other
Trichoderma strains also deliver metabolites that
likewise indicate the incredible reach and pro-
spective application towards controlling patho-
genic microorganisms. According to Dennis and
Webster (1971), Trichoderma strains seem, by all
accounts, to be a ceaseless asset as anti-infection
agents, producing metabolites that range from
the acetaldehydes, gliotoxin and viridian to alpha-
pyrone, terpenes, polyketides, isocyanide deriva-
tives, piperazine and complex groups of peptaibols
(Ghisalberti and Sivasithamparam, 1991). Mix-
tures of metabolites such as these may be pro-
duced together and act synergistically as well as
blending with cell-wall debasing catalysts
(Schirmbock et al., 1994; Lorito et al., 1996) re-
sulting in inhibition of numerous fungal plant
pathogens. Vey et al. (2001) reported that Tricho-
derma strains create numerous unpredictable
and stable compounds including the antibiotic
alamethicin, the antifungal agent tricholin, peptai-
bols, 6-petanyl-a-pyrone, viridian and gliovirin
that upset colonization by hostile microorganisms.
In a few cases, the biocontrol capacity corres-
ponded with the antimicrobial generation. Like-
wise Howell (2003) recorded synergism between
an endochitinase from T. harzianum and gliotox-
in and hydrolytic chemicals and peptaibols amid
conidial germination of Botrytis cinerea.
Peptaibols — a class of straight peptides that
for the most part have antimicrobial action
against Gram-positive microorganisms — act syn-
ergistically with cell-wall corrupting compounds
to hinder the development of contagious
pathogens and inspire plant imperviousness to
pathogens (Wiest et al., 2002). In tobacco plants,
exogenous applications of peptaibols trigger a re-
sistance reaction and decrease defencelessness
to tobacco mosaic infection (Wiest et al., 2002).
A peptaibol synthetase from T. virens has as of
late been filtered, and identification of the gene,
which has been cloned, will encourage investiga-
tions of this compound and its role in biocontrol.
A broad survey of antibiosis and generation
of Trichoderma auxiliary metabolites is given in
Howell (2003). The use of Trichoderma species
were discovered to be compelling against a few
soil-borne and seed-borne plant pathogens, in
particular R. solani, Rhizoctonia bataticola, Fusar-
ium solani f. sp. pisi (Kumar and Dubey, 2001)
and E oxysporum f. sp. ciceris (Dubey, 2003;
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Dubey et al., 2007, 2009). More recently, Singh
et al. (2014) demonstrated the adequacy of
Trichoderma strains in vivo and in vitro for control
of Colletotrichum falcatum, the cause of red rot
disease of sugarcane (Saccharum officinarum).

Mpycoparasitism

Mycoparasitism is an extremely intricate mech-
anism in which one fungus specifically assaults
another fungus, including distinguished patho-
gens (Chet et al., 1981). The parasitic fungus, on
discovering another fungus in the vicinity, grows
towards the target host fungus, completely sur-
rounding or covering it and enters the host in
order to obtain nutrients from the living tissues.
Necrotrophic mycoparasites such as Trichoderma
kill the host fungus in the process. As a result of
this, many diverse types of Trichoderma are
broadly utilized as farming biopesticides to con-
trol plant pathogens, especially those that attack
plant roots. Trichoderma species are fit for myco-
parasitism as they produce various metabolites
such as low levels of an extracellular exochiti-
nase enabling them to enter the host fungus.
A few strains of Trichoderma also produce elicit-
ors and empower safety in plants through colon-
izing the roots. One of the most noteworthy
trademarks of Trichoderma is its capacity to para-
sitize other organisms.

Before contact is made with the target host
fungus, dissemination of extracellular exochiti-
nase by Trichoderma catalyses the release of cell-
wall oligomers from the host fungus, and this in
turn prompts the expression of harmful endo-
chitinases (Carsolio et al., 1999), which likewise
diffuse and start to attack the target organism
(Zeilinger et al., 1999; Viterbo et al., 2007). Once
the organisms come into contact, hyphae of
Trichoderma spp. loop around the host and
become attached to it by forming specialized ap-
pressoria-like structures on the host surface. At-
tachment is achieved by sugars in the Trichoderma
cell wall becoming bound to lectins on the host
fungus (Inbar and Chet, 1996). Once in contact,
Trichoderma produces a few toxic cell-wall de-
grading enzymes (Chet et al., 1997) and most
likely peptaibol antimicrobials too (Schirmbock
etal., 1994). The combined activity of these com-
pounds brings about parasitism of the host fun-
gus and disintegration of the cell walls. At the
sites of the appressoria, gaps can be made in
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the host fungus, and Trichoderma hyphae can
enter into the lumen of the host cell. There are
no less than 20-30 genes, proteins and other
metabolites that are specifically involved in this
interaction indicating the complexity involved
in interactions between Trichoderma and other
organisms.

In the immediate association between
Trichoderma and the target host fungus there are
four stages. These are: (i) chemotropic develop-
ment — when Trichoderma is drawn towards the
target fungus chemotropically by chemicals pro-
duced by the target fungus; (ii) specific identifi-
cation between parasite and target host — lectins
on the cell surfaces of both pathogen and Tricho-
derma are in charge of this methodology; (iii)
coiling of Trichoderma hyphae around the target
host fungus and attachment to it; and (iv) secre-
tion of lytic proteins. Physical contact is preced-
ed by an early recognition process which leads to
the induction of gene expression of hydrolytic
enzymes, for example ech42 which codes for en-
dochitinase in T harzianum (Barbara et al.,
2011). Numerous biocontrol genes have been
identified, cloned and described, in particular
those that code for protease, chitinase, glucanase,
tubulins, xylanase, monooxygenase, galacturo-
nase and cell attachment proteins (Muthu and
Sharma, 2011). These genes have one kind of
capacity in the biocontrol system, for example
cell wall degradation, hyphal development or
stress resistance. These genes play a vital part in
the biocontrol process by managing signals and
lead to the emission of chemicals that assist in
the debasement of the plant pathogens. The
gene ech42 from T harzianum codes for endo-
chitinase which has altogether stronger action
against a wide range of phytopathogenic growths
than other chitinolytic compounds (Garcia et al.,
1994). The ech42 endochitinase (42 kDa) hy-
drolyses B. cinerea cell walls in vitro and represses
spore germination and germ tube elongation in
different organisms (Schirmbock et al., 1994).
Carsolio et al. (1994) demonstrated that Tricho-
derma spp. are potential biocontrol specialists for
the control of the fungal diseases. Studies on the
subatomic structure and qualities of genes en-
coding endochitinases (ech42) in Trichoderma
will improve understanding of the connections
between the distinctive catalysts involved in bio-
control. Recently, Singh et al. (2014) concen-
trated on the connection between endochitinase

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

Trichoderma: Agricultural Use and Biotechnology 37

printed on 2/13/2023 12:54 PMvia .

and the biocontrol action of Trichoderma spp. Six
Trichoderma spp. were utilized for characteriza-
tion of biocontrol action with the ech42 gene.

Competition

Effective colonization of given natural surround-
ings by any life form is subject to its capacity to
secure its biological niche and to flourish and de-
velop regardless of competition for nutrients,
space and light (Herrera-Estrella and Chet,
2004; Harman, 2006; Vinale et al., 2008). In
the field a pathogen has to compete with other
microorganisms for these resources and this
kind of competition provides a basis for disease
control. Trichoderma species are successful com-
petitors as they are vigorous and develop rapidly
in nature and they can survive as chlamydo-
spores when nutrients are scarce, becoming
quickly established once conditions improve.
A full review of exploitation competition is pro-
vided by Lockwood (1981, 1982).

COMPETITION FOR NECROTIC TISSUE. Trichoderma
spp. that colonize delicate tissues such as leaves
are known to control pathogens that attack dead
tissues and use this as a base from which they go
on into the solid tissues. Trichoderma is reported
to control Botrytis and Sclerotinia on strawberry
and apple (Tronsmo and Dennis, 1977; Tronsmo
and Raa, 1977). Dubos (1987) found that
spraying Trichoderma spp. on to grape flowers at
the time of blossoming resulted in Trichoderma
colonizing the tissues as they senesced, thereby
reducing colonization by Botrytis and later dis-
ease levels in the fruit. Dubos (1987) explained
the importance of administering Trichoderma
during flowering and that sometimes repeated
applications were necessary to ensure its critical
spread amid late blossoming.

COMPETITION FOR PLANT EXUDATES. Sometimes, the
pathogen’s reaction to plant exudates is ex-
tremely quick, consequently bringing about dis-
ease. Asindicated by Nelson (1987) damping-off
infection of grains and vegetable seedlings is
launched by the fast reaction of the pathogen to
the seed exudates. The reaction is rapid to the
point that inside a brief time Pythium sporangia
appear in infected soil and cause disease. As indi-
cated by Ahmad and Baker (1988) seed treated
with Trichoderma sp. hinders germination of

sporangia. Harman and Nelson (1994) expressed
that in the above case Trichoderma sp. seek
germination stimulants. T. harzianum (T-35) is
reported to control E oxysporum in the rhizo-
sphere of cotton and melon by competition for
nutrients (Sivan and Chet, 1989). For this sort
of competition, biocontrol agents need to have
the capacity to colonize or establish first in the
root zone and use root exudates and different
nutrients effectively.

COMPETITION ON WOUND SITES. The most de-
fenceless site for pathogen assault is a wound site
on a plant. Biocontrol agents when acquainted
with such destinations can be extremely useful
in controlling a number of pathogens creating
infection. Grosclaude et al. (1973) and Corke
(1974) successfully controlled the pathogen
Chondrostereum purpureum, the cause of silver
leaf in trees, by using T viride in a spray on
wound sites created by pruning shears (T. viride
competing with germinating spores of C. purpure-
um that landed on the freshly exposed sapwood).
Armillaria luteobubalina (a root pathogen) on
freshly cut stumps can be counteracted by
Trichoderma application (Nelson et al., 1995).
T. harzianum strain T3 is reported to colonize
wound sites in cucumber roots and control attack
by Pythium by competing for nutrients released
from the injury.

Wounds resulting from pruning grapevine
trunks are one of the important entry points for
pathogens causing disease in vascular tissue
(Chapuis et al., 1998). Grapevine trunk infec-
tion, specifically Eutypa dieback, Petri disease,
esca, Botryosphaeria canker and Phomopsis die-
back instigate moderate grapevine decay, reduce
yields, shorten the beneficial life of the vine and
increase vineyard administration costs (Creaser
and Wicks, 2001). These ailments can conceiv-
ably be controlled or anticipated by avoiding
contamination or minimizing the impact of the
pathogens in the injury tissue. Regular epiphytes
are known to likewise colonize grapevine wounds
and some restrain wound infection from grape-
vine trunk pathogens (Munkvold and Marois,
1993). Trichoderma species colonize wood tissue
and shield grapevine pruning wounds from
disease caused by Eutypa lata (John et al., 2008)
and Phaeomoniella chlamydospora (Kotze, 2008).
Mutawila et al. (2011) reported that T. harzianum
diminished the development of trunk-disease

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

38 Pradeep Kumar et al.

pathogens in vaccinated sticks yet did not totally
kill them. Be that as it may, it ought to be noted
that the pathogen inoculum levels used in this
study were much higher (10,000 conidia) than
would characteristically be found on a pruning
wound in the vineyard. The natural control spe-
cialists developed more vigorously than the
pathogens in double-vaccinated sticks and there
was limited pathogen development which con-
trasted with single-organism vaccinations. Past
studies have reported a reduction in the quantity
of shoots contaminated with grapevine trunk-
disease pathogens after application of Trichoderma
species to pruning wounds; however, they did not
examine examples of development in the wood
(John et al., 2005; Harvey and Hunt, 2006).

COMPETITION FOR NUTRIENTS. Competition for
nutrients, principally carbon, nitrogen and iron,
may prompt natural control of plant pathogens.
In a number of cases, it is observed that nutri-
ents are limited and because of the large number
of microorganisms in the soil competing for the
nutrients microbial growth is suppressed.

Iron uptake is fundamental for most fila-
mentous growths and during nutrient starva-
tion a large portion of the fungi secrete low sub-
atomic weight, ferric-ion chelating agents called
siderophores to assemble natural iron (Eisendle
et al., 2004). In Ustilago maydis (a fungal patho-
gen that causes common smut in maize) genes
identified with iron uptake have been shown to
influence the advancement of plant diseases
(McIntyre et al.,, 2004). Trichoderma secretes
very productive siderophores that chelate iron
and stop the development of other growths (Chet
and Inbar, 1994). 1t is believed that the biocon-
trol exercised by Trichoderma in soil over the via-
bility of Pythium is based around accessibility to
iron. What is more, T. harzianum T-35 controls
E oxysporum by both rhizosphere colonization
and competing for nutrients, with biocontrol
becoming more compelling as the nutrients di-
minish (Tjamos et al., 1992).

According to Latorre et al. (2001) competi-
tion has turned out to be especially imperative
for the biocontrol of pathogenic organisms, for
example B. cinerea which is a significant risk
causing both pre- and postharvest losses. The
higher level of genomic variability of B. cinerea
makes it possible for new strains to become resist-
ant to essentially any novel chemical fungicide
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to which it is exposed (Latorre et al., 2001).
The advantage of using Trichoderma to control
B. cinerea is the coordination of several mech-
anisms simultaneously, thus making it practic-
ally impossible for resistant strains to appear.
B. cinerea is particularly sensitive towards nutri-
tion deprivation. Compared with other organisms
Trichoderma shows a greater capability to mobil-
ize and take up soil nutrients. Efficient use of
available nutrients is based on the ability of
Trichoderma to obtain ATP from the metabolism
of different sugars, such as those derived from
polymers such as cellulose, glucan and chitin
that are widespread in fungal environments, all
of them releasing glucose (Chet et al., 1997).
The key components of glucose metabolism in-
clude assimilation enzymes and permeases, to-
gether with proteins involved in membrane and
cell wall modifications.

Fungistasis

The majority of soils stifle the germination of or-
ganisms to a certain level, by a phenomenon
called fungistasis (Dobbs and Hinson, 1953).
The power of fungistasis is reliant on the phys-
ical and chemical soil properties and in addition
soil microbial activity. As indicated by past stud-
ies, microorganisms are believed to be the cause
of fungistasis, either by limiting the amount of
available carbon (nutrient deprivation hypothesis)
or by producing antifungal compounds (antibiosis
hypothesis). When all is said and done, plant
pathogenic growths seem, by all accounts, to be
more susceptible than saprophytic organisms
(Chalfie et al., 1994; Harman, 2000a). The sen-
sitivity of plant pathogenic fungi to fungistasis is
thought to shield them from germination and
starting to develop under unfavourable condi-
tions (Harman, 2000a; Lorang et al., 2001). The
negative effect of fungistasis on the inoculum
density of plant pathogenic fungi has been sug-
gested as a mechanism to explain the commonly
found correlation between fungistasis and disease
suppressiveness (Hornby, 1983; Larkin et al.,
1996). Subsequently, it has been suggested that
fungistasis may be manipulatively used as a po-
tential measure to control plant pathogenic
growths (Lorang et al., 2001) with the intention
of fortifying germination and ensuing drying of
the newly developed plant pathogens without a
host. A significant number of competitors had
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the capacity to beat the fungistatic impact of
soil that results from the vicinity of metabol-
ites created by different species produced under
amazing environmental conditions. Trichoder-
ma strains become quickly immunized in the
soil, in light of the fact that they are commonly
impervious to numerous toxic compounds in-
cluding herbicides, fungicides, insecticides and
phenolic compounds (Chet et al., 1997) on the
grounds that the strains recuperate quickly
after exposure to sub-lethal concentrations of
some of these compounds. Imperviousness to
lethal compounds may be connected to the ATP-
binding cassette (ABC) transport framework in
Trichoderma strains (Harman et al., 2004).
Hence, Vyas and Vyas (1995) recommended
replacing fungicides such as captan, methyl
bromide or benomyl with preparations of Tricho-
derma strains which were shown to be extremely
proficient in controlling a few phytopatho-
gens, for example R. solani, P. ultimum or Scler-
otium rolfsii.

3.4 Trichoderma as a Source
Organism for Useful Genes

Biocontrol microbes must contain a large num-
ber of genes that encode products that permit
the biocontrol mechanism. A number of genes
from Trichoderma spp. are cloned and offer great
promise as transgenes to produce crops that are
resistant to plant diseases. These genes, which
are contained in Trichoderma spp. and many
other beneficial microbes, are the basis of ‘nat-
ural” organic crop protection and production
technology. The processes of mycoparasitism,
antibiosis, induced resistance, competition for
nutrients and/or space, tolerance to stress
through enhanced root or plant development,
solubilization and sequestration of inorganic
nutrients and inactivation of the pathogen'’s en-
zymes have been demonstrated for biocontrol
and for enhancement of plant growth. Trans-
genic expression of high levels of chitinolytic
and glucanolytic Trichoderma enzymes does not
affect plant morphology, development, yield or
infection by arbuscular mycorrhizal fungi. Most
of these genes have been patented and are com-
mercially available and a number of them are in
development to be used in agricultural biotech-
nology (Lorito, 1998).

3.4.1 Progress in identification of

Trichoderma genes

Several methods for applying both biocontrol
and plant growth promotion exerted by Tricho-
derma strains have recently been demonstrated
and it is now clear that hundreds of separate
genes and gene products are associated with the
processes of competition for nutrients or space,
antibiosis, tolerance to stress through enhanced
root mycoparasitism, plant development, solu-
bilization, sequestration of inorganic nutrients,
inactivation of enzymes produced by pathogens
and induced resistance (Monte, 2001). Many of
these genes from Trichoderma spp. have been
identified and cloned (Table 3.2) which offers
great potential in the development of genetically
transformed Trichoderma spp. for traits of im-
portance and will help overcome diseases. How-
ever, some of the genes are still unexplored and
further work is needed.

Some of the genes that have been identified
and isolated are as follows:

e The tvspl gene from T. virens, encoding for
serine protease which is involved in the deg-
radation of fungal cell walls, was success-
fully cloned and employed against R. solani
affecting cotton seedlings and the pathogen
was controlled biologically. The gene tvsp1
was expressed in Escherichia coli and cloned
in the pET-30 vector (Pozo et al., 2004).

e The trichodiene synthase (tri5) gene from
T. harzianum was found to be responsible for
the synthesis of the toxic trichothecene
which inhibits protein and DNA synthesis
in cells and inhibits the growth of patho-
gens. Trichothecene shows phytotoxic ac-
tivity against Fusarium species (Gallo et al.,
2004).

e  The B-tubulin (B-tub) gene was isolated and
characterized from T. harzianum. The struc-
tural components of most cells interact with
benzimidazole fungicides and play a major
role in the biocontrol process. Li and Yang
(2007) described the three-dimensional
model of the B-tubulin gene as performed by
the Swiss-model automated comparative
protein modelling server.

e Sml a cysteine-rich protein-coding gene
was isolated from T. virens (Buensanteai
et al., 2010). This gene shows defence activity
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Table 3.2. Progress in identification of Trichoderma genes and their activity.

Trichoderma spp.

Biocontrol gene

Function/activity of gene

Effect of biocontrol gene

Reference

Trichoderma harzianum
strain IMI206040

Trichoderma
longibrachiatum wild
type strain CECT2606

T harzianum strain P1
74058

Trichoderma atroviride
strain P1 (ATCC 74058)

Trichoderma strain SY

Trichoderma virens strain
IMI 304061

T harzianum strain ATCC
90237

T virens strain IMI 304061

T virens wild-type strain
Gv29-8 and an arginine
auxotrophic strain,
Tv10.4

Trichoderma hamatum
strain LU593

T viride IFO31137

Trichoderma atroviride
strain P1ATCC 74058
T virens IMI 304061
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Proteinase prb1 and
endochitinase (ech42
genes)

B-1,4-endoglucanase gene,
eglt

ech42 gene

1,3-B-glucosidase gene,
gluc78

Xylanase gene Xy/

TmkA mitogen-activated
protein kinase (MAPK)
gene

Trichodiene synthase tri5
gene

TgaA, TgaB genes
tvsp1 serine protease-

encoding gene

Chitinase chit42 and
proteinase prb1 gene

Endo-B-1-6-galactanase
gene

tgal gene

tmkA gene

Parasitic activity against Sclerotium rolfsii
and Rhizoctonia solani

Biocontrol activity against Pythium ultimum
on cucumber

Biocontrol activity against Botrytis cinerea
and R. solani

Cell wall degradation of pathogens Pythium
and Phytophthora

Helps in breakdown of hemicellulose

Biocontrol activity against pathogens such
as S. rolfsii and R. solani

A toxic secondary metabolite responsible for
inhibiting DNA or protein synthesis and

enhances virulence against Fusarium spp.

Antagonism against S. rolfsii and R. solani

Involved in pathogenesis or biocontrol
process of R. solani

Mycoparasitic activity against Sclerotinia
sclerotiorum

A type of arabinogalactan protein that is
involved in cell-cell adhesion, expansion
and cell death

Chitinase formation and production of
antifungal metabolites

Induction of plant systemic resistance and
biocontrol activity against R. solani (tested
under greenhouse conditions)
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Expression of this gene helps
in regulation of hydrolytic
enzymes

Shows enhanced biocontrol
activity

Disruption of this gene affects
the biocontrol activity

Exhibits moderate biocontrol
activity

Gene isolation

This gene represses conidial
formation in R. solani

Increases the virulence
against Fusarium spp.

Increases virulence in plant
pathogenic interactions

Exhibits moderate activity
against R. solani

Exhibits moderate biocontrol
activity

Expression of gene enhances
the production of proteins

Increases the antifungal
activity

Shows increased biocontrol
activity

Cortes et al. (1998)

Migheli et al. (1998)

Woo et al. (1999)
Donzelli et al. (2001)

Min et al. (2002)
Mukherjee et al.
(2003)

Gallo et al. (2004)

Mukherjee et al.
(2004)
Pozo et al. (2004)

Steyaert et al.
(2004)
Kotake et al. (2004)

Reithner et al.
(2005)
Viterbo et al. (2005)
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T harzianum CECT 2413

T harzianum CECT 2413

T harzianum Rifai CECT
2413

T virens Gv29-8

T virens IMI 304061

T harzianum T88

T hamatum LU593

T harzianum E58
T harzianum CECT 2413

T harzianum (e).
(GenBank accession
number AJ605116)

T atroviride P1 (ATCC
74058)

Trichoderma reesei
QM9414 (ATCC 26921)

T harzianum CECT 2413

T harzianum
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ThPTR2 gene

erg1 gene

qid74 gene

TvBgn2 and TvBgn3 genes

tac1, adenylate cyclase gene

3-Tubulin gene

Monooxygenase gene

crel gene
T34 hsp70

Th-Chit gene

Taabc2 gene

TrCCD1 gene

Thctf1transcription factor
gene

Serine protease gene SL41

Di/tripeptide transporter gene, that is
involved in mycoparasitic activity against
B. cinerea

Silencing of the erg? gene enhances
resistance to terbinafine that shows
antifungal activity

Involved in cell protection and adherence to
hydrophobic surfaces that helps in
antagonism against R. solani

These genes help in encoding cell-wall
degrading enzymes

Mycoparasitism against R. solani, S. rolfsii and
Pythium spp. and production of secondary
metabolites

Exhibits biocontrol activities like
mycoparasitism and antifungal activity

Antagonist activity against S. sclerotiorum,
Sclerotinia minor and Sclerotinia
cepivorum

Production of cellulase and hemicellulase
enzymes

Increases fungal resistance to heat and
abiotic stresses

Antifungal activity in transgenic tobacco

Plays a key role in antagonism against
R. solani, P ultimum and B. cinerea
Helps in hyphal growth, conidiospore
development and carotenoid pigment
production
Antifungal activity against R. solani,
Fusarium oxysporum and B. cinerea and
production of 6-pentyl-2H-pyran-2-one
Biocontrol activity against pathogens
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Induces peptide transport that
enhances mycoparasitism

Shows enhanced biocontrol
activity

Shows moderate biocontrol
activity

Shows enhanced biocontrol
activity

Shows reduced biocontrol
activity

Shows moderate biocontrol
activity

Shows enhanced biocontrol
activity

Shows enhanced biocontrol
activity

Shows increased biocontrol
activity

Shows enhanced biocontrol
activity

Shows decreased biocontrol
activity

Shows increased biocontrol
activity

Shows enhanced biocontrol
activity

Shows enhanced biocontrol
activity

Vizcaino et al.
(2006)

Cardoza et al.
(2006)

Rosado et al. (2007)

Djonovic et al.
(2007)

Mukherjee et al.
(2007)

Li and Yang (2007)

Carpenter et al.
(2008)

Saadia et al. (2008)

Montero-Barrientos
et al. (2008)

Saiprasad et al.
(2009)

Ruocco et al. (2009)

Zhong et al. (2009)

Rubio et al. (2009)

Liu et al. (2009)

Continued
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Table 3.2. Continued.

Trichoderma spp.

Biocontrol gene

Function/activity of gene

Effect of biocontrol gene

Reference

T harzianum T34 CECT
2413

Trichoderma asperellum
(Enzymology Group
collection,UFG-ICB)

T virens strain
TvSMOE38

T virens (strain IMI
304061)

Trichoderma
brevicompactum
IBT40841

T harzianum CECT 2413

T harzianum CECT 2413

Endopolygalacturonase
ThPG1 gene
tag 3 gene

Sm1 gene (cysteine-rich
protein)

TvGST glutathione
transferase gene
tri5 gene

Thke11 gene

Genes encoding for N-acetyl-
beta-D-glucosaminidase
(exc1 and exc?2), chitinase
(chit42 and chit33),
protease (prb1) and
B-glucanase (bgn13.7)

Secretion of plant cell-wall-degrading
enzymes against R. solani and P, ultimum

Production of cell-wall-degrading enzyme
glucanase

A small cysteine-rich protein that induces
defence responses in dicot and monocot
plants and in protecting crop diseases

Enhances cadmium tolerance in plants

Production of trichodermin and antifungal
activity against Candida albicans,
Candida glabrata and Aspergillus
fumigatus

Expression of this gene in Arabidopsis
thaliana modulates glucosidase activity
and enhances tolerance to salt and
osmotic stresses

Mycoparasitic activity against £ oxysporum

Shows enhanced biocontrol
activity

Shows significant biocontrol
activity

Shows enhanced biocontrol
activity

Increases the biocontrol
activity

Shows enhanced biocontrol
activity

Enhances the biocontrol
activity

Shows enhanced biocontrol
activity

Moran-Diez et al.
(2009)

Marcello et al.
(2010)

Buensanteai et al.
(2010)

Dixit et al. (2011)

Tijerino et al. (2011)

Hermosa et al.
(2011)

Mondejar-Lopez
et al. (2011)
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against fungal diseases in dicotyledonous
and monocotyledonous plants.

Gene gluc78, isolated and characterized
from Trichoderma atroviride, encodes for an
antifungal glucan 1,3-p-glucosidase which
plays a significant role in the cell wall deg-
radation of pathogens such as R. solani and
P, ultimum (Donzelli et al., 2001).

A glucose repressor gene crel was isolated
from T. harzianum which causes repression
of cellulase and xylanase encoding genes
which are the major type of enzymes in-
volved in the cell wall degradation of patho-
gens (Saadia et al., 2008).

Serine proteases play a key role in fungal
biology and are involved in biocontrol activ-
ity. A novel serine protease gene named
SL41 from T. harzianum was cloned and ex-
pressed successfully in Saccharomyces cerevi-
siae (Liu et al., 2009).

A Trichoderma strain producing SY xyla-
nase enzyme was isolated from the soil. The
Xyl gene coding for xylanase was found to
be highly expressed in the presence of cellu-
lose as the only source of carbon. The full
length cDNA of Xyl was amplified and cloned
in the pGEM-T vector (Min et al., 2002).
G-protein o subunit genes from T. virens,
namely TgaA and TgaB, exhibiting antagon-
istic activity against pathogens R. solani and
S. rolfsii were cloned and characterized
(Mukherjee et al., 2004).

The T harzianum-derived ThPG1 gene en-
codes the enzyme endopolygalacturonase
which is involved in cell wall degradation of
pathogens such as R. solani and P. ultimum
and is also involved in plant beneficial inter-
actions. Moran-Diez et al. (2009) performed
full length cloning of the ThPG1 gene using
the pSIL-pG1 vector and also examined its
phylogenetic relationship by comparing wild-
type and mutant strains.

Galactanase enzymes belong to the family
of arabinogalactan proteins that are in-
volved in cell—cell adhesion, cell expansion
and cell death. The Tv6Gal gene coding for
the endo-B-(1—6)-galactanase enzyme from
T. viride was isolated, cloned and expressed
in E. coli (Kotake et al., 2004).

Chitinases are one of the cell-wall-degrading
proteins that help in antifungal activity.
The Th-Chit gene isolated from T. harzianum

confers antifungal activity in transgenic to-
bacco plants against Alternaria alternata
(Saiprasad et al., 2009).

Trichoderma brevicompactum encodes tri5, a
trichodiene synthase gene. The overexpres-
sion of the tri5 gene increases the production
of trichodermin which shows antifungal
activity against S. cerevisiae, Kluyveromyces
marxianus, Aspergillus fumigatus, Candida gla-
brata, Candida albicans and Candida tropicalis.
Tijerino et al. (2011) reported the cloning of
gene tri5 in pURSPT5 and transformed into
T. brevicompactum.

The ergl gene from T. harzianum encodes
the enzyme squalene epoxidase, which helps
in the synthesis of ergosterol. Silencing this
gene provides resistance to terbinafine, an
antifungal compound. The antifungal activ-
ity was checked with S. cerevisiae. This is the
first terpene biosynthesis gene cloned and
characterized from the genus Trichoderma
(Cardoza et al., 2006).

A transcription factor gene Thctf1 isolated
from T. harzianum showed antifungal ac-
tivity against pathogens such as R. solani,
B. cinerea, E oxysporum and S. rolfsii and
was involved in the production of 6-pentyl-
2H-pyran-2-one (Rubio et al., 2009).

The T atroviride G-protein o-subunit gene
(tgal)is involved in production of chitinas-
es and antifungal metabolites. Chitinases are
proteins involved in cell wall degradation. The
tgal gene was cloned in the pGEM-T vector
and characterized. The antifungal activity
was examined using a dual culture technique
by plating wild-type and mutant Atgal strains
of T atroviride against plant pathogens
R. solani, B. cinerea and S. sclerotiorum. Accord-
ing to Reithner et al. (2005) the antifungal
activity between the wild-type and mutant
strains were affected by altering the tgal
gene. A mono-oxygenase gene is involved in
antifungal activity against Sclerotinia spp.
Its expression is influenced by physical con-
tact between the two fungi.

Gene ech42 from T. harzianum encodes for
endochitinase. Disruption of the ech42
gene affects the biocontrol activity of the
fungus. Antifungal activity against patho-
gens B. cinerea and R. solani with the wild-
type and mutant (disrupted) strains was
tested (Woo et al., 1999).
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e Six genes coding for N-acetyl-beta-D-
glucosaminidase (exc1 and exc2), chitinase
(chit42 and chit33), protease (prb1) and
B-glucanase (bgn) from five different isolates
of T. harzianum were isolated, cloned and
expressed (Mondejar-Lopezet al., 2011). All
of these genes play important roles in my-
coparasitism activity against pathogens, es-
pecially E oxysporum.

According to Montero-Barrientos et al.
(2008) Trichoderma spp. can help plants sur-
vive in abiotic stress conditions. An example is
a glutathione transferase gene (TvGST) from
T. virens that was cloned, characterized and
expressed in a transgenic plant (Dixit et al.,
2011). When the transgenic plant expresses
this gene against different concentrations of
cadmium, it shows tolerance to cadmium ac-
cumulation in the plants and thus it acts as
a cadmium tolerant gene (Dixit et al., 2011).
Another example is the hsp70 gene from T. har-
zianum T-34 isolate which was cloned, expressed
and characterized and it was found to help in
increasing the fungal resistance to heat and it
also increases salt tolerance, oxidative and os-
motic tolerances (Montero-Barrientos et al.,
2008). Similarly the Thkel1 gene from T. harzia-
num encodes for the putative kelch repeat pro-
tein which helps in directing the glucosidase
action and improves resilience to salt and os-
motic stresses in Arabidopsis thaliana plants
(Hermosa et al., 2011).

3.5 Commercial Utilization

Chemicals produced by Trichoderma spp. are gen-
erally acknowledged across the board for their
various modern commercial applications particu-
larly in the textile industry (Cavaco-Paulo and
Gubitz, 2003), the pulp, paper, food and feed in-
dustries (Galante et al., 1998) and in agriculture.

3.5.1 Trichoderma in the textile industry

Trichoderma reesei is one of the best cellulase-
creating filamentous growths for the corruption
of crystalline cellulose and is utilized as a modern
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host to generate heterologous and homologous
chemicals (Penttila et al., 2004). In the textile in-
dustry cellulase enzymes are widely used for biof-
inishing cotton and in particular to treat fabrics
such as denim to give it an aged ‘stone-washed’
look. In the past this was achieved using a pum-
ice stone-washing process but this abrasive pro-
cess has almost entirely been replaced by the en-
zymatic process of biostoning in which cellulases
digest cellulose, the main component of cotton
and other natural plant fibres. Biostoning is a
more economical and environmentally friendly
way to treat denim. The gene for the cellulose en-
zyme was isolated from T, reesei and put into bac-
teria for mass production. About 10% of textile
finishing of cellulose material is estimated to be
performed by cellulases and approximately 80%
of the 1.8 million pairs of jeans produced annu-
ally are finished with cellulases as an alternative to
pumice stones (Buchert and Heikinheimo, 1998).
Cellulases may also have potential use in
production of synthetic textiles such as viscose,
which is made from cellulose that is processed
into textile fibres. In the first stage of the process
cellulose is changed into an alkali-soluble form
using carbon disulfide — a stage that carries en-
vironmental risk. Rahkamo et al. (1996) found
that use of carbon disulfide could be avoided by
using purified T. reesei cellulases which dissolved
the hardwood dissolving pulp (the raw material
for the viscose process) increasing its solubility.

3.5.2 Trichoderma in the pulp
and paper industry

There has been considerable research into
potential applications of crude enzyme prepar-
ations from Trichoderma spp. in the pulp and
paper industry. Cellulases have potential use in
the pulp and paper industry, for example in de-
inking to discharge ink from fibre surfaces,
treatment of paper and pulp mill effluent and
in biobleaching wastepaper pulp (Suurnakki
et al., 2004). Crude preparations of cellulase
and xylanase from T harzianum have been
shown to have potential use in deinking photo-
copier waste paper which is needed when such
paper is recycled (Pathak et al., 2014). In the
timber industry cellulases have been indicated
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to be successful in reducing the energy used for
mechanical pulping (Pere et al., 2002).

3.5.3 Trichoderma in the food and
livestock feed industries

Applications from Trichoderma spp. are widely
used in the food industry. Enzymes such as
pectinases, cellulases and hemicellulases from
Trichoderma are used for the production of fruit
juices, B-glucanases and cellulases are used in
brewing and xylanases are used as feed addi-
tives for livestock and pet foods (Galante et al.,
1998). Cellulases are used together with differ-
ent hydrolases to degrade anti-nutritional factors
such as non-starch polysaccharides to enhance
nutritional transformation rates and boost the
nutritional value of animal feeds (Galante et al.,
1998). The food industry utilizes cellulases to-
gether with other plant-cell-wall degrading en-
zymes in the preparation of fruit and vegetable
juices (Urlaub, 2002). Enzymatic hydrolysis of
biomass to sugars for ethanol production has
also been an area of significant research in
recent years.

3.5.4 Use of Trichoderma in agriculture
and impacts on plants

Trichoderma spp. are found naturally in soils of
nearly all types and in other habitats. However,
for agricultural purposes (e.g. for biocontrol of
pathogens or to promote plant growth) they
may be added as a seed treatment or directly to
the soil. If applied as a seed treatment the best
strains readily colonize the roots of the crop
and will persist for up to 18 months after
application (Harman, 2000b). Different strains
of Trichoderma are used as biocontrol agents
to control a number of pathogenic fungi, al-
though some strains are more effective than
others. Several reputable companies manufac-
ture products which, for example in the USA,
are legally registered for control of specific
pathogens (Harman, 2000b). Trichoderma may
also be applied to improve the rate of plant
growth, in particular to increase development
of a deep root system which can help plants

such as maize, turfgrass and ornamentals to
tolerate drought (Harman, 2000b).

Biocontrol agents are known to deliver an
extensive variety of consequences for plants.
Trichoderma spp. used as biocontrol agents are
known to control infection by pathogens
through, for example, mycoparasitism or by the
creation of antimicrobial compounds. Notwith-
standing this, Trichoderma is also known to ad-
vance or repress plant development (Wright,
1956; Lindsey and Baker, 1967). Diverse types of
Trichoderma exist in the rhizosphere and infiltrate
plant roots, colonizing the epidermis and a few
cells below (Harman et al., 2004 ). This opportun-
istic, facultative beneficial interaction between
fungus and plant is determined by the capacity of
Trichoderma to detect sucrose or different nutri-
ents from the plants, in exchange for boosting
plant resistance against attacking pathogens and
enhancing photosynthetic capacity (Vargas et al.,
2011). The proximity of Trichoderma spp. in the
rhizosphere summons a composed transcriptom-
ic, proteomic and metabolomic reaction in the
plant (Shoresh and Harman, 2008). This re-
sponse by the plant is frequently gainful, enhan-
cing root growth and development, crop yield
and resistance to pathogens.

Colonization of the plant root

Colonization infers the capacity to follow and
perceive plant roots, enter the plant and with-
stand lethal metabolites delivered by the plants
in response to attack by a remote organic entity.
Trichoderma strains must colonize plant roots be-
fore the plant responds by producing antimicro-
bial compounds as a defence mechanism against
microbial attack (Harman et al., 2004). Tricho-
derma spp. can build enduring colonizations on
the surface of plant roots and also enter into the
epidermis where plants secrete antimicrobial
compounds such as phytoalexins, phenolic com-
pounds, terpenoids, flavonoids and glycones as
part of systemic plant reactions against fungal
pathogens.

Trichoderma strains have demonstrated
greater endurance towards these compounds
than other fungi, and their capacity to colonize
plant roots unequivocally relies on this ability,
which is related to the ABC transport framework
in Trichoderma spp. Both plant and fungus release
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signal compounds and the interaction between
these signals from both partners regulate hormo-
nal signals that encourage root colonization.
Contreras-Cornejo et al. (2009) studied the
interaction between T. virens and Arabidopsis.
They found that the fungus enhanced biomass
production and promoted lateral root growth
through an auxin-dependent mechanism. Using
a gene knockout technique, Viterbo et al. (2010)
reported on the part played by ACC (1-aminocy-
clopropane-1-carboxylate) deaminase in regula-
tion of canola (Brassica napus) root growth pro-
motion by Trichoderma asperellum. In any case,
Trichoderma secretes small cysteine-rich hydro-
phobin-like proteins to encourage connection.
Two proteins, TasHyd1 and Qid74, secreted by
T. asperellum and T. harzianum, respectively, en-
courage connection to the roots (Viterbo and
Chet, 2006; Samolski et al., 2012). Entrance
into the root is encouraged by secretary expan-
sin-like proteins with cellulose-binding modules
and endo-polygalacturonase (Brotman et al.,
2008; Moran-Diez et al., 2009). Once infiltration
occurs in the root, the fungus begins to grow
and develop intercellularly, albeit being re-
stricted to the epidermal layer and a few cells of
the cortex immediately below the epidermis.
T. koningii has been found to suppress phyto-
alexin production during colonization of Lotus
japonicus roots (Masunaka et al., 2011).

Trichoderma as a biofertilizer

The addition of biofertilizers to soil can improve
the retention of nutrients in plants and may en-
courage soil richness and increased harvest
yields. Root colonization by Trichoderma strains
has a beneficial effect on plants by improving
resistance to abiotic stress and uptake of nutri-
ents, as well as increasing root development.
Crop productivity in fields can increase up to
300% after the addition of Trichoderma hamatum
or T. koningii as biofertilizer. However, there are
very few reports on strains that produce growth
factors which have been detected and identified
in the laboratory (auxins, cytokinins and ethyl-
ene) (Arora et al., 1992). An increase in seed ger-
mination was observed when seeds were divided
from Trichoderma strains by a cellophane film,
which demonstrates that Trichoderma strains
secrete plant-development-advancing elements
(Benitez et al., 1998). Trichoderma strains deliver
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cytokinin-like compounds (e.g. zeatin) and gib-
berellins (e.g. gibberellin A3 (GA3) or a GA3-
related compound) which could enhance bioferti-
lization (Osiewacz, 2002).

Trichoderma advances plant development

According to Chang et al. (1986) improved ger-
mination, a fast rate of blooming and increased
height and weight of specific plants, namely pep-
per and chrysanthemums, were observed when
soil was treated with conidial suspensions of
T. harzianum. Shivanna et al. (1994, 1996) re-
corded increased development of wheat and soy-
bean under nursery conditions when treated
with Penicillium and Trichoderma. They further
expressed that the reaction varied when the
same was attempted in field conditions yet in-
creases in yield were perceived at times. T. harzia-
num strain T-203 enters the roots and acts like a
mycorrhizal growth, advancing development
(Kleifield and Chet, 1992). Trichoderma spp. are
known to control minor pathogens such as Pyth-
ium sp. (Ahmad and Baker, 1988) and in this
roundabout way advance development.

Trichoderma induces plant resistance
to pathogens

The capacity of Trichoderma strains to protect
plants against attack by root pathogens has long
been credited to a hostile impact against the in-
trusive pathogen (Chet et al., 1997). Coloniza-
tion of the rhizosphere by Trichoderma strains
protect plants against various classes of patho-
gens (viral, bacterial and fungal pathogens) that
cause diseases, which indicates the incitement
of responses that are similar to plant resistance
mechanisms, namely the hypersensitive re-
sponse (HR), systemic acquired resistance (SAR)
and induced systemic resistance (ISR) (Harman
etal., 2004).

Activation of plant resistance mechanisms
do not necessarily need the presence of the live
form of the pathogen as plant genes react to elicit-
ors. Trichoderma elicitors might be metabolites
that may bring about a combination of phyto-
alexins, pathogenesis-related (PR) proteins and
other compounds produced by the plant which
increase protection against a few plant pathogens
including microorganisms (Elad et al., 2000;
Dana et al., 2001) and resistance to adverse
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abiotic conditions. Yedida et al. (2000) showed that
inoculation of cucumber roots with T. harzianum
(strain T-203) resulted in the production of PR
proteins, including various hydrolytic chemicals.
Plants react promptly to Trichoderma intrusion by
rapid particle fluxes and an oxidative burst, subse-
quently demonstrated by the presence of a com-
bination of callose and polyphenols (Shoresh et al.,
2010). These events include salicylic acid (SA)
and jasmonic acid/ethylene (JA/ET) signalling,
resulting in the whole plant gaining varying de-
grees of resistance to pathogen assault. This reac-
tion is most ordinarily known as JA/ET-mediated
ISR and takes after the reaction activated by
PGPR. According to recent discoveries (Yoshioka
etal., 2012), larger inoculums of Trichoderma may
enact an SA-mediated SAR reaction, looking like
to that summoned by necrotrophic pathogens.
The signalling events prompt ISR. An atomic
cross-talk between plant (cucumber) and T. virens

might evidently trigger a downstream guard reac-
tion by ramifications of MAPK (mitogen-activated
protein kinase) (Viterbo et al., 2005).

Some newly discovered Trichoderma spp.,
namely Trichoderma stromaticum, Trichoderma
amazonicum and Trichoderma evansii, appear to
have an endophytic relationship with plants and
are not involved with the soil/rhizosphere, and
phylogenetic investigation has revealed that
these species have recently evolved (Mukherjee
etal., 2012). Endophytic Trichoderma species are
reported to prompt transcriptomic changes in
plants and some are known to shield plants
from diseases and abiotic stresses (Bailey et al.,
2006; Bae et al., 2009). Such endophytes specif-
ically colonize the surface of glandular trich-
omes and produce appressoria-like structures
(Bailey et al., 2009). This is one example where
Trichoderma utilizes a ‘non-root’” mode of pas-
sage into the plant.
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4 The Role of Bacillus Bacterium
in Formation of Plant Defence:
Mechanism and Reaction
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of Sciences, Ufa, Russia

Abstract

This review analyses data on the physiological and biochemical influence of rhizospheric and endophytic plant
growth-promoting rhizobacteria (PGPR) from the genus Bacillus on mechanisms of resistance of plants and con-
siders the possibility of their use in agriculture for protecting crops against pathogens and pests. Published results
showed that some strains of Bacillus spp. elicit significant reduction of incidence or severity of various plant
diseases. PGPR-promoted defence of plants develops as a result of their endosymbiotic interrelationships. This
mechanism is directly achieved by the bacteria producing peptide antibiotics and hydrolases of chitin and glucan
and also because the plants form their own system of induced systemic resistance (ISR), accompanied by changes
in the balance of defensive proteins, hormones and pro-/antioxidant status.

4.1 Bacilli Preparations in Plant
Growing and Defence
4.1.1 Biofungicides: a short classification

and general biological activity

All plants face infections and diseases following
attack by a mass of phytopathogens and pests of
animal, microbial and viral origin. Plant diseases
are responsible for the loss of at least 10% of glo-
bal food production, representing a threat to food
security. For example, potato blight caused by the
pathogenic oomycete Phytophthora infestans on
potato resulted in more than 1 million deaths in
Ireland during ‘the Great Famine’ between 1845
and 1849 (O'Neill, 2009).

The most essential factor for obtaining the
highest yield in all agricultural systems is crop

*phyto@anrb.ru

protection from pests and diseases. It includes
applying economic, selection and agrotechnical
measures, application of chemical pesticides and
biopreparation. Pest management strategies have
evolved from simple empirical procedures to sci-
ence-based complex events, such as seed treat-
ment or crop spraying. Pesticides are extensively
used in intensive agriculture to control pests,
diseases, weeds and other crop enemies to re-
duce yield losses and maintain product quality.
Modern preparations created for crop protection
can be divided into three groups, which will be
discussed in the following three paragraphs.
The first group includes chemicals with a
high biocidal effect that kill target ‘hazardous’
organisms. The efficiency of their use is high.
However, they also kill ‘beneficial’ species of bio-
cenoses, and this is their main disadvantage.

56 © CAB International 2016. The Handbook of Microbial Bioresources (eds V.K. Gupta et al.)
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In addition, they are only partially utilized and
their residues accumulate in foods. Although
systemic pesticides used against plant diseases
are less toxic and they are rapidly utilized in
plants, their use entails financial difficulties be-
cause they are expensive and pathogens become
resistant to them over time. This forces us to
search for new chemicals to protect plants per-
manently (Wisniewski et al., 2007).

Low-molecular substances capable of stimu-
lating the immune potential of plants belong to
the second group. By one method of classifica-
tion they can be divided into the following types:
(i) substances that improve the resistance of cell
walls to pathogenic attack by storing silicon and
lignin in infected tissues; (ii) substances that ac-
tivate phenolic metabolism; (iii) substances that
induce the synthesis of phytoalexins; (iv) sub-
stances that provoke plant sensitization (i.e. that
prepare plants for pathogenic attack); and (v)
substances that boost the susceptibility of fun-
gus cells to external actions, in particular to
plant hydrolases.

Biopesticides including living cultures of
bacteria or fungi as an active ingredient belong
to the third group (Ongena and Jacques, 2008;
Saunders and Kohn, 2009; Van der Lelie et al.,
2009; Kumar et al., 2012). Their protective ef-
fect is based on the ability of microorganisms to
produce: (i) antibiotic compounds of various
kinds; (ii) siderophores and chelators that pro-
mote assimilation of macro- and microelements
in plants, such as calcium, iron or, alternatively,
isolate heavy metals and toxic substances; (iii)
substances that convert insoluble phosphorus
into mobile forms and also stimulate the viability
of nitrogen-fixing bacteria; (iv) enzymes that
can degrade cell walls of pathogens (chitinases,
B-1,3-glucanases) or phytotoxins; (v) plant growth
regulators and various signalling molecules (au-
xins, gibberellins, cytokinins, abscisic acid (ABA),
salicylates and jasmonates); and (vi) enzymes
that stimulate ethylene synthesis in plants. As of
early 2013 there were approximately 400 regis-
tered active ingredients of biopesticides and more
than 1250 biopesticide products (USEPA, 2013).

The principle of the functional action of bi-
opesticides of the second and third groups differs
from the action of chemicals because biological
agents are aimed at control on the pathogens’
level, formation of competitive relations with
indigenous pathogenic bacteria and fungi, and

induction of systemic resistance. The majority
of them act as triggers of the cascade of defence
reactions in plants. Many known modern biope-
sticides combine all the above-mentioned features
as a rule. Under the influence of plant growth-
promoting rhizobacteria (PGPR) and elicitors,
plants activate their own defence mechanisms
called induced systemic resistance (ISR) and sys-
temic acquired resistance (SAR) (Van Loon,
2007; Barruiso et al., 2008; Conn et al., 2008).

Even in the early days of research in this
area it was shown that some rhizosphere bacter-
ial strains can stimulate plant growth and, at the
same time, can protect plants from both biotic
and abiotic stresses. These research studies have
been expanded into a whole range of work, in-
cluding reviews dedicated to multifunctional
PGPR (Compant et al., 2005; Berg, 2009; Wu
et al., 2009; Kumar et al., 2012; Santoyo et al.,
2012).

The justifications of using microbial agents
as biopesticides is based on: (i) their considerable
role within the microbial population of the plant
rhizosphere; (ii) their antagonism to many
pathogens; (iii) their ability to synthesize physio-
logically active substances defining their practi-
cality; (iv) their long-term efficiency that re-
mains even over a postharvest period; and (v)
the low concentrations required in preparations
for direct plant (seed) treatment (Wisniewski
et al., 2007; Wang et al., 2010; Maksimov et al.,
2011a; Yanez-Mendizabal et al., 2012; Sang-
wanich et al., 2013). Moreover, it is preferable
that biopreparation agents:

do not affect the growth media;
are genetically stable;
are able to survive in unfavourable condi-
tions;

e are prepared in forms that are convenient
for their storage and application;

e produce no secondary metabolites that are
harmful to humans and animals;

e are stable with regards to the action of
chemical pesticides; and

e  are non-pathogenic for plants.

Ecological compatibility of PGPR-preparations
favours their active introduction into agricul-
tural practice. On the one hand, both producers
and customers are interested in green produc-
tion. This is encouraged both by the population
buying food and by state subsidies. On the other
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hand, plant breeders are concerned about sig-
nificantly reducing the concentration of chem-
icals used in the environment and in the applica-
tion of an integrated system of crop protection,
in which chemical and biological methods are
combined.

Biopesticides have one great disadvantage:
they are ineffective in the case of epiphytotics.
For effective application of PGPR, it is necessary
to take into account the possible economic in-
jury level under which their efficiency becomes
inexpedient and at which it is necessary to com-
bine their use with chemical preparation meas-
ures. For this reason, it is recommended that
they are included as a cultivated preparation
only when seeds are lightly infected with root rot
agents. In periods of high infection load they
should be alternated with a chemical prepar-
ation. Weaknesses of microbial biopreparations,
compared with chemicals, are: (i) their instabil-
ity; (ii) their relatively slow onset, which is deter-
mined by the need of bacteria to consolidate inside
the structure of plant tissues to adapt to new
conditions; and (iii) their high specificity both to
individual pathogen species and to individual host
plants.

Unfortunately, there is still no complete de-
scription of the mechanisms of PGPR on the
defence system of plants, especially in relation to
the endophytic strain of Bacillus spp. There are
no unique model strains of PGPR capable of de-
fending plants against different forms of patho-
gens and to serve as a model for studies of plant
defence mechanisms. The protective effects of
bacteria on plants may exhibit different inten-
sities depending on the bacterial cell concentra-
tion. Under adverse environmental conditions,
PGPR do not form effective associations with plants.
Also the biopreparation may lose efficiency in
storage and when used in combination with pes-
ticides. These features narrow the usefulness of
the action of PGPR from Bacillus spp. to both
specific crops and to specific pathogens or pests.

Thus, according to Barruiso et al. (2008),
no more than 10% of the total number of rhiz-
ospheric bacteria species that live in soil have
high reproductive activity in vitro. This requires
being more accurate while creating regulations
for production of microbiological specimens,
making mixtures out of them, and carrying out
selection of strains while taking into consider-
ation the high specificity to this or that culture
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or even breed. It should be especially emphasized
that it is necessary to consider effectors of the
defensive system in plants, secreted by micro-
organisms that can have a negative influence on
plant resistance.

4.1.2 Bacilli biofungicides
and their activity

PGPR, including Bacillus spp., can be divided
into three groups (Kumar et al., 2012). The first
group includes free-living microorganisms that
specifically interact with plants under favour-
able conditions. The second group is rhizospher-
ic and phylospheric species localized in soil zones
adjacent to roots or on the epidermal surface of
plant leaves that can hardly exist without a host.
The third group is bacteria that are able to form
stable associations with certain tissues and or-
gans of plants by penetrating into them through
the intercellular space (endophytes). Many rep-
resentatives of the third PGPR group cannot
exist for long without a host and lose their ‘useful’
properties.

One of the most attractive objects for indus-
trial (commercial) production of biopesticides,
including those that are actively used in farming
practice, is Bacillus spp. strains (Jetiyanon and
Kloepper, 2002; Chakraborty et al., 2006; Siddiqui,
2006). Some strains of Bacillus spp. are capable
of inactivating mycotoxins, have biocide activity
against plant bacterial and fungal pathogens,
can induce the plant defence system, and are
used both as effective probiotics and as an alter-
native to pesticides. The endophytic property of
some Bacillus strains allows them to escape from
the competitive pressure of other species of
saprotrophic rhizobacteria because they occupy
the intercellular space of plant tissues. Indeed,
several commercial products based on various
species of Bacillus (e.g. Bacillus amyloliquefaciens,
Bacillus licheniformis, Bacillus pumilus and Bacil-
lus subtilis) have been marketed as biofungicides
(Table 4.1).

Recently Bacillus (Brevibacillus) laterosporus
BPM3 with highly insecticidal activity has been
shown to exert antagonistic activity towards
phytopathogenic fungi, such as Fusarium oxyspo-
rium {. sp. cicero, Fusarium semitectum, Magnaporthe
grisea and Rhizoctonia oryzae and Gram-positive
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Table 4.1. Strains of Bacillus spp. used as biopesticides for biological control of plant disease.

Biocontrol organism Product name

Disease

Company

Bacillus subtilis var.
amyloliquefaciens,
FZB-24

FZB-24, RhizoPlus,
RhizoVital®42
Taegro

Bacillus subtilis,
GBO03

B. subtilis, GB03 and
other strains
(B. subtilis, Bacillus
licheniformis and
Bacillus
megaterium)

B. subtilis, GB0O3 +
B. amyloliquefa-
ciens, IN937a

B. subtilis, GB03 and
chemical pesticides
(metalaxile and
PCNB)

B. subtilis, MBI 600

Kodiak, GUS 2000

Companion

BioYield®

System 3

Subtilex, INTEGRAL,

HiStock N/T
B. subtilis, 26D Phytosporin-M
B. subtilis, IPM-215 Bactofit
B. subtilis, 63-Z Bacsis
B. subtilis, V-10 Alirin_B
B. subtilis, M-22 Gamair
B. subtilis, CH-13 BisolbiSan
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Root rot and wilts (Alternaria, Botrytis cinerea, Curvularia radicola, Curvularia
inaequalis, Corynebacterium michiganense, Erwinia carotovora, Fusarium
avenaceum, Fusarium culmorum, Fusarium oxysporum, Gaeumannomyces
graminis, Gerlachia niveale, Phoma chrysanthemi, Phomopsis sclerotioides,
Pyrenochaeta lycopersici, Pythium ultimum, Rhizoctonia solani, Sclerotinia
sclerotiorum, Stromatinia freesia, Verticillium spp.)

Rhizoctonia and Fusarium spp.

Root rots (Aspergillus, Golovinomyces cichoracearum, F. oxysporum, Fusarium
nivale, Magnaporthe poae, Phytophthora, Pythium, R. solani, Sclerospora
graminicola, Sclerotinia minor), leaf spot (Alternaria, B. cinerea, Colletotrichum
orbicular, Didymella bryoniae, E. carotovora, Erwinia tracheiphila, Plasmodiophora
brassicae, Podosphaera xanthi, Pseudomonas syringae, Xanthomonas campestris)

Seedling pathogen

Seedling pathogen

Fusarium spp., Rhizoctonia spp., Aspergillus

Rots, leaf diseases

Root rot, Oidium, Septoria, Fusarium, Pyrenophora, rust, buckeye rot, bacterial
blights

Bare patch, late blight disease, rooteater, phoma rot, early blight, powdery mildew,
root rots, bacteriosis, false mildew

Black stem, root rots, fading, late blight disease, powdery mildew, grey rot

Root rots caused by Fusarium and Helminthosporium
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AbiTep GmbH (Germany)

Novozyme (Denmark),
Earth Biosciences Inc.
(USA)

Gustafson (USA), Bayer
CropScience (EEC)

Growth Products Ltd
(USA)

Gustafson (USA)

Helena Chemical Co.
(USA)

Becker Underwood (USA)

BashInkom, (Russia)
Sibbiopharm (Russia)

Bioformatex (Russia)

Agrobiotechnology
(Russia)
Bisolbilnter (Russia)

Continued
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Table 4.1. Continued.

Biocontrol organism

Product name

Disease

Company

B. subtilis, QST713

B. subtilis, B246
B. subtilis, DB101
B. subtilis, DB102
B. subtilis

B. subtilis, CFU

B. subtilis, QST 713
B. subtilis, D-747

B. velezensis,
BCRC 14193

B. licheniformis,
SB3086

B. licheniformis,
SB3086

B. amyloliquefaciens

Bacillus pumilus,
GB34
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Serenade,
Serenade Garden
Rapsody

Avogreen
Shelter
Artemis
Bacillus SPP
Biosubtilin

Cease
Ecoshot

Botrybel
EcoGuard

EcoGuard™

RhizoVital®42

YieldShield

Anthracnose (Colletotrichum spp.), bacterial leaf spot (Erwinia, Pseudomonas,
Xanthomonas), leaf spot (Cercospora, Entomosporium, Helminthosporium,
Myrothecium, Septoria, Diplocarpon rosea), grey mould (B. cinerea), downy
mildew (Peronospora spp.), early blight (Alternaria), powdery mildew (Erysiphe,
Oidium, Podosphaera, Sphaerotheca), rust (Puccinia), scab (Venturia inaequalis),
root rot (R. solani, Pythium, Fusarium, Phytophthora), dollar spot (Sclerotinia
homeocarpa), rice blast (Pyricularia grisea), soil-borne diseases (Rhizoctonia,
Pythium, Fusarium and Phytophthora)

Colletotrichum gloeosporioides and Cercospora spot

Botrytis rot, powdery mildew

Botrytis rot, powdery mildew

Pseudomonas syringae pv. syringae, Xanthomonas campestris pv. vesicatoria and
Clavibacter michiganensis subsp. michiganensis

Fusarium, Verticillium, Pythium, Cercospora, Colletotrichum, Alternaria, Ascochyta,
Macrophomina, Myrothecium, Ramularia, Xanthomonas and Erysiphe polygoni

Rhizoctonia, Pythium, Fusarium, Phytophthora, Botrytis, Erwinia, Xanthomonas

B. cinerea

B.cinerea

Rhizoctonia, Pythium, Fusarium and Phytophthora

Anthracnose (Colletotrichum graminicola) and dollar spot (Sclerotinia homeocarpa)

Soil-borne pathogens

Soil fungal pathogens
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Bayer CropScience
(Germany)

Ocean Agriculture
(South Africa)
Dagutat Biolab
(South Africa)
Dagutat Biolab
(South Africa)
Bio Insumos Nativa
Ltd (Chile)
Biotech International Ltd
(India)
BioWorks Inc. (USA)
Kumiai Chemical Industry
(Japan)
Agriclades (Spain)

Novozyme (Denmark)

Novozymes A/S
(Denmark),
Novozymes
Biologicals (USA)

ABITEP GmbH,
(Germany)

Gustafson, (USA),
Bayer CropScience
(Germany)
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B. pumilus, Ballad plus
QST 2808 Sonata

Bacillus nigrum, 132 Bactril, SP

B. subtilis, MBI600 HiStick N/T,
and Bradyrhizobium Sublitex, Pro-Mix
Jjaponicum

Root rot (Rhizoctonia oryzae), rust (Puccinia spp., Uromyces betae, Puccinia
sorghi), rice blast (Pyricularia oryzae), powdery mildew (Peronospora manshuri-
ca, Erysiphe graminis, Erysiphe betae, Erysiphe polygoni), leaf spot (Cer-
cospora beticola, Entyloma, Dreschlera, Exserohilum turcicum, Helminthospori-
um, Bipolaris maydis, Cochliobolus heterostrophus, Ceratobasidium,
Ramularia), bacterial spot (Xanthomonas spp.), Asian soybean rust (Phakopsora
pachyrhizi), brown spot (Septoria glycines), white mould (Sclerotinia sclerotio-
rum) pathogens

Seed mould, Helminthosporium root rot, Fusarium root rot, powdery mildew

Root rot and seed treatments (Fusarium, R. solani, Aspergillus, Pythium and
Alternaria)

AgraQuest Inc. (USA)
Bayer CropScience
(Germany)

Bioformatek (Russia)

Becker Underwood
(USA), Premier
Horticulture Inc.
(Canada)
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bacterium Staphylococcus aureus. In greenhouse
conditions B. laterosporus was used to control
rice blast disease, caused by M. grisea, and was
able to reduce disease incidence by 30-67%
(Saikia et al., 2011).

Seventy-six strains of B. subtilis were de-
rived from healthy cotton plants (Reva et al.,
2002). Some strains decreased the degree of col-
onization of cotton roots by Fusarium fungi and,
accordingly, reduced symptoms of wilt on plants
(Reva et al., 2002). On the basis of a strain de-
rived from healthy cotton plants strain B. subtilis
26D was developed as a commercial preparation
named Phytosporin-M (see Table 4.1). It is effect-
ive against moulds and decay of various crop
seeds, black stem, late blight disease and black
spot of potato. From healthy wheat tissues, three
Bacillus spp. strains and several fungal species
were derived (Larran et al., 2002). From leaves
and roots of sugarbeet, Chinese investigators de-
rived 221 bacterial isolates, 34 fungal isolates
and five actinorhizal isolates (Shi et al., 2009).
On the basis of the Australian A-13 line of
B. subtilis, anew prospective GBO3 line was gained
(see Table 4.1). It was registered by Uniroyal
Agricultural Chemical company (USA) in 1985
and is now used as an important component of
biopreparation Kodiak (Gustafson, USA; Bayer
CropScience, EEC), Companion (Growth Prod-
ucts Ltd, USA), BioYield® (Gustafson, USA) and
System 3 (Helena Chemical Co., USA) (Table 4.1).
This line is an effective antagonist of Rhizoctonia
solani and E oxysporium sp. vasinfectum on cot-
ton and groundnut crops. The B. subtilis GBO7
strain proved effective against Pythium spp.
pathogens on cotton and the B. subtilis FZB-24
strain is highly protective against E oxysporum
Schlecht, Streptomyces scabies and Erwinia car-
otovora ssp. atroseptica on asparagus and potato
plants (Kilan et al., 2000). Batsispecin BM made
on the basis of B. subtilis strain 739 was used to
depress the development of root rots and aero-
genic infections (stripe rust, brown rust and stem
rust) on wheat crops, where its efficiency was no
worse than chemical pesticides (Melent’ev, 2007).
From the rhizospheric soil of a banana plant the
promising strain of B. subtilis B106 was isolated.
It is used as a biocontrol agent against banana
diseases caused by Pseudocercospora musae and
Colletotrichum musae (Fu et al., 2010). The strain
B. amyloliquefaciens BNM 340 protected soybean
plants against damping-off caused by Pythium
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ultimum and was able to increase the seedling
emergence rate after inoculation of seeds (Leon
etal., 2009). This strain inhibited mycelial growth
of Botrytis cinerea and Sclerotinia sclerotorium in
vitro and caused the systemic protection against
both of these fungi on leaves from Brassica napus
seedlings (Simonetti et al., 2012). The strain
B. subtilis EM7 was evaluated as an effective bio-
control agent for S. sclerotorium on oilseed rape
(Gaoetal., 2014).

Application of a preparation of Bactofit
(based on B. subtilis IPM-215) decreased the de-
velopment of root rots on winter wheat by four
times and infection with powdery mildew was
reduced by ten times (Melent’ev, 2007). Treat-
ment with strains of Bacillus cereus AR156 re-
sulted in growth promotion in tomato plants
and antagonism against bacterial wilt caused by
Ralstonia solanacearum and root-knot disease
caused by the plant parasitic nematode Meloido-
gyne incognita (Wei et al., 2010). These strains
were also successful at reducing the incidence of
bacterial speck disease caused by Pseudomonas
syringae pv. tomato DC3000 (Niu et al., 2012).
Treatment of wheat seeds with biopreparations
reduced infection with root rot agents by 20.9—
51.2% and that with agents of leafy infections
by 24.3-63.5%. Safekeeping of stored crops, for
example of wheat, tomatoes and apples, in-
creased following treatment by 20-25%; of
maize and potato it was up to 20%; of barley,
lucerne and cotton it was up to 15%; and of
cabbage it was up to 10%. Biological efficiency
was 50.5-96.4%. Moreover, treatment of tomato
plants with strains of Bacillus thuringiensis (Dipel®
biopreparation), Bacillus megaterium and B. subti-
lis reduced the incidence of root galls and egg
masses of Meloidogyne spp. by 71.60% and
77.78%, respectively (Khalil, 201 3).

There are several reports on the biocontrol
of common bunt (Tilletia caries and Tilletia levis)
using some isolates of Bacillus spp., resulting in
reduction of germination of T. caries and T. levis
teliospores and reduced bunt incidence under
field conditions (Kollmorgen and Jones, 1975;
Kuz'mina et al., 2003; Khairullin et al., 2009).
For example, B. subtilis 11RN strains were as ef-
fective as tebucanasole fungicide (Khairullin
et al., 2009). The protective effect of B. subtilis
26D and Paenibacillus ehimensis IB-739 against
the bunt agent on wheat plants was 60-70%
(Kuz'mina et al., 2003).
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4.2 Mechanisms of Plant Disease
Resistance, Invoked by PGPR
of Bacillus spp.

4.2.1 Synthesis by Bacillus PGPR

antibiotic compounds

Many Bacillus spp. such as B. licheniformis,
B. amyloliquefaciens, B. subtilis, B. cereus, B. meg-
aterium and Bacillus mycoides are known as very
efficient producers of antibiotic molecules. Bacil-
lus bacteria can produce up to 167 different
antibiotics (Sonenshein et al., 2001). These in-
clude bacillomycin, mycobacillin, fungistatin,
iturin, phengicin, plipastatin, surfactin and ba-
cilizin (Duitman et al., 1999; Moyne et al.,
2004). There are two ways of peptide synthesis
(Guder et al., 2000; Melent’ev, 2007): (i) non-
ribosomal — from precursors with synthetases
(non-ribosomal peptide synthetases or NRPSs);
and (ii) ribosomal — involving post-translational
modification and proteolytic processing of pre-
synthesized protein. The structure and synthesis
pathway of surfactin, a cyclic lipopeptide of
seven amino acid residues associated with the
carboxyl group of B-hydroxy acids, is the most
studied (Melent'ev, 2007). B. subtilis has an
average of 4-5% of its genome devoted to anti-
biotic synthesis and has the potential to produce
more than two dozen structurally diverse anti-
microbial compounds. All the examined B. subti-
lis strains produce antibiotics but they differ
significantly even among closely related strains
of the same species. The Bacillus bacteria can
synthesize lipopeptides with high antibiotic ac-
tivity (Yazgan et al., 2003; Stein, 2005). These
oligopeptides inhibit synthesis of pathogens’ cell
walls, influence membrane structures of cells,
and inhibit the formation of the initiation com-
plex on the small ribosomal subunit.

As all the examined B. subtilis strains pro-
duce different antibiotics, this suggests that the
locus determining the kind of antibiotic synthe-
sized is relatively young in evolutionary terms,
which is, for example, proved by the high degree
of homology of DNA that encodes sublancin in
B. subtilis (Westers et al., 2003). The identity of
locuses of genetic clusters for the biosynthesis of
subtilin and ericin in B. subtilis strains ATCC
6633 and A1/3, as well as interchangeability
of genes encoding micosubtilin and fengicin,

indicate that they come from a common pro-
genitor (Stein, 2005). With the help of artificial
RNA silencing it was shown that iturin plays an
important role in anti-pathogenic activity of B.
licheniformis bacteria, provoked by stability fail-
ure in fungal plasmalemma (Hsieh et al., 2008;
Arrebola et al., 2010). It was revealed that some
B. subtilis strains simultaneously form two or
even more antibiotics, such as S499 and RB14
surfactin and iturin synergetically intensifying
each other (Guder et al., 2000; Tsuge et al.,
2001). B. licheniformis produces lichenizin,
which has the same immunochemical reaction
as surfactin but differs from it because in the
position with one lactonic ring L-glutamic acid is
changed into L-glutamine or L-asparaginic acid
in the 5 position is changed into L-asparagine.

Among PGPR antibiotics, such post-translation
modified peptides as lanthionine and methyllan-
thionine are singled out. They contain residual
thiol bonds (Guder et al., 2000; McAuliffe et al.,
2001). Bacterial self-defence (immunity) from
such antibiotics is based on the ATP-binding
carrier of proper proteins (LanFEG) that carry
lantibiotics out from the cytoplasmic space into
the extracellular area (Stein, 2005). B. subtilis
strains produce a pentacyclic subtilin lantibiotic
that contains 32 amino acids (Kawulka et al.,
2004; Stein, 2005). It is also structurally hom-
ologous to nisin (E234) of Lactococcus lactis (Ross
et al.,, 2002) and has a macrocyclic structure
with three inter-residual bonds as bridges be-
tween molecules of cysteine and aminoacid
a-carbons. It is effective against various Gram-
positive bacteria, including those that are poten-
tially pathogenic for humans. B. subtilis strain
A1/3 produces erycin, which is homologous to
subtilin (Stein, 2005). The gene cluster that en-
codes a precursor of this antibiotic has two
structural genes: eriA and eriS.

The majority of Bacillus spp. antibiotics
(e.g. polymyxin, circulin and colistin) are active
against both pathogenic Gram-positive and Gram-
negative bacteria, and pathogenic fungi Alter-
naria solani, Aspergillus flavus, Botryosphaeria
ribis, Colletotrichum gloeosporioides, E. oxysporum,
Helminthosporium maydis and Phomopsis gossypii.
It was found that under the influence of anti-
biotic substances produced by B. subtilis, Sclero-
tinia sclerotiorum hyphae (white rot agent) were
swollen. In soil pathogenic fungi Alternaria alter-
nata, Drechslera oryzae and Fusarium roseum this
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process took place under the control of B. mega-
terium and in the cereal rust agent Puccinia
graminis it took place under the influence of
B. pumilus (Duffy et al., 2003). Production of
fengycin-like lipopeptides by B. subtilis CPA-8
promotes biological control of peach brown rot
(Monilinia spp.) (Yanez-Mendizabal et al., 2012).
The phospho-oligopepetide rhizocticin produced
by B. subtilis ATCC 6633 also displays antifungal
and nematicidal activities, but does not retain
any bactericidal properties (Borisova et al.,
2010). Bacillus brevis and Bacillus polymyxa pro-
duce gramicidin S and polymyxin B peptide anti-
biotics that strongly inhibited B. cinerea spore
germination in vitro but also exhibited high
activity under natural field conditions against
Botrytis grey mould caused by this fungus on
strawberry. Each family of Bacillus peptides dis-
plays specific antibiotic activities and may be dif-
ferentially involved in the antagonism of the
various plant pathogens.

It is significant that an active influence of
bacterial antibiotics can be involved in the regu-
lation of the defence system of plants. It was re-
vealed that B. subtilis surfactin is able to stimu-
late ISR by activation of lipoxygenases, lipid
peroxidases and the formation of reactive oxy-
gen species (ROS) (Ongena et al., 2007; Jourdan
et al.,, 2009). In tobacco surfactin activated
phenylalanine ammonia-lyase, medium alkal-
ization and accumulation of hydrogen peroxide
(H,0,) (Jourdan et al., 2009).

4.2.2 Improvement of phosphoric and
nitrogenous nutrition in plants

In ensuring the defence mechanisms of plants
against pathogens, the energy component of the
cells is important. This depends on plant tissue
receiving nitrogen and phosphorus (Selosse
et al., 2004; Pérez-Garcia et al., 2011).

Some free-living rhizospheric PGPR, includ-
ing of some Bacillus spp. strains, can fix nitrogen
(Ding et al., 2005; Melent’ev, 2007; Kumar et al.,
2012). Forchetti et al. (2007) identified several
endophytic strains of B. pumilus isolated from
sunflower that are capable of reducing acetyl-
ene. This suggests the possibility of nitrogen fix-
ation by these bacteria species. Nitrogen-fixing
bacteria species Bacillus azotofixans, Bacillus
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coagulans, B. polymyxa and Bacillus macerans can
make up to 18.8% of the total number of
spore-forming bacteria in soil (Melent'ev, 2007).
It has been proved that Bacillus rhizobacteria in-
duce nitrogen fixation of other free-living and
associative diazotrophs Azotobacter, Azospiril-
Ium, Rhizobium and Bradirhizobium. This is more
typical for cold climatic zones. The gene nifH, en-
coding the small subunit of nitrogenase, has
been detected in some bacilli (Ding et al., 2005).
It also confirms the ability of these bacteria to fix
nitrogen.

Phosphorus is known to be one of the most
important and necessary compounds allowing
the functioning of life on the earth. Neverthe-
less, only 5% of its general volume is relatively
available in soil. The plants use bacterial and
fungal endophytes to assist in obtaining phos-
phorus. Some Bacillus strains have the best abil-
ity to increase the mobility of soluble com-
pounds of phosphorus in the soil through the
production of organic acids (Unno et al., 2005;
Chen et al., 2010). The most effective organic
acids in mobilizing phosphate are considered to
be oxalic, tartaric, fumaric, malic, citric and isoc-
itric acids (Ryan et al., 2001). The composition
of the acids produced depends on the genotype
of the strain (Chen et al., 2006; Girgis et al.,
2008; Puente et al., 2009; Hayat et al., 2010,
Egorshina et al., 2011; Kumar et al., 2012).

B. subtilis secretes phytases and hydrolysing
phytates into the extracellular area — these are
salts of the hexaphosphoric ester of inositol
(Idriss et al., 2002). It was discovered that there
is synergism between the intensity of gluconic
acid metabolism in bacteria and their antagonis-
tic activity against pathogens. In our experi-
ments the ability of 23 endophytic B. subtilis
strains to mobilize sparingly soluble mineral and
organic phosphates in vitro has been researched
(Egorshina et al., 2011). Detection of such activ-
ity has been shown to depend on the methods
used. When solid medium with insoluble phos-
phates was used, most of the strains solubilized
iron phosphate. In experiments with liquid
media the best mobilization of calcium phos-
phate has been observed but, with the exception
of a few strains, bacteria didn’t solubilize iron
and aluminium phosphates. Wheat grain treat-
ed with endophytic phosphate-mobilizing strains
has been shown to reduce some parameters of
root mycorrhization. From these experiments for
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the first time we advance a hypothesis that phos-
phate solubilization could be one of the factors
reducing the efficiency of endomycorrhizal fungi
competition, with phosphate-mobilizing endo-
phytic bacteria colonizing internal plant tissues
confirming the authors” hypothesis.

Organic substances may also be a source of
phosphorus in the soil if bacteria in the rhizo-
sphere can exhibit phosphatase or phytase activ-
ity (Lambers et al., 2008; Plassard and Dell,
2010). The genes encoding phytase (phy) or
their regulatory activity have been detected in
B. subtilis, B. lichenifomis and B. amyloliquefaciens
(Idriss et al., 2002; Makarewicz et al., 2006; Jor-
quera et al., 2011). We have also demonstrated
phosphatase activity in both free-living and endo-
phytic strains of B. subtilis (Egorshina etal.,2011).

4.2.3 Synthesis of siderophores

Iron is an essential nutrient for all living organ-
isms. Some rhizospheric bacteria, including Ba-
cillus strains, have developed iron uptake sys-
tems that include siderophores. A siderophore is
a compound secreted by microorganisms with a
high affinity to bind iron and it is an uptake pro-
tein needed to transport iron into the cells (Chen
et al., 2010; Shanmugam et al., 2011; Yadav
etal., 2011). A lot of research studies dedicated
to the investigation of antagonistic PGPR are
based on their ability to produce siderophores,
such as shizokinen (B. megaterium) and bacilli-
bactin (B. subtilis and Bacillus anthracis), that
have high antimicrobial activity and affinity to
ions of trivalent iron (Kamnev, 2008; Berg,
2009; Puente et al., 2009; Chen et al., 2010).
This deprives pathogens of the element needed
for their growth and development, and thus re-
duces the probability and scale of plant disease.
The synthesis of siderophores in bacteria is
induced by the low level of Fe**, and in acid soil.
A decrease of siderophore synthesis leads to sig-
nificant lowering of antifungal activity of the
bacterial preparation. In such conditions, the
efficiency of iron fixation can be raised by gain-
ing mutant strains capable of synthesizing sid-
erophores. This process is independent of the
iron concentration in the soil solution. As a re-
sult, Yu et al. (2011) found that the siderophore
of bacillibactin in liquid culture of B. subtilis

CAS15 can be involved in the biological control
of plant pathogens. The addition of iron to the
culture medium of bacteria decreased both the
production of siderophores and the antagonistic
activity of this strain to the pathogen causing
Fusarium wilt in pepper plants. This suggests the
involvement of siderophores of Bacillus in bio-
logical control mechanisms.

Pathogens are thought to be sensitive to
suppression by siderophores for several reasons:
(i) they produce no siderophores of their own;
(ii) they are unable to use siderophores produced
by the antagonists or by their immediate envir-
onment; (iii) they produce siderophores but too
few compared with those produced by the antag-
onist microbes, and the latter are able to scav-
enge most of the available iron; and/or (iv) they
produce siderophores that can be used by the an-
tagonist, but they are unable to use the antago-
nist’s siderophores (Kumar et al., 2012).

4.2.4 Hydrolases as active components
of Bacilli bacteria

When the methods of biological control were de-
veloping, it was found that some rhizobacteria,
for example some strains of Bacillus spp., can de-
press growth and development of mycelial fungi
both in vitro and in vivo (Lee et al., 2007). The
ability of bacteria to depress growth and devel-
opment of root rots and leaf necroses caused, for
example, by Helminthosporium teres Sacc. or
E oxysporium (Chen et al., 2010) was accompan-
ied by lysis of the mycelium. Therefore, bacteria
must have other factors beside antibiotics that
allow them to depress the growth of pathogenic
fungi on plants. Thus, was revealed the ability of
Bacillus bacteria to secrete chitinases and glu-
canases into the culture medium (Melent'ev,
2007; Lee et al., 2007; Chen et al., 2010). It is
assumed that bacteria producing chitinases pro-
vide biological protection of crops from patho-
gens, especially those that contain chitin and
glucans within their cell wall structure.

The major characteristics of chitinases
from strains of Bacillus spp. and their sources are
generalized in reviews by Melent'ev (2007) and
Kumar et al. (2012). Among them, six isoforms
of chitinases of B. circulans strain WL-12 were
described in detail (Watanabe et al., 1992). Their
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isoelectric point, molecular weight, as well as pH
and temperature optimum, were found. In con-
trast to plant chitinases, bacterial chitinases
have a significant advantage because they can
destroy chitosan as well. Huang et al. (2005) iso-
lated B. cereus 28-9, a chitinolytic bacterium,
from lily plants in Taiwan where they exhibited
biocontrol potential on Botrytis leaf blight of lily,
as demonstrated by a detached leaf assay and
dual culture assay. It is assumed that applying
bacteria producing chitinases to crops can pro-
vide biological protection from pathogens, espe-
cially those that contain chitin and glucans in
their cell wall structure. Moreover, many re-
searchers have shown that chitinase is involved
in antifungal activity and can enhance the in-
secticidal activity of some Bacillus spp.

4.2.5 Synthesis of hormone-like
compounds and signalling molecules

The ability to actively influence plant growth is a
unique feature of PGPR. This feature is thought
to be related to the synthesis of various hormo-
nal and signalling metabolites, such as auxins,
cytokinins, gibberellins, abscisic acid (ABA),
salicylic acid and jasmonic acid (Arkhipova
etal., 2006; Sziderics et al., 2007; Forchetti et al.,
2007; Berg, 2009; Sgroy et al., 2009; Chen
et al., 2010; Merzaeva and Shirokikh, 2010).
There are two main ways of stimulating plant
growth by PGPR bacteria: (i) the ability to syn-
thesize hormone-like metabolites; and (ii) the ef-
fect on the phytohormone balance in plants.

A great deal of information is available about
the production of indole-3-acetic acid (IAA) in
the culture medium of rhizospheric Bacillus spp.
strains (Idriss et al., 2007; Sziderics et al., 2007;
Chen et al., 2010). Bacillus isolates that are IAA
producers are B. megaterium, B. brevis, B. pumi-
lus, B. polymyxa and B. mycoides. B. pumilus
SE34 secreted high levels of the hormone in
tryptophan-amended medium in the stationary
phase as determined by chromogenic analysis
and high-performance liquid chromatography
(Kang et al., 2006). TAA promotes the formation
of a better root system in plants, activation of
metabolic functions in cells and stimulates not
only disease resistance in plants but also allows
them to rapidly pass through the stages of early
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development, when they are most sensitive to
pathogens, by increasing water and nutrient up-
take (Kilan et al., 2000). Bacterial mutants with
low levels of auxins could not influence plant
growth (Asgar et al., 2002; Van Loon, 2007;
Chen et al., 2010). Idriss et al. (2007) demon-
strated that growth elongation of maize seed-
lings was significantly enhanced in the presence
of a diluted culture filtrate of B. subtilis var. am-
yloloquefaciens FZB42. Moreover, strong curva-
ture obtained after application on maize coleop-
tiles by bacterial culture filtrates indicated the
presence of an IAA-like compound in the super-
natant of FZB42. The presence of IAA-like
compounds in the culture filtrates of several
members of this group, including FZB42, was de-
tected by ELISA tests with IA A-specific antibodies,
when those strains were grown at low tempera-
ture and low aeration. Significant growth en-
hancement of lodgepole pine seedlings has been
reported due to IAA production by Bacillus iso-
lates (Chanway et al., 1991).

It can be assumed that the more auxin pro-
duced by a strain the more stimulated the growth
of plants. However, this is not correct. For example
some B. subtilis strains can synthesize indoles
causing increased concentrations of exogenous
auxin in the medium of pea seedlings, increasing
germination yet inhibiting root growth. This fact
is proof of the significant role of hormones in the
growth-inducing activity of PGPR.

TAA production by PGPR can vary among
different species and strains and is influenced by
the growth stage of the culture and substrate
availability (Idriss et al., 2007). An important
source component for IAA synthesis is trypto-
phan, released into the environment with plant
roots (Kamilova et al., 2006; Spaepen et al.,
2007). The plant-beneficial Gram-negative bac-
teria synthesize IAA following different pathways
involving indole-3-pyruvic acid, indole-3-acetamide
or indole-3-acetonitrile as important intermedi-
ates. IAA biosynthesis generally occurs either by
involvement of the indole-3-acetamide pathway
which is constitutive in nature or by the inducible
indole-3-pyruvic acid pathway.

Some strains of Bacillis spp. are capable of
synthesizing cytokinins and secrete them into
the culture medium, for example strain IB-22 of
B. subtilis (Arkhipova et al., 2006). This strain
stimulated the growth of wheat seedlings, while
the non-producing strain IS-21 did not have this
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property (Arkhipova et al.,, 2006). Since the
effective agent of BioYield® preparation is a
mixture of living strains B. subtilis GBO3 and
B. amyloliquefaciens IN93 7 (Kloepper et al., 2009),
it can be assumed that growth activation de-
pendent on photoperiodic lighting is also closely
connected with the regulation of chloroplasts’
stability by bacterial cytokinins. Increased
growth of Arabidopsis under the influence of
B. megaterium was not associated with auxin-
or ethylene-dependent mechanisms, and it was
necessary for the proper functioning of cytoki-
nin signalling pathways (Lopez-Bucio et al.,
2007). Ortiz-Castro et al. (2008) have shown
that plant growth promotion by B. megaterium
involves cytokinin signalling and IAA receptors.
Cytokinins are likely to serve as an important
mediator of relations of compatible endophyte
strains of bacteria with plants. This suggests the
possibility of developing a method for the selec-
tion of such strains on this basis.

Gibberellins may play an important role in
the interaction of plants with some strains of Ba-
cillus spp. (Joo et al., 2005). Some strains of Bacil-
lus bacteria are able to synthesize this hormone,
for example Katznelson and Cole (1965) re-
corded the presence of gibberellins in the culture
medium of B. cereus and B. subtilis. Also gibberel-
lins are found in the culture medium of B. cereus
MJ-1, B. pumilus CJ-69 and B. macroides CJ-29
(Joo et al., 2005) and the endophyte B. subtilis
from giant hogweed (Malfanova et al., 2011) and
B. licheniformis isolated from the halophyte
Prosopis strombulifera (Sgroy et al., 2009). Unfor-
tunately, an experimental system of the inter-
action between bacteria and plants has not re-
vealed accumulation of bacterial gibberellins.
However, Gutierrez-Manero et al. (2001) confirm
the participation of gibberellins produced by
strains of B. pumilus and B. licheniformis with
high gibberellin-producing activity in the stimu-
lation of plant growth in alder seedlings.

Some rhizospheric Bacillus strains can syn-
thesize ABA (Forchetti et al., 2007; Egorshina
etal., 2012). Production of ABA is likely to con-
tribute to the activation of the defence system of
host plants. We have found that the inoculation
of wheat seedlings by B. subtilis 11VM strain led
to arapid increase both of ABA and of TAA levels
in shoots and roots (Fig. 4.1) (Egorshina et al.,
2012). If the accumulation of ABA in seedlings
inoculated with this strain could explain one

mechanism of the development of the defence
effect in plant cells inoculated with bacteria, the
high content of IAA, among other reasons, may
be connected with decreased activity of the en-
zymes involved in the degradation of auxins, for
example of TAA oxidase. This is supported by the
observation that inoculation of pea seedling
roots with strain B. subtilis 11VM leads to a de-
crease of IAA oxidase activity of more than 50%.

Another way of regulation of both plant
growth and the defence reaction of plants to stress
involving Bacillus strains may be the regulation
of synthesis of ethylene or activation of enzymes
involved in control of its level. Most often discussed
is the participation of 1-aminocyclopropane-
1-carboxylic acid (ACC) deaminase. This enzyme
breaks down ACC — a precursor of ethylene —
and lowers the level of ethylene in plant tissues.
This effect eliminates the inhibition of growth.
The participation of microbial ACC deaminase
has been found with the help of analysis of the
regulation of ethylene levels in plants by some
Bacillus strains, for example the endophytic
strain B. subtilis EZBS8 (Sziderics et al., 2007) and
the rhizospheric strain B. subtilis LDR2 (Barnawal
et al., 2013). At the same time the results of
Lopez-Bucio et al. (2007) suggest that plant
growth promotion and root-architecture alter-
ations by B. megaterium may involve auxin- and
ethylene-independent mechanisms.

It is important that the influence of Bacillus
strains on the hormonal status is not limited by
synthesis of some hormones. Under the influ-
ence of both bacteria and hormone-like com-
pounds released by them, a systemic shift of the
endogenic hormone balance in plants occurs
(Arkhipova et al., 2006). Accordingly, by synthe-
sizing hormones in high concentrations, PGPR
exogenically favour the regulation of growth
and development processes in plants and form in
them the resistance to a whole range of abiotic
and biotic factors of the external environment
(Saleem et al., 2007; Sziderics et al., 2007).

It has been recently discovered that PGPR
are able to synthesize H,0, in bactericidal con-
centrations and through this they compete with
pathogenic microflora for nutrient resources.
Nevertheless, it should be mentioned that the
H,0,-producing activity of PGPR can be connected
to the fact that they synthesize some oxidases
of organic acids, for example oxalate oxidases
(Schoonbeek et al., 2007).
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Fig. 4.1. The levels of abscisic acid (ABA) (a, b) and indole-3-acetic acid (IAA) (c, d) in roots (a, ¢) and
shoots (b, d) of wheat seedlings under the influence of Bacillus subtilis 11VM strain; control (white bars);
seeds treated with bacterial spores (shaded bars). (From Egorshina et al., 2012.)

Some strains of Bacillus spp. can produce
volatile organic compounds (VOCs) (Ryu et al.,
2003; Insam and Seewald, 2010) — small or-
ganic molecules (molecular mass usually < 300
Da) that characteristically are easily volatilized.
For example certain strains of B. subtilis and
B. amiloliquefaciens can synthesize 3-hydroxy-2-
butanone (acetoin) and 2,3-butanediol, and
B. megaterium strain XTBG34 promotes plant
growth by producing 2-pentylfuran (Zou et al.,
2010). Carbon and nitrogen sources increase
VOC production. VOCs can stimulate the growth
of A. thaliana plants (Zou et al., 2010), have anti-
fungal potential and can act over long distances
via diffusion in air and through soil pores (Kai
et al., 2009; Insam and Seewald, 2010). With
the use of A. thaliana mutants it has been shown
that a signalling cascade activated by VOCs of
B. subtilis depends on cytokinin signalling (Ryu
et al., 2005). It is established that its effect leads
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to tissue-specific redistribution of auxins (Zhang
et al., 2007), a reduction in the content of ABA
in leaves and an increase in the productivity of
photosynthesis (Zhang et al., 2008). The VOCs
produced by PGPR can elicit tolerance to abiotic
stress, including salt and drought in Arabidopsis
(Cho et al., 2010; Zhang et al., 2008), and ISR
against Erwinia carotovora but not against
Pseudomonas siringae pv. tabaci in tobacco (Han
et al., 2006). 2,3-Butanediol and acetoin from
the endophytic Bacillus strain IN937a have been
shown to confer protection against pathogen in-
fection in A. thaliana through the ethylene-
dependent signalling pathway (Ryu et al., 2004).

Hydrocyanic acid (HCN) production, as a
volatile compound, plays a major role in sup-
pressing the growth of plant pathogens. Its pro-
duction is highly dependent on the amino acid
composition of the culture medium. For ex-
ample, glycine is a direct precursor of microbial
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cyanide production. After interaction of HCN
with the cell wall of the pathogen it is easily de-
graded (Kumar et al., 2012). That leads to inhib-
ition of spore germination and mycelium growth.
As a consequence, cyanide produced by PGPR
plays a role in the suppression of different dis-
ease-causing agents (Karimi et al., 2012).
Hydrogen cyanide effectively blocks the cyto-
chrome oxidase pathway and is highly toxic to all
aerobic microorganisms at picomolar concen-
trations.

4.2.6 Activation of the
plant defence system

PGPR, including different strains of Bacillus
spp., can influence the defence system of many
dicotyledonous and monocotyledonous plant
species, protecting them against different forms
of pathogens (Kumar et al., 2012; Maksimov
et al., 2014). This allows plants to activate some
genes in their defence system that are involved in
SAR or ISR. It is very important to carry out in-
vestigations on induction of phytoimmunity
under the influence of PGPR to prove the effi-
ciency of their use in farming practice. In 1991,
three research teams found out independently
that plant resistance to pathogens caused by
PGPR is specific and it differs from acquired re-
sistance caused by salicylic acid and elicitors (Al-
strom, 1991). Data about the role of some PGPR
in plant defence, referred to as ISR, is of a great
practical importance (Van Loon, 2007). Investi-
gations of the induction of plant resistance to
pathogens under the influence of these sym-
bionts provide a basis for the demonstration of
their efficiency and possibility of their use in
agriculture (Pieterse et al., 2007). Although
many PGPR can induce ISR in plants, activating
plant defence mechanisms against pathogen
attack, mechanisms of detection and develop-
ment of the defence reaction with participation
of endophytes, exclusively of B. subtilis, are not
clear. In some plants both SAR and ISR simultan-
eously develop under the influence of a bacter-
ium, and their interaction can often be observed,
demonstrating the high efficiency of the applied
biopreparation (Pieterse et al., 2007).
Inoculation by endophytic strains of Bacil-
lus spp. increased the resistance of plants to

various diseases (Kelemu, 2003) and abiotic
stresses (Campanile et al., 2007; Wang et al.,
2012). On the basis of 15 plant species, the pos-
sibility of ISR development under the influence
of rhizobacteria was proved and the major fea-
tures manifested by this reaction that formed for
a long period of time against fungi, bacteria, vir-
uses and sometimes nematodes and insects was
defined (Van Loon, 2007).

PGPRs differentially primed genes involved
in SAR and ISR during further infection with
pathogens (Yang et al., 2009; Valenzuela-Soto
et al., 2010). The series of research papers dedi-
cated to the selection of the most sensitive PGPR
genes found that quick reaction is typical for
approximately 200 plant genes. Some of them
decreased their activity and others, on the con-
trary, greatly increased their activity (there was
a 1:1 ratio of genes that were downregulated to
those that were upregulated). B. subtilis GBO3
and B. amyloliquefaciens IN9 3 7a, as well as strain
Streptomyces sp. EN28, detected in wheat tissues
induced ISR in Arabidopsis plants against E. car-
otovora ssp. carotovora (Choudhary and Johri,
2009). Strain B. subtilis BEB-DN induced the
expression of ISR-associated genes in tomato
plants and promoted resistance to insects
(Valenzuela-Soto et al., 2010). The expression of
70% of genes under the influence of PGPR was
connected with ISR. In 13% of genes, it was de-
pendent both on ISR and on SAR. In 17% of
genes it was differentially regulated. For example,
in the formation of pepper plants’ resistance to
Xanthomonas axonopodis pv. vesicatoria bacterial
rot under the influence of B. cereus strain BS107,
the genes of Pathogenesis Related proteins (PR)
were introduced that become activated over the
pathogenesis. Some of them, such as PR-1, are
induced by salicylic acid, while others (PR-4,
PR-10) are induced by jasmonic acid and ethyl-
ene or also by H,0, (Yang et al., 2009). The key
transcription factor MYC2 was found to be sensi-
tive to jasmonic acid and was included in the rise
of sensitivity of tissues to a whole number of
pathogens and insects (Pozo et al., 2008). The
PGPR strains of B. subtilis FB17 and B. cereus
AR156 induced resistance in Arabidopsis plants
to the pathogen P, syringae pv. tomato DC3000.
Furthermore, strain AR156 triggered ISR via
simultaneous activation of both the salicylic
acid and the jasmonic acid/ethylene-dependent
signalling pathways in an NPR1-dependent
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manner that leads to an additive effect on the
level of induced protection in Arabidopsis
(Rudrappa et al., 2010; Niu et al., 2011).

With use of B. cereus AR156 it was shown
that this bacterium directly induced the expres-
sion of defence-related marker genes (PIN2 and
PR1) related to both salicylic acid and jasmonic
acid dependent pathways (Niu et al., 2012).In a
series of investigations undertaken in Van Loon’s
laboratory (2007), on the basis of using a bac-
terial mutant for the synthesis of jasmonic acid
and ethylene in Arabidopsis plants, it was proved
that ISR formation under PGPR influence is
mediated by ethylene (Pieterse et al., 2007;
Sziderics et al., 2007). And whereas the ethylene
signal in roots caused local development of de-
fence reactions, the above-ground part experi-
enced systemic priming of ISR genes. The obtained
results aroused interest on data on the ability of
some Bacillus strains to regulate ethylene syn-
thesis by ACC (1-aminocyclopropane-1-carboxylic
acid) formation (Sziderics et al., 2007). Ethylene
is a stress hormone and it is included in ISR
induction together and sequentially with jas-
monic acid. Low concentrations of bacterial
ACC deaminases can promote active root growth
in plants. The defence reaction of plantsinduced
by Bacillus bacteria is shown to be associated
with ISR and independent of SAR, which is re-
vealed in the absence or even inhibition of tran-
scription activity of genes coupled with it (Kloepper
et al.,, 2004; Pieterse et al., 2007; Liu et al.,
2008); early signalling steps of rhizobacteria-
induced resistance was controlled by MYB72, a
transcription factor of Arabidopsis (Van der Ent
etal., 2008).

Strain Bacillus vallismortis EXTN-1 is capable
of stimulating the immune reaction in a broad
spectrum of plants, particularly in cucumber
(Cucumis sativus) where it triggered expression
of PR-1 genes (Park et al., 2009). The expression
of SAR-associated genes was detected simul-
taneously with ISR-associated genes in the
pathosystem Capsicum annuum-X. axonopodis pv.
vesicatoria under the the influence of B. cereus
BS107 (Yang et al., 2009). The resistance of
Arabidopsis to E oxysporum was induced by
actinomycete strains Micromonospora sp. EN43
and Streptomyces sp. EN27 by activation of
SAR-associated genes (Conn et al., 2008). The
Streptomyces sp. EN27 SAR-induced resistance
was dependent on NPR1 (non-expresser of PR1
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genes), by contrast, Micromonospora sp. EN43
promoted NPR 1-independent resistance. It means
that PGPR have an important role in the prim-
ing of plant defence systems (Pieterse et al.,
2007). So, there are some facts evidencing the
participation of SAR-associated genes in the de-
velopment of plant resistance induced by endo-
phytes and PGPR despite the conventional belief
of the ISR-associated nature of this interaction
(Pieterse et al., 2007).

PGPR and other symbionts can influence
the signalling systems responsible for the forma-
tion of both SAR and ISR. Consequently, the data
on their influence on the activity of a key player
of these pathways — NPR1 — is very interesting.
According to Pieterse et al. (2007) inoculation
of nprl mutants by Pseudomonas fluorescens
WCS417r did not promote ISR. Influence of Ba-
cillus is similar to Pseudomonas, but, apparently,
strains of Bacillus can activate NPR 1-independent
defence systems resulting in ISR formation
(Kloepper et al., 2004).

The influence of PGPR on the functioning
of defence systems in resistance of plants is simi-
lar to pathogen-induced reactions (Van Loon,
2007). It is stimulated by the ability of endo-
phytes to secrete hormones (Forchetti et al.,
2007), oligosaccharides similar to NOD (nodula-
tion) factors of rhizobial compounds, and sali-
cylic and jasmonic acids (Shanmugam and
Narayanasamy, 2009; Dodd et al., 2010) into
the extracellular area. Some launching compo-
nents, microbe-associated molecular particles
that under the influence of PGPR induce sys-
temic resistance of plants, have been decoded.
They are: (i) lipopolysaccharides; (ii) flagellin of
bacterial cell walls; (iii) siderophores pseudoba-
cin and pioceolin; (iv) pyocyanin and 2,4-diacyl
fluroglucinol antibiotics; and (v) N-acyl homo-
serine lactones and 2,3-butanediols (Verhagen
et al., 2004; Pieterse et al., 2007; Van Loon,
2007).

At last we can assume that PGPR have
other classes of molecules that induce ISR which
can be specific for each strain, produced and se-
creted extracellularly: antibiotic peptides and
universal signalling molecules such as ethylene,
salicylic acid and jasmonic acid. It is important
to note that PGPR are able to establish resistance
in plants to a range of pathogens and also to sen-
sitize the plant genome to probable pathogenic
attack. Unfortunately mechanisms of regulation
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of plant immunity by PGPR and the role of sali-
cylic acid and jasmonic acid are not properly
understood.

Plants have receptors that are specific to
them that are from Toll-like receptor proteins
containing domains rich in leucine. Thus, the
reception of Pseudomonas putida WCS358 flagel-
lin by plant cells of Arabidopsis, tomatoes and
beans proceeded through the interaction with
membrane-associated kinases FLS2 (flagellin-
sensitive 2) (Choudhary and Johri, 2009). Flagellin,
which has high elicitor activity, did not always
launch a defensive reaction of ISR. Nevertheless,
it was quite effective at launching this reaction
and was not permanently included in the forma-
tion of the endophytic interaction between PGPR
and plant tissues (Gomes-Gomes and Boller, 2002).

Accordingly, PGPR must have a different
source of molecules that induce ISR in plants.
These molecules can be specific and individual
for every strain, and may be compounds that are
secreted into the extracellular area, for example
peptides with antibiotic properties or such uni-
versal signalling molecules as ethylene, salicylic
and jasmonic acids that have been proved to be
secreted by bacteria (Shanmugam and Narayana-
samy, 2009). An important role in the induction
of ISR by endophytes is played by proteins with
properties of hydrolases, acetylases of polysac-
charides and oxidases secreted by bacteria and
by plants in response to infection. Thus, inside
the rhizosphere were found bacteria that secrete
enzymes that can destroy oxalate (Schoonbeek
et al., 2007). They generate H,0, in an anti-
microbial concentration within the zone adjacent
to roots and can increase protection of Arabidop-
sis plants from pathogens by 70% (Schoonbeek
etal., 2007).

It has been found that Bacillus bacteria pro-
tected plants from pathogens not only thanks to
the high antifungal activity of their antibiotics
but also because they mediated the induction of
the expression of mainly ISR proteins and accu-
mulation of phenols in the infection zone (Sara-
vanakumara et al., 2007) and enzymes of pro-
and antioxidant systems and their functioning
products (ROS, phytoalexins, lignin) (Govindappa
et al., 2010; White and Torres, 2010; Maksimov
etal., 2011b). Inoculation of tomato plants with
B. subtilis BEB-DN led to the expression of some
ISR genes among which the highest activity
was shown by PR-4 and PR-6 genes, inhibitors

of proteinases and enzymes of lignin synthesis.
This made plants resistant to insects (Valenzue-
la-Soto et al., 2010). Penetration of B. pumilus
SE34 bacterium into pea roots favoured accu-
mulation of callose, phenol compounds and their
polymerization product — xylogen. It is import-
ant that PGPR treatment activated in susceptible
plants the same isoperoxidases that are induced
in resistant plants under the influence of patho-
gens (Chen et al., 2000; Maksimov et al., 2011b).
Lipopeptides of B. subtilis strain S499 proved
themselves as effective ISR activators in tobacco
and bean plants (Ongena et al., 2007). Therefore,
endophytic strains of PGPR increase sensitivity
of the plant genome over tissue colonization,
which allows intensification of plant resistance
to infection and prepares the defence system of
plants for further response reactions. Meanwhile,
it should be noted that such an increase, as a rule,
forms ISR aimed at protection of plants from
necrotrophs and insects.

Yan et al. (2002) observed ISR under the in-
fluence of B. pumilus SE34 in tomato plants in-
fected with Phytophthora infestans. In another
study the leaves of A. thaliana plants were inocu-
lated with B. subtilis FB17, after infection with
P. syringae pv. tomato (Pst DC3000) and this led
to increased expression of the PR-1 gene. After
some time it was found that salicylic acid had
accumulated in the roots and there was suppres-
sion of proliferation of pathogen cells (Rudrappa
et al., 2010). It was revealed that the develop-
ment of plant resistance against the pathogen
occurred with the NPR1 protein required for
signalling associated with salicylic acid and
ethylene-dependent signalling pathways, but
not for the jasmonic acid pathway (Rudrappa
etal.,, 2010).

VOCs can act as elicitors of ISR on growing
plants under the influence of bacteria of the
genus Bacillus (Ryu et al., 2003). For example
2,3-butandiol can induce ISR through both
the ethylene-dependent and the salicilate- or
jasmonate- or B. subtilis-independent signal path.
Similarly, acetoun (3-hydroxi-2-butanon) produced
by strain B. subtilis FB17 generated defence in
A. thaliana plants to infection by P. syringae pv.
tomato (Pst DC3000) (Rudrappa et al., 2010).

Earlier we are reported that the combin-
ation of salicylic acid and jasmonic acid pro-
moted potato resistance to the hemibiotrophic
oomycete P, infestans (Maksimov et al., 2011Db).
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There is considerable evidence in the literature of
the jasmonic acid-mediated nature of B. subtilis’
influence on plant defence reactions. Therefore,
in the next step, we conducted an experiment by
using a combination of salicylic acid, jasmonic
acid and a B. subtilis 26D suspension for the in-
vestigation of these signalling pathways’ inter-
actions, during pathogenesis. Indeed, treatment
of potato by B. subtilis 26D was an effective
method to protect it from potato late blight
symptoms (Fig. 4.2). The use of the bacterial
suspension with salicylic acid (0.05 M) resulted
in reduced symptom development in compari-
son with plants treated with only B. subtilis. It can
be assumed that in this case B. subtilis initiated
jasmonic acid signalling as a substitute of jas-
monic acid. The combined influence of exogenic
salicylic acid and components of the jasmonic
acid pathway induced by the bacterial strain
promoted maximum resistance of plants to the
potato late blight pathogen. However, it is more
difficult to explain the fact that combined treat-
ment of potato by jasmonic acid and B. subtilis
26D decreased plant resistance to P, infestans signifi-
cantly in spite of the high defence-stimulating
activity of jasmonic acid alone.

The influence of salicylic acid and jasmonic
acid in combination with a suspension cells of
B. subtilis 26D on the transcriptional activity
of gene M21334, encoding anionic peroxidase
during late blight pathogenesis, was investigated
(Sorokan et al., 2013; Maksimov et al., 2014). It
was found that infection led to progressive
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Fig. 4.2. Effects of Bacillus subtilis 26D and its
composition with salicylic acid (SA) and jasmonic
acid (JA) on development of late blight on the
leaves of potato plants. *, Disease symptoms were
not detected. (Adapted from Sorokan et al., 2013.)

accumulation of M21334 gene transcripts. In
contrast the individual influence of B. subtilis
26D resulted in permanent maximal level of
transcriptional activity of this gene in infected
plants in comparison with non-treated control
plants (Fig. 4.3).

Simultaneous treatment of plants by a mix
of salicylic acid and B. subtilis 26D led to a rather
high level of anionic peroxidase gene transcripts
(i.e. the influence of Bacillus (like jasmonic acid)
is not being suppressed by salicylic acid). In
infected plants treated with salicylic acid and
B. subtilis 26D expression of the M21334 gene
was highest among all the variants of the experi-
ment. With the simultaneous use of jasmonic
acid and B. subtilis 26D, activation of the tran-
scriptional activity of the gene under study was
not observed, but we found a 50% decrease of
the expression of the anionic peroxidase gene on
the first day post-infection. It is to be noted that
increasing the transcript’s level was in inverse
ratio to disease symptom development.
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Fig. 4.3. The influence of salicylic acid (SA),
jasmonic acid (JA) and Bacillus subtilis 26D
bacterial cell suspension on transcription of gene
M21334 encoding an anionic peroxidase in potato
plants that were uninfected and infected by
oomycete Phytophthora infestans. Results are
normalized against transcription of the gene
encoding actin (act). Lane 1, Control; lane 2,

P infestans; lane 3, B. subtilis; lane 4, B. subtilis +
P infestans; lane 5, SA + B. subtilis; lane 6, SA +

B. subtilis + P, infestans; lane 7, JA + B. subtilis;
lane 8, JA + B. subtilis + P, infestans. p.i., Post-
infection; values shown above each blot are
evidence of transcriptional activity after normalization
against the actin gene. (From Sorokan et al., 2013.)
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According to our results, in potato plants
during the development of the defence reactions
against the late blight pathogen, the jasmonic
acid-mediated signal system prevailed over the
salicylic acid-mediated system and was more ef-
ficient. Bacterial strain B. subtilis 26D displayed
rather high defence-stimulating activity similar
to that of jasmonic acid. Accordingly, on the
basis of the data it can be possible to propose a
preliminary hypothesis that ISR triggered by
B. subtilis 26D is closely related to jasmonic
acid-mediated reactions. Another important
conclusion based on our investigations is the pos-
sibility of using a composite preparation on the
basis that salicylic acid and jasmonic acid (or
B. subtilis 26D) combines growth- and defence-
stimulating activities as well as salicylic acid-
induced resistance to a range of abiotic factors
(Belkadhi et al., 2012).

4.2.7 Destruction of mycotoxins and
increasing plant resistance against them

Plant pathogens, for example Fusarium spp., can
produce metabolites that are highly toxic to
plants and humans. In these conditions the
characteristic of some Bacillus spp. strains to in-
crease resistance of plants to toxins through
their destruction is exciting (Kutluberdina and
Khairullin, 2010). For example, strain B. subtilis
CE1 can both inhibit the growth of Fusarium
verticillioides, and decrease fumonisin B1 produc-
tion in vitro (Cavaglieri et al., 2005). The reduc-
tion in the accumulation of fumonisin B1 was
also observed in ears of maize treated with the
endophyte Bacillus mojavensis (Bacon et al.,
2008). Some strains of B. subtilis can completely
destroy zearalenone when cultured in liquid me-
dium (Cho et al., 2010; Tinyiro et al., 2011). Bac-
teria of Bacillus spp. reduced the level of deox-
ynivalenol in wheat tissues infected by Fusarium
graminearum (Palazzini et al., 2007). We have
shown that an endophytic strain of B. subtilis

11RN stimulates the growth of wheat seedlings
and reduces the toxic effects of metabolites on
plants by 35% (Kutluberdina and Khairullin, 2010).

4.3 Conclusion

Application of endophytic and rhizospheric Ba-
cillus spp. strains has great potential. Their ad-
vantage is their ability to avoid the competitive
pressure of indigenous species, which can affect
other PGPR that are artificially included in the
agroecosystem. Data on the influence of Bacillus
bacteria with regards to their being highly an-
tagonistic to pathogens, to their influence on
plant growth and productivity and resistance to
environmental hostilities has not yet been clari-
fied. Their control of diseases caused by fungi,
bacteria and viruses has been demonstrated
thoroughly but ISR may also be a successful
strategy in management of nematode and insect
pests in several crops.

Forcible arguments towards the applied use
of PGPR include: (i) their cheapness; (ii) the low
energy output during the production process;
(iii) the possibility of combining them with other
preventive measures; (iv) their inability to provoke
infection processes in humans and non-target
objects; and (v) their non-pathogenicity towards
plants. They have great potential for use as al-
ternatives for crop protection chemicals, even
though their use as such alternatives may be
limited (Chandrashekhara et al., 2007; Melet'ev,
2007; Walters and Fountaine, 2009; Jacometti
etal., 2010).
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5 Biofilm Formation on Plant Surfaces
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Abstract

Microorganisms have historically been studied as planktonic or free-swimming cells, but most exist as sessile
communities attached to surfaces, in multicellular assemblies known as biofilms. Biofilms on plant surfaces are
of great importance to plant health. Plant growth-promoting rhizobacteria (PGPR) not only induce plant growth
but also provide protection by the process known as biocontrol, whereas other bacteria in the biofilm mode of
growth can create a nuisance for plants. Recent advances show that biofilm formation on plant roots is associated
with the biological and pathogenic response, but its regulation by the plant is unknown. In this chapter we
describe bacterial biofilm processes, the ecological significance and the microbes that form biofilms on plant
roots, and the effect of root exudates on biofilms and plant health.

5.1 Introduction

One major challenge for the 21st century will be
the production of sufficient food to feed the
growing population. The United Nations Popu-
lation Fund (UNFPA) estimates that the global
human population may well reach 10 billion by
2050 (UNFPA 2010). This means increasing
agricultural productivity of food crops, as plants
form the basis of every food chain. However,
agriculture in developed countries already cre-
ates a range of serious environmental problems
through the use of chemicals, salinization and
the depletion of water resources. Furthermore,
agricultural production in developing countries
cannot be increased without further destroying
the forests and turning them into arable land,
thus threatening global biodiversity, which is al-
ready under stress from human action. There is

*ahmadigbal8@yahoo.co.in

a serious need to boost global food production in
an environmentally sustainable manner (Angus
and Hirsch, 2013). Thus, more emphasis has
been placed on soil fertility and its maintenance
for growing food and fuel crops even as the world
around us changes (Morrissey et al., 2004).
Similarly, progress in plant biotechnology aims
to develop new crop varieties by the introduction
of desirable traits, so that these crops: (i) can
survive better under conditions of drought or
salinity; (ii) have enhanced disease and pest re-
sistance; and (iii) have high nutritional value.
However, efforts to understand the microbiome
of the rhizosphere and its influence on regulating
plant health is not yet fully explored (Morrissey
et al., 2004; Berendsen et al., 2012).

Root exudates are well known to exert a sig-
nificant impact on rhizospheric microorgan-
isms (Bais et al., 2006). Various aspects of the
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interactions between plants and microorgan-
isms have been studied (Ryu et al., 2004; Timmusk
et al., 2005; Haggag and Timmusk, 2008). Re-
searchers in the last few decades have estab-
lished that the majority of the microorganisms
often exist in well-organized structures on the
surface of plants in biofilms rather than in a
planktonic state (Stanley and Lazazzera, 2005;
Rudrappa et al., 2007; Beauregard et al., 2013)
(Table 5.1). The process of biofilm formation on
plant roots involves a complex mechanism which
might be understood at physiological and mo-
lecular levels (Rudrappa et al., 2007; Vlamakis
etal., 2013).

Biofilm formation on both biotic and abiotic
surfaces has been the subject of research in the
past (O'Toole and Stewart, 2005). The study of
bacterial biofilm formation on plant surfaces, es-
pecially root surfaces, has not yet been explored
fully (Haggag and Timmusk, 2008; Timmusk
et al., 2011). Plant growth-promoting rhizobac-
teria (PGPR) are known to promote the plant
growth and yield through both direct and indirect
mechanisms which includes phosphate solu-
bilization, siderophore production, nitrogen
fixation, indole acetic acid synthesis, production
of antibiotic and lytic enzymes, induction of sys-
temic resistance and stress relief (Fujishige et al.,
2006; Trivedi et al., 2011).

Bacteria are unicellular organisms that
manifest a range of collective behaviours lead-
ing to tissue-like functions. Whereas fruiting
bodies and swarming are the most spectacular
of these, cell aggregation, microcolonies and
biofilm formation are the most widespread ex-
pression of the collective behaviour of bacteria.
Such behaviour provides adaptive strategies
during severe environmental stress conditions
which can also result in the differentiation of
non-specific cells into specialized lines for
performing different unique functions not ex-
hibited by single cells (Morris and Monier,
2003; Guttenplan and Kearns, 2013). PGPR
are thought to form biofilms. Biofilms are as-
semblages of cells embedded in a self-produced
matrix composed of extracellular polymeric
substances (EPS), proteins and sometimes DNA
(Beauregard et al., 2013). The formation of mi-
crocolonies and biofilms on plant surfaces is as-
sociated with the processes of attachment of
bacterial cells and production of EPS (Vlamakis
etal., 2013).
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Bacteria associated with plant surfaces can
be found on seeds, leaves and roots. Biofilm for-
mations on abiotic surfaces and bacterial colon-
ization of plant surfaces have some clear similar-
ities, and are controlled by common molecular
determinants. Plant-associated communities
may usually not be as dense and structured as
biofilms formed in other environmental condi-
tions. However, they have an added element of
complexity, since the plant surface is not only an
inert support for bacterial growth, but also the
main source of nutrients for the microorgan-
isms, and an active partner in the system. Plant
surface-associated bacteria have a direct role in
plant disease and health (Molina et al., 2003;
Timmusk et al., 2011; Vlamakis et al., 201 3).

In this chapter we review recent progress
on plant root-associated biofilms, the impact on
the plant-bacteria interaction, the ecological
significance, and the influence of root exudates
and their potential use for enhancing plant
growth and protecting plant health.

5.2 Processes in Biofilm Formation

Biofilm formation is complex, but is generally
recognized as consisting of five stages as de-
scribed by Stoodley et al. (2002). These stages
are: (i) reversible attachment; (ii) irreversible at-
tachment; (iii) development of microcolonies
leading to biofilm establishment; (iv) formation
of a mature biofilm with a three-dimensional
structure; and (v) dispersion of the biofilm and
release of bacterial cells for initiation of new bio-
film formation (Fig. 5.1).

5.2.1 Initial attachment

Bacterial cells attach to a surface as a result of a
random process, mediated by Brownian motion
and gravitational forces. Such attachment can
be active or passive (Beloin et al., 2008; Kostakioti
et al., 2013). The adhesion of cells during this
process depends on the bacterial cell surface
characteristics (Kostakioti et al., 2013). The at-
tachment process may be influenced by various
factors such as availability of nutrients, pH, tem-
perature and ionic strength. After the initial adher-
ence there is production of extracellular adhesive
materials and adhesions.
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Table 5.1. Biofilm formation by beneficial and pathogenic bacteria associated with plant roots. (Partly

adapted from Rudrappa et al., 2008, and Angus and Hirsh, 2013.)

Nature of
Bacteria association® Plant name Plant part References
Acinetobater PGPR Duckweed Root Yamaga et al. (2010)
calcoacetcius P23
Azospirillum brasilense PGPR Wheat Root Kim et al. (2005),
Shelud’ko et al.
(2010)
Azorhizobium caulinodans PGPR Rice Root Van Nieuwenhove
et al. (2004)
Azotobacter chroococcum PGPR Cotton, wheat Root Kumar et al.(2007)
Bacillus amyloliquefaciens PGPR, Arabidopsis Root Fan et al. (2011),
S499 biocontrol thaliana, Nihorimbere et al.
maize, tomato (2012)
Bacillus cereus Under conditions Wild barley Root Trivedi et al. (2011)
of stress by
salt, heat or
desiccation
Bacillus pumilis Under conditions  Wild barley Root Trivedi et al. (2011)
of stress by
salt, heat or
desiccation
Bacillus polymyxa PGPR Cucumber Root Yang et al. (2004),
Nihorimbere et al.
(2012)
Bacillus subtilis Biocontrol A. thaliana Root Ellis and Cooper
(2010), Beauregard
et al. (2013)
Bacillus megaterium C4 Nitrogen fixation, Maize, rice Root Liu et al. (2006)
PGPR
Burkholderia cepacia Biocontrol Mulberry Root Ji et al. (2010)
strain Lu10-1
Enterobacter Biocontrol Cotton Root Chernin et al. (1995)
agglomerans
Enterobacter cloacae PGPR Rice Root Shankar et al. (2011)
Klebsiella pneumoniae Beneficial Wheat Root Dong et al. (2004), Liu
et al. (2011)
Microsphaeropsis sp. Biocontrol Onion Root Carisse et al. (2001)
Micrococcus sp. NII-0909 PGPR Cowpea Root Dastager et al. (2010)
Paenibacillus lentimorbus Heavy metal Chickpea Root Khan et al. (2012)
tolerance
Paenibacillus polymyxa Biocontrol Peanut Root Haggag and Timmusk
(2008)
Pantoea agglomerans PGPR Chickpea, wheat Root Chauhan and Nautiyal
(2010)
Pseudomonas Biocontrol Wheat Root Sigler et al. (2001),
aureofaciens Zakharchenko et al.
(2011)
Pseudomonas Biocontrol A. thaliana Root Lalaouna et al. (2012)
brassicacearum
Pseudomonas Biocontrol Wheat Root Chin-A-Woeng et al.
chlororaphis (2000), Shen et al.
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Table 5.1. Continued.

Nature of
Bacteria association? Plant name Plant part References
Pseudomonas Biocontrol Crop plant General Silby and Levy (2004),
fluorescens rhizosphere Barahona et al.
colonization (2010)
Pseudomonas putida Draught Maize, Root Sandhya et al. (2009),
tolerance, sunflower, Matilla et al. (2011),
bioremediation A. thaliana Jakovleva et al.
(2012)
Pseudomonas aurantiaca PGPR Maize, wheat Root Rosas et al. (2009)
SR1
Rhizobium alamii Heavy metal A. thaliana, Root Schue et al. (2011)
tolerance rapeseed
Rhizobium Nitrogen fixation, Various Root Fujishige et al. (2006),
leguminosarum bv. PGPR, legumes Williams et al.
viciae 3841 drought (2008), Janczarek
tolerance and Skorupska
(2011)
R. leguminosarum Beneficial Rice Root Janczarek (2011)
Rhizobium sp. NGR234 Nitrogen fixation, Legumes Root Krysciak et al. (2011)
PGPR, (cowpea)
Rhizobium Symbiosis Legumes Root Fujishige et al. (2006),
Robledo et al.
(2012)
Sinorhizobium Symbiosis Legumes Root Fujishige et al. (2006),
Khan et al. (2012)
Stenotrophomonas Biocontrol, Crop plant Root Ryan et al. (2008)
maltophilia PGPR
Shewanella putrefaiens Microbial Biofilm on mineral surfaces Huang et al. (2011)
CN-32 mediated
geochemistry
Cyanobacteria spp. PGPR, Enhanced mixed-species biofilm Prasanna et al. (2011)
biocontrol formation with Rhizobium,
Azotobacter, Pseudomonas
spp.
Agrobacterium Pathogenic Pea Root Abarca-Grau et al.
tumefaciens (2011)
Escherichia coli Pathogenic Leafy Root Delaquis et al. (2007),
vegetables Saldana et al.
(2011)
Enterococcus faecalis Pathogenic A. thaliana Root Jha et al. (2005)

aPGPR, Plant growth-promoting rhizobacteria.

At first, the adherent cells, that give rise to
biofilm formation, have only a fraction of EPS
and a few are able to move freely either by twitch-
ing or gliding motility (Guttenplan and Kearns,
2013). The adhesion is reversible at this stage
since the attached microorganisms are not yet
dedicated to the differentiation process under-
going a series of morphological changes which
leads to biofilm development (Hall-Stoodley et al.,
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2004). The surface properties are also import-
ant in determining bacterial adhesion. Gener-
ally, any surface is susceptible to biofilm develop-
ment such as plastic, glass, metal, wood and food
products. Furthermore, the surfaces that are
covered with conditioning film that contains
macromolecules, such as organic substances,
will enhance the attachment of bacterial cells
(Tang et al., 2009; Vlamakis et al., 2013).
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Fig. 5.1. The development of a biofilm, depicted as a five-stage process. Stage 1: attachment of cells to
the surface; stage 2: production of extracellular polymeric substances (EPS) matrix; stage 3: develop-
ment of biofilm architecture; stage 4: maturation; stage 5: dispersion of bacterial cells from the biofilm.

(From Lasa, 2006.)

5.2.2 Irreversible attachment

Reversible bacterial cell attachment leads to at-
tachment that is irreversible in nature due to
permanent bonding in the presence of EPS
(Hall-Stoodley et al., 2004).

In this state of bacterial adherence biofilm
becomes tolerant to treatment such as shear
force; even chemical treatment with enzymes,
detergent and surfactant could not dislodge
the bacterial cells (Sinde and Carballo, 2000;
Augustin et al., 2004). Vlamakis et al. (2013)
reported that the extracellular matrix of
Bacillus subtilis facilitates cell attachment and
assists in microcolony formation and biofilm
maturation.

5.2.3 Microcolony formation

Microcolony formation results from simultan-
eous accumulation and growth of microorgan-
isms and is connected with the production of the
extracellular matrix (Hall-Stoodley and Stood-
ley, 2009; Vlamakis et al., 2013) that nourishes
the bond between the bacteria and the surface
and protects the colony from any environmental
stress (Hall-Stoodley et al., 2004; Vlamakis et al.,
2013). Lopez et al. (2010) found that several
species of bacteria in the ecosystem studied
showed that accumulation can activate the selec-
tion of planktonic cells from the surrounding me-
dium mediated by quorum sensing. Swimming

motility was believed to allow the microorgan-
isms to control repulsive forces at the surface
water interface and enable them to reach the
substratum and form microcolonies (Beauregard
et al., 2013). Microcolonies are thought to be
beneficial as they allow interspecies substrate
exchange and mutual end-product removal
to bacteria (Hall-Stoodley et al., 2004; Madsen
etal, 2012).

5.2.4 Maturation

The biofilm maturation step results in the devel-
opment of an organized structure which can be
flat or mushroom-shaped depending on the nu-
trient availability (Vlamakis et al., 2013). Its
maturation comprises adhesive processes that
link bacteria together during proliferation and
disruptive processes that form channels in the
biofilm structure (Stoodley et al., 2000). During
this phase, surface contact activates responses
that lead to gene expression changes, upregu-
lating factors favouring sessility, such as those
involved in the formation of the extracellular
matrix (Kostakioti et al., 2013). Bacteria grow
under sessile form in heterogeneous complex-
enclosed microcolonies scattered with open
water channels (Stoodley et al., 2000; Vlamakis
etal., 2013). Cell division is uncommon in a ma-
ture biofilm, and energy is used to produce EPS,
which the biofilm cells can use as nutrients. It is
not possible to identify general molecular pro-
files for a given bacterial species because some
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genes are important for biofilm formation under
both static and dynamic conditions, whereas
others are important only under dynamic bio-
film conditions.

5.2.5 Dispersion

Dispersion is the final step in the biofilm formation
cycle, and it allows the cells in biofilm mode to
return back into their planktonic state (Kaplan,
2010). When the biofilm matures, resource limi-
tation and waste product accumulation activates
the dispersion of the biofilm. Hall-Stoodley et al.
(2004) studied the role of external disturbance
such as raised fluid shear stress that is involved in
biofilm dispersion. Vlamakis et al. (201 3) observed
that the cells in a mature biofilm of B. subtilis
released a mixture of D-amino acids (D-tyrosine,
D-leucine, D-tryptophan and D-methionine),
which help in dissolution and subsequent inhib-
ition of the biofilm. Disseminating bacteria have
the capability to restart the process of biofilm for-
mation on availability of a suitable environment. In
addition to dissemination of D-amino acids, the
ageing B. subtilis biofilms possess the polyamine
norspermidine, which helps in dispersion of bio-
films. The suppressing activity of norspermidine
is harmonious with that of D-amino acids, pro-
posing that these molecules act by different mech-
anisms. It interacts directly and specifically with
the EPS. This interaction causes collapse of the
EPS, a process that has been visualized by micros-
copy, and a change in polymer size, as visualized
using light scattering.

5.3 Ecological Significance of
Biofilm Formation

5.3.1 Defence

A number of benefits to bacterial cells are associ-
ated with biofilm formation. A microbial cell in a
biofilm mode of growth is well protected due to
its EPS. The chemical composition of this self-
produced matrix includes mainly EPS, protein
and nucleic acid and some other substances
(Flemming and Wingender, 2010). EPS provide
protection against both physical (e.g. UV radi-
ation, pH shift, osmotic shock and desiccation),
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chemical and biological stress (Annous et al.,
2009). The EPS matrix is also helpful in provid-
ing resistance to antimicrobial agents by control-
ling diffusion of compounds from the surrounding
environment into the biofilm (Flemming and
Wingender, 2010; Flemming, 2011). Further,
EPS was found to seize metals, cations and toxins
(Flemming, 2011).

5.3.2 Availability of nutrients
to microbes

Biofilm formation can also lead to establishment
of nutrient availability and development of syn-
trophic association between two different bac-
teria. Such associations have been studied in
relation to methanogenic degradation (Schink,
1997). In a study conducted by Yanhong et al.
(2009) such association was demonstrated in
two strains of Pseudomonas putida (PCL1444 and
PCL1445). P, putida PCL1444 effectively utilizes
root exudate, degrades naphthalene around the
root, protects seeds from being killed by naph-
thalene and allows the plant to grow normally.
Mutants unable to degrade naphthalene do not
protect the plant. P. putida (PCL1445) was un-
able to grow on naphthalene in pure culture in
the absence of PCL1444, which indicated that
the naphthalene degradation product produced
by PCL1444 can be utilized by PCL1445 in the
rhizosphere resulting in symbiotic relationship.

5.3.3 Colonization

Biofilm formation by such rhizobacteria can
provide a mechanism for their establishment
and maintenance in favourable environments.
Thus, rhizobacteria not only benefit from root
exudates but also influence the plant directly
or indirectly. Pseudomonas is a widely studied
genus and members of the genus are fairly
widely distributed in plants, soil and water and
exhibit different associations in nature (Misas-
Villamil et al., 201 3). For example, Pseudomonas
syringae is associated with aerial parts of the
host plant while P. putida and Pseudomonas
fluorescens are found in the rhizosphere and
help in plant growth promotion and also pro-
tect plant health by one or other mechanism
(Jakovleva et al., 2012). Similarly P. putida was
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found to metabolize toxic aromatic compounds
and exhibit rhizosphere colonizing ability and
is therefore helpful in rhizoremediation (Kuiper
etal., 2004).

5.3.4 Acquisition of new genetic traits

Rhizosphere bacterial populations are hotspots
for microbial interaction and biofilm formation.
Biofilm modes of bacterial growth provide close
proximity for gene transfer through various ex-
change mechanisms (e.g. conjugation, trans-
formation and transduction) (Merkey et al., 2011).
The frequencies of gene transfer are higher in
the biofilm mode of growth compared with the
planktonic mode. Bacterial plasmids are known
to be involved in biofilm formation and biofilms
promote plasmid stability and genetic exchange.
Plasmids and phages are known to induce the
transition to the biofilm mode of growth in their
respective hosts through cell-cell interaction
(Madsen et al., 2012).

5.4 Biofilms in the Rhizosphere

Bacterial biofilm formation has been extensively
studied in the laboratory and in medical systems
(Hall-Stoodley et al., 2004; Hoiby et al., 2010).
Biofilm-related infections on medical devices and
human tissues, such as colonization of cardiac
valves and catheters by streptococci, pose serious
threats to human health. Interestingly, the mech-
anisms of biofilm formation within and on the
human host are also at work in the plant’s envir-
onment, especially in the rhizosphere (Angus
and Hirsch, 2013). Microscopy-based studies of
bacterial colonization in the rhizosphere indicate
that bacteria generally form microcolonies or ag-
gregates on root surfaces and that these colonies
have a patchy, non-uniform distribution.

Many bacteria are known to form microcol-
onies during root colonization, these include P, fluo-
rescens and other closely related fluorescent
pseudomonads that have potential as biocontrol
agents (Couillerot et al., 2009), other PGPR such
as B. subtilis (Vlamakis et al., 2013), free-living
nitrogen-fixers such as cyanobacteria (Prasanna
et al., 2011) and Azospirillum spp. (Shelud’ko
etal., 2010).

A distinct exopolymeric matrix covering
these microcolonies and aggregates has fre-
quently been encountered (Haggag and Tim-
musk, 2008; Flemming and Wingender, 2010),
particularly when roots were observed with
microscopic techniques other than the scanning
electron microscope. Most studies of coloniza-
tion patterns of roots corroborate the notion
that bacteria on root surfaces are present pri-
marily as microcolonies at sites of root exud-
ation (Bais et al., 2006). Production of EPS or
other exopolymeric material, and consequently
the formation of biofilms, may enhance bacter-
ial survival and the potential for colonization
of roots. Mutants of B. subtilis defective in EPS
matrix production showed impaired biofilm for-
mation on the roots of Arabidopsis thaliana
(Beauregard et al., 2013).

5.4.1 Biofilm formation by PGPR

A number of PGPR form biofilms. The best studied
examples of PGPR that form beneficial plant—
microbe interactions are of B. subtilis, P. fluo-
rescens and Paenibacillus polymyxa (Table 5.1).
Gram-positive microbes, specifically Bacillus spp.,
generally used as effective biocontrol agents, are
cosmopolitan and often colonize plants.
Colonization of A. thaliana roots by B. subtilis
requires the production of surfactin. Surfactin, a
lipopeptide antimicrobial, is involved in biofilm
formation in vitro. Surfactin and other lipopep-
tides produced by Bacillus spp. are known to in-
duce systematic resistance in plants and inhibit
the growth of phytopathogens. P. syringae plant
metabolites (malic acid) in root exudates were
found to enhance biofilm formation on plant
roots by B. subtilis. Root exudates from plants
infected with P. syringae induce matrix gene ex-
pression in B. subtilis. Malic acid found in tomato
root exudates at elevated concentration can in-
fluence matrix gene expression and biofilm for-
mation in vitro (Vlamakis et al., 2013). Adherent
cells can multiply at the site of colonization to
form multicellular assemblies. Another root-
associated PGPR is Azospirillum brasilense, which
is commonly associated with cereals (Shelud’ko
et al., 2010). Exopolysaccharides, flagellar motil-
ity (swimming and swarming) and specific outer
membrane proteins are needed for effective
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root colonization, since non-motile and non-
chemotactic mutants are among the most im-
paired in competitive root colonization (Barahona
et al., 2010). Root hairs and the elongation zone
of the root appear to be favoured colonization
sites, and dense biofilms may be formed at these
positions (Timmusk et al., 2005). Burdman et al.
(1998) reported Azospirillum inoculation with
nitrogen-fixing rhizobia significantly increased
plant growth, and suggested the role of syner-
gism within mixed communities of these mi-
crobes. Several Pseudomonas spp. and derivatives
are effective PGPR, and some are biocontrol
agents (Couillerot et al., 2009). On wheat roots, a
natural population of pseudomonads makes up a
significant portion of the microbial community,
residing within aggregates and biofilms (Watt
et al., 2006).

5.4.2 Biofilm formation by
phytopathogens

The association of pathogens with roots is iden-
tical to that of beneficial bacteria. However,
pathogenic pseudomonads have been reported
to form thicker, more confluent biofilms on the
root surface compared with the more heteroge-
neous colonization by beneficial pseudomonads
(Rudrappa et al., 2008). This difference may re-
flect the interactions that lead to disease, but
may also be the consequence of different inocu-
lation strategies, growth conditions and plant
hosts. More studies are needed to compare
pathogenic and commensal interactions on the
same plant and in mixed populations.

The ubiquitous plant disease called crown
gall is caused by Agrobacterium tumefaciens. Infec-
tion occurs at wound sites along roots, and at the
crown leads to a horizontal genetic transfer from
A. tumefaciens to the plant, directing unrestricted
growth of the tissue (the gall) and production of
nutrients specific for the infecting microbe. The
mechanisms of plant attachment have remained
elusive, although a two-step model mediated
initially by an as-yet-unidentified adhesin and
followed by firm attachment via cellulose fibril
production has been widely recognized. Once
attached to root tissues, A. tumefaciens can form
thick, anatomically complicated biofilms, abun-
dantly covering the epidermis and root hairs
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(Matthysse et al., 2005). Comparable biofilms
formed on abiotic surfaces and several mutants
and genetic variants involved in biofilm forma-
tion on these surfaces, show similar pheno-
types on root tissues (Danhorn et al., 2004;
Matthysse et al., 2005). The role of biofilms
during the disease process remains obscure,
but may involve proximity to the appropriate
infection site, or survival of the basal plant de-
fence response. Oxygen limitation is a common
condition in the rhizosphere and also within
biofilms (Okinaka et al., 2002). An A. tumefa-
ciens mutant disrupted for the FNR (fumarate
and nitrate reductase regulatory)-type tran-
scription factor SinR develops sparse, patchy
biofilms on plant roots and abiotic surfaces
(Ramey et al., 2004). This regulator is a part of
an A. tumefaciens oxygen-limitation response
pathway, suggesting a link between oxygen
levels and biofilm structure. Similarly, limiting
phosphorus is common in the rhizosphere due
to plant sequestration. Phosphorous limitation
enhances biofilm formation by A. tumefaciens,
compared with the decreased biofilm formation
reported for Pseudomonas aureofaciens (Danhorn
etal., 2004).

5.5 Multi-species Biofilms
in the Rhizosphere

There has been a significant increase in the
knowledge and understanding of microbial bio-
films in the last few decades. The majority of
studies conducted so far on biofilms are based on
monospecies. However, under natural conditions
biofilm communities involve different micro-
organisms or mixed biofilms (Elias and Banin,
2012). Interspecies interactions involve cell—cell
communication, via quorum sensing, and meta-
bolic cooperation or competition. The inter-
actions in the mixed biofilms have important
ecological and environmental implications.
Mixed-species biofilms are certainly the domin-
ant form in the rhizosphere. Mixed biofilm-based
inoculants are found to form strong biofilms
(Prasanna et al., 2011; Seneviratne et al., 2011).
Prasanna et al. (2011) found that cyanobacteria
form more robust biofilms when inoculated with
Azotobacter and Pseudomonas.
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5.5.1 Role of bacterial signals

in biofilm formation

Successful colonization and biofilm formation de-
pends on initial microbial communication. The
role of quorum sensing in biofilm formation is well
known (Angus and Hirsch, 201 3) and mediates
both pathogenic and beneficial plant-microbe
interactions. Before biofilm formation, cells in
the planktonic mode are involved in chemical
signalling. The most prevalent signals involved in
bacterial communication are N-acylhomoserine
lactones (AHL), autoinducer-2 (Al-2) and 2-heptyl-
3hydroxy-4-quinoline (PQS). In Pseudomonas
aeruginosa the lasl gene is engaged in the growth
of biofilms. Although, quorum sensing is a
unique species-specific communication. Elasri
etal. (2001) found that the plant-associated bac-
teria and plant-pathogenic bacteria produce
AHL more commonly than soil-borne strains
and proposed that these signals play a signifi-
cant role in biofilm formation. Biofilm forma-
tion by B. subtilis is influenced by other species
mainly by the members of the same genus (Shank
etal.,2011).

5.6 Role of Plant Root Exudates
on Biofilms

Plant roots ceaselessly create and release a var-
iety of compounds into the rhizosphere in the
form of root exudates. The diversity of organic
compounds released by plant roots includes
various sugars, amino acids, organic acids, fatty
acids, sterols, growth factors and vitamins, en-
zymes, flavonones and purines/nucleotides and
several other compounds belonging to different
chemical groups (Curl and Truelove, 1986;
Uren, 2001; Dakora and Phillips, 2002). Root
exudation can be broadly divided into two active
processes. The first, root excretion, involves gra-
dient-dependent output of waste materials with
unknown functions, whereas the second, secre-
tion, involves exudation of compounds with
known functions, such as lubrication and de-
fence (Bais et al.,, 2006). Roots release com-
pounds via at least two potential mechanisms.
Root exudates are transferred across the cellular
membrane and discharged into the surrounding

rhizosphere. Plant products are also released
from root border cells and root border-like cells,
which separate from roots as they grow (Vicre
et al., 2005). Root exudation clearly represents a
significant carbon cost to the plant (Bais et al.,
2006), and the magnitude of photosynthates se-
creted as root exudates differ with the type of
soil, age, and physiological state of the plant,
and presence of nutrients (Doornbos et al.,
2012). Although the functions of most root ex-
udates have not been determined, several com-
pounds present in root exudates play important
roles in biological processes (Bais et al., 2006;
Doornbos et al., 2012) and are likely to have an
effect on bacterial biofilms.

5.7 Biofilms in Relation to Plant
Growth and Health Protection

5.71 Role of biofilms in biocontrol
of plant diseases

The biocontrol ability of bacterial strains is de-
pendent on efficient colonization on the plant
surface. Colonization of bacteria on the plant sur-
face involves biofilm formation under natural
environments. Bacterial biofilms on the plant
root can protect the colonization site and act as a
sink for the nutrients, making nutrients in the
root exudates unavailable for plant pathogens
(Haggag and Timmusk 2008). Plant root-associated
beneficial rhizobacteria promote plant growth
and yield through improved mineral nutrient
uptake, production of hormone(s) and biocon-
trol activity (Trivedi et al., 2011). For example, B.
subtilis can protect plants against fungal pathogen
attack, and plays a role in the degradation of or-
ganic polymers in the soil (Vlamakis et al., 2013).
Lugtenberg and Kamilova (2009) demonstrated
that B. subtilis can be used as a biocontrol agent.
Beauregard et al. (2013) studied Arabidopsis root
surfaces inoculated with B. subtilis using con-
focal microscopy to disclose a three-dimensional
structure of the B. subtilis biofilm. Similarly
plant root-associated pseudomonads such as
P, fluorescens can respond rapidly to the presence
of root exudates in soils and at root colonization
sites, which results in establishment of strong bio-
film networks (Couillerot et al., 2009). Haggag
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and Timmusk (2008) and Chen et al. (2012) ex-
plored the role of biofilm-forming Paenibacillus
polymyxa and B. subtilis strains in managing As-
perygillus niger and Ralstonia solanacearum, respect-
ively. Therefore to establish effective biocontrol,
successful colonization and biofilm formation
with the biocontrol agent should be ensured.

5.7.2 Role of biofilms in mitigating
stress in the rhizosphere

Survival of agriculturally important micro-
organisms in the rhizosphere under various
stressful conditions is an interesting area of
research, directly affecting our food security.
PGPR mitigate most effectively the impact of
abiotic stresses (drought, low temperature, sal-
inity, metal toxicity and high temperatures) on
plants through biofilm formation, which under
normal conditions enhance plant growth and
under stressful conditions help in better survival
(Milosevic et al., 2012; Bogino et al., 2013). For
example the lipopolysaccharide (LPS) mutant of
Rhizobium leguminosarum that lacks the biofilm
formation property is also unable to tolerate
drought conditions (Vanderlinde et al., 2009).
Sandhya et al. (2009) also found that colon-
ization and biofilm formation by Pseudomonas
putida strain GAP-P45 will alleviate drought
stress effects.

5.8 Conclusion

Bacteria—plant interactions and their associ-
ations have been the subject of research for a
long time. These interactions may be positive or
negative in terms of plant health. In the last few
decades it has been established that the biofilm
mode of bacterial growth in association with the
plant surface provides protection from predation,
improved acquisition of nutrients, gene ex-
change and protection from exposure to toxic
chemicals. Biofilms on plant roots also provide a
protected environment both for the pathogen
and the PGPR. PGPR effective in biofilm forma-
tion will be protected from stress conditions and
can more effectively help plant growth, and pro-
tect plant health through their enhanced sur-
vival and metabolic activities. Focused research
on the mechanism of biofilm formation and their
regulation by plants and the impact of environ-
ments needs to be further explored to understand
complex microbe—plant root interactions.
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Abstract

Certain soil microbiota naturally exists as surface-attached microbial communities in a biofilm mode of growth.
They have been shown to be more effective at functioning than monocultures or mixed cultures of microbes.
Therefore, such beneficial biofilms have been formulated in vitro to be used as biofertilizers called biofilmed
biofertilizers (BFBFs) in agriculture and plantations. In this chapter we describe the significance of the BFBFs in
addressing many issues that affect the sustainability of agroecosystems. In the literature on conventional
biofertilizers, it is seen that the importance of surface attachment of microbes and biofilm formation has not been
identified, though there are several other reports on the effectiveness of naturally occurring biofilms on soil
particles and plant surfaces. However, the density of such biofilms on plant surfaces, particularly on the root
system, is too low to have a significant effect on plant growth, as revealed by improved plant growth with BFBF
applications to several crops. The BFBFs render numerous biochemical and physiological benefits to plant growth,
and improve soil quality, thus leading to a reduction of chemical fertilizer (CF) NPK use by 50% in various crops.
This reduction has not been achieved by conventional biofertilizers so far. The role of BFBFs is to reinstate
sustainability of degraded agroecosystems through breaking dormancy of the soil microbial seed bank, and in
turn restoring microbial diversity and ecosystem functioning. Thus, the concept of BFBFsis not only biofertilization,
but also an holistic ecosystem approach. These formulations should therefore be considered as biofilmed microbial
ameliorators (BMAs), rather than the BFBFs. If this agronomic practice were adopted in the future, it would lead to
a more eco-friendly agriculture with an array of benefits to health, economics and the environment.

6.1 Introduction and mycorhizal fungi (Wu et al., 2005). They are

capable of performing many tasks such as mobil-

Biofertilizers are live formulations of beneficial izing mineral elements from unavailable forms,
microorganisms, including nitrogen-fixing bac-  making atmospheric nitrogen (N,) available to
teria, phosphorus (P) solubilizers, algae, Azolla  plants, suppressing pathogens and regulating
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plant growth promotion through biological pro-
cesses (Tien et al., 1979). Conventionally, micro-
biologists have paid their attention to formulate
biofertilizers as monocultures or mixed cultures.
The importance of using them as developed mi-
crobial communities in surface-attached biofilms
was first stressed a decade ago (Seneviratne, 2003;
Seneviratne and Jayasinghearachchi, 2003). In
early studies, biofilms developed in vitro as Penicil-
lium mycelium colonized by Bradyrhizobium elkanii,
called fungal-bacterial biofilms (FBBs), were shown
to result in significantly increased biological nitro-
gen fixation (BNF) over B. elkanii alone (Jayasing-
hearachchi and Seneviratne, 2004). Thereafter,
this concept of the FBBs opened a new avenue in
biofertilizer research, since subsequent studies
showed that biofilms could perform improved bio-
logical functions over monocultures and mixed
cultures of biofertilizers, for example in P solubil-
ization with enhanced organic acids production
(Jayasinghearachchi and Seneviratne, 2006;
Seneviratne and Indrasena, 2006) and also in
plant growth benefits through increased produc-
tion of growth hormones (Bandara et al., 2006).
Later, it was reportedly realized that this was at-
tributable to the biofilms’ ability to secrete more
stable extracellular substances than mixed cul-
tures (Nadell et al., 2009). These biofertilizers have
now been named biofilmed biofertilizers (BFBFs)
(Seneviratne et al., 2008).

The importance of conventional biofertiliz-
ers as monocultures or in combination with
other beneficial microbes as mixed cultures has
been reviewed by Mahdi et al. (2010) and
Saharan and Nehra (2011). Their survival and
function are inconsistent under field conditions
due to heterogeneity of biotic and abiotic factors
and competition with indigenous organisms.
Thus, they have yet to fulfil their promise and po-
tential as commercial inoculants (Nelson, 2004).
On the other hand, BFBFs have been tested suc-
cessfully for their fertilizing potential of many
crops, such as maize, rice, a wide range of veget-
ables and for plantation crops like tea and rubber,
under greenhouse and field conditions. Their ef-
fectiveness under field conditions has made it
possible to reduce the use of chemical fertilizer
(CF) NPK by 50%, with several other beneficial
functions needed for sustainability of the agro-
ecosystems (Seneviratne et al., 2011; Buddhika
etal., 2012a; Hettiarachchi et al., 201 2; Weeraratne
et al., 2012; Seneviratne and Kulasooriya, 2013).

To our knowledge, conventional biofertilizers
have not been able to achieve this CF reduction
so far. The important roles of naturally existing
biofilms, when attached to plant surfaces, have
been discussed in relation to enhanced plant
growth (Rudrappa et al., 2008). Natural biofilms
and their ecological significance have been re-
viewed widely (Davey and O'Toole, 2000; Ramey
etal., 2004; Rudrappa et al., 2008), yet incorpor-
ation of the biofilm concept into biofertilization
has not been assessed adequately, with exception
of the study by Malusa et al. (2012) who suggest
biofilms as an effective biotechnology for inocu-
lating beneficial microbes as biofertilizers. There-
fore in this chapter we describe the significance
of biofertilizers in biofilm mode in addressing
many issues that affect the sustainability of
agroecosystems.

6.2 Biofertilizers and the
Community Approach of Microbes

The major problem which is faced by current
agricultural practices is the creation of undesir-
able ecological consequences, as many have re-
ported (Choudhury and Kennedy, 2005; Sénmez
et al., 2007; Seneviratne, 2009; Savci, 2012).
These have prompted research into harmless
inputs for the sustainability of agroecosystems.
Therefore, biofertilizers and organic farming
systems in crop cultivation have got attention in
safeguarding the soil and producing better qual-
ity crop products. The use of biofertilizers has
several advantages over conventional chemicals
used for agricultural purposes. Generally, biofer-
tilizers are applied either to the seed or to the soil,
or both, to accelerate microbial processes in the
soil, thereby increasing the nutrient availability
in the soil and regulating plant growth through
biological processes. Research and applications
of biofertilizers have been well documented. For
example, Azospirullum inoculants were able to
reduce nitrogen (N) requirement by 25% in paddy,
sorghum and sunflower fields (Varma, 1993).
High N levels were observed in plant tissues with
biofertilizer application (Bashan et al., 2004).
Soil inoculation of P-solubilizing bacteria helped
to reduce the requirement for phosphate fertil-
izer as they increased P availability in the soil
(Mikanova and Novakova, 2002). Production of
organic acids was reported as the major cause in
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P biosolubilization from unavailable nutrient
sources. In biofertilizers, microbes belonging to
a wide range of genera have been reported to
produce plant growth regulators such as indole
acetic acid (IAA), gibberellin and cytokinins,
thus supporting plant growth and development
(Barea et al., 1976; Cassan et al., 2009). Produc-
tion of plant growth regulators (e.g. IAA) has
been reported not only to be involved in plant
growth promotion but also in pathogen suppres-
sion (Yu et al., 2009). Further, antibiosis and
mycoparasitism have been identified as major
biological functions of beneficial microbes, which
help suppress the growth of pathogens (Badri
et al., 2008; Bailey et al., 2008; Yu et al., 2009).
Besides, such microbes improve soil properties
such as organic matter content (Wu et al., 2005)
and soil porosity by gluing soil particles together
(Czarnes et al., 2000), which is also important in
soil aggregation and stabilization (Six et al., 2004).
Although there have been many reports on
microbial monoculture applications as bioferti-
lizers, the importance of biofertilizers as mixed
cultures or communities has started to be em-
phasized lately. It was shown that combined in-
oculations of nitrogen-fixing and P-solubilizing
bacteria were more effective than using single
microorganisms for providing more balanced
nutrition for crops like rice (Tiwary et al., 1998),
maize (Pal, 1998) and some other cereals (Afzal
et al., 2005). Further, Holguin and Bashan (1996)
observed that Azospirillum brasilense fixed more
N, when it was grown in a mixed culture with
Staphylococcus sp. It has been found that large
communities of soil microorganisms are effect-
ively involved in detoxification of heavy metals,
converting them into non-toxic forms (He et al.,
2010). The importance of microbial communi-
ties rather than monocultures for plant disease
suppression has also been revealed (Mazzola,
2007). Metagenomic analysis of disease sup-
pressive soils has claimed that the antagonism is
caused by the wide range and high numbers of
microbiota existing in the soil (Mendes et al.,
2011). However, in the above studies, the im-
portance of surface attachment of microbes and
biofilm formation has not been identified.
Naturally, soil microbes get attached to soil
particles and plant root surfaces and develop
into biofilms due to microbial communication
through metabolic trading and exchanging sig-
nalling molecules (e.g. quorum sensing) (Danhorn
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and Fuqua, 2007; West et al., 2007; Nadell et al.,
2009). In addition, plant polysaccharides stimu-
late biofilm formation by providing a substrate
for the biofilm exopolysaccharide matrix and
also by inducing matrix gene expression (Beau-
regard et al., 2013). Thereby, plants tend to select
biofilm-forming microbes to colonize their plant
surfaces. However, the density of such naturally
formed beneficial biofilms on plant surfaces, par-
ticularly on the root system, is too low to have a
significant effect on plant growth (Seneviratne
et al., 2009), as was demonstrated in several
studies by increased plant growth via enhanced
root colonization, when the developed biofilms
were applied (Seneviratne et al., 2013). The im-
proved plant growth is attributed to increased bio-
chemical functionality of the BFBFs (Seneviratne
and Jayasinghaarachchi, 2003; Seneviratne and
Jayasinghaarachchi, 2005). This was illustrated
by Herath et al. (2013) who demonstrated that
biofilms had a wider array of biochemical expres-
sions of exudates compared with the monocul-
ture counterparts of the biofilm. The biochemical
functions include hormonal, siderophores and
hydrogen cyanide (HCN) production, antifungal
activities, nitrogenase activity and biosolubiliza-
tion of soil inorganic sources (Bandara et al., 2006;
Herath et al., 2013; Triveni et al., 2013), which
support the fertilizing potential. Regulated me-
tabolism in biofilms through signal exchange
optimizes production of plant growth-promoting
hormones such as IAA (Bandara et al., 2006;
West et al., 2007; Seneviratne et al., 2008;
Triveni et al., 2013; Buddhika et al., 2014). The
optimized production of TAA increases root
growth, which in turn is important in enhanced
nutrient uptake (Appanna, 2007). Thus, metab-
olism of the BFBFs can support plant growth dir-
ectly and indirectly.

6.3 Role of BFBFs in
Agroecosystems

Application of BFBFs was reported to restore
agroecosystems that were depleted due to agro-
nomic practices (e.g. tea cultivation; Seneviratne
etal., 2011). This was evident from increased soil
microbial biomass carbon (MBC), organic carbon,
moisture retention and hence drought toler-
ance, and root-associated nitrogenase activity in
the study. In another study, there was a positive
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correlation between leaf area and net photo-
synthetic rate of tea (Seneviratne et al., 2009).
Dense colonization of biofilms on root hairs has
been reported to create pseudonodules fixing
atmospheric N, through BNF, because exo-
polysaccharides produced in biofilms create an
oxygen-restricted environment for triggering BNF
(Seneviratne et al., 2008). This was evident from
higher root-associated nitrogenase activity in tea
with the application of the BFBFs (Seneviratne
et al., 2011). The increased N supply in the
rhizosphere with the BFBF application was
reflected by increased soil NH; availability
(Buddhika et al., 2012b).The BFBF application
also reduced NOj; availability (Seneviratne et al.,
2011), thus increasing N use efficiency, and re-
ducing adverse effects of N on health and the en-
vironment. Soil inoculation of BFBF also increased
maize root-associated nitrogenase activity ap-
proximately fourfold, compared with application
of 100% CF alone (Buddhika et al., 2012b). The
nitrogenase activity was positively related to leaf
chlorophyll content of BFBF-applied plants
(Fig. 6.1), possibly due to ample supply of bio-
logically fixed N for chlorophyll synthesis. The
nitrogenase activity also extended even up to
crop maturation, and was attributed to higher
colonization of nitrogen-fixing bacteria on the
root surface with the BFBFs than the 100% CF
alone. In India, a similarly extended nitrogenase
activity in wheat was observed with cyanobac-
terial BFBFs in a pot experiment (Swarnalakshmi
etal.,,2013).

The focus of sustainability of an ecosystem is
the functional diversity of soil microbes, since it is
central to below-ground interactions, including
food webs. Soil microbial diversity has a tremen-
dous influence on agriculture as well as on nat-
ural ecosystems. It is a well-known fact that
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conventional agronomic practices, particularly CF
application, deplete the diverse microbiome. How-
ever, soil application of BFBFs is known to render
many beneficial effects that are vital to agricul-
tural sustainability, including increased microbial
diversity (Buddhika et al., 2013). The emergence
of diverse microbes with BFBF application is
caused by breaking dormancy of dormant micro-
bial forms in the soil seed bank as a response to the
wide array of biochemicals secreted by the bio-
films (Seneviratne and Kulasooriya, 2013).

The increased microbial diversity is con-
sidered to be one of the most important indica-
tors of soil quality (Bastidia et al., 2008; Sharma
etal., 2011), and is also an important determin-
ant of soil health for increased productive cap-
acity (Fernandes et al., 1997). This is because
soil microbial diversity contributes to beneficial
functions such as biosolubilization, mineraliza-
tion (Brookes, 1995; Pankhurst et al., 1995; Yao
et al., 2000), rhizoremediation and natural dis-
ease suppression (Sharma et al., 2011). Higher
disease suppression of Rhizoctonia solani in po-
tato was found in plots with the highest soil mi-
crobial diversity (Garbeva et al., 2004 ). Similarly,
there were significantly lower counts of shot hole
borer in the BFBF-treated plants compared with
the 100% CF-treated plants in tea cultivation
(Fig. 6.2). As such, it appears that natural pest or
pathogen suppression is caused by the improved
soil microbial diversity, which can be achieved
by BFBF application. In this way, use of biocon-
trol agents, some of which have been reported
as unsafe (e.g. Simberloff, 2012), are not required
when BFBFs are applied in agroecosystems.
A natural weed-control process has also been
observed recently in tea-growing soils applied
with BFBFs for some time (A.PD.A. Jayasekara,
2014, unpublished data). Cyanobacterial diversity

Fig. 6.1. Relationship between root-associated
nitrogenase activity as evaluated by acetylene
reduction to ethylene, and leaf chlorophyll
content of maize plants applied with biofilmed
biofertilizers (BFBFs) in a field experiment in
Sri Lanka.
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Fig. 6.2. Percentage shot hole borer (SHB)
infestation of young tea plants treated with
recommended chemical fertilizer (100% CF) and
50% CF + biofilmed biofertilizer (BFBF) on a tea
estate at the Tea Research Institute at Talawakelle,
Sri Lanka. Bars marked with different lower case
letters indicate a significant difference at 5%
probability level.

loss in agricultural soils has been reversed by ap-
plying cyanobacteria as monocultures (Prasanna
et al., 2009) and/or as biofilms (Prasanna et al.,
2011; Swarnalakshmi et al., 201 3). These work-
ers suggested that the utilization of a broader
spectrum of biological functions of the developed
cyanobacterial biofilms is the key to develop
effective inocula in sustainable agriculture. How-
ever, sole application of developed FBBs as BFBFs,
even in the absence of applied cyanobacterial
monocultures or biofilms, has demonstrated an
increased cyanobacterial diversity in a cropland
soil (Buddhika et al., 2013) because of dor-
mancy breaking of the soil microbial seed bank
(Seneviratne and Kulasooriya, 2013). Thus, it is
expected that BFBFs would increase demand for
biofertilizers in the future, because they replen-
ish the largely depleted microbiome in conven-
tional agriculture, leading to sustainability of
the agroecosystems.

BFBFs have been observed to play a vital role
in agriculture starting from seed germination.
Enhanced seed germination and improved seed-
ling vigour with BFBFs compared with monocul-
ture inoculation has been reported in several crop
plants (Buddhika et al., 2012a; Herath et al.,
2013; Triveni et al., 201 3). Maize seeds tested with
BFBFs for seed germination and growth showed
improved performances due to regulated IAA
production by the BFBFs, compared with their
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monoculture bacteria (Buddhika et al., 2014).
This regulated IAA production was attributed to
interactions of microbes in the biofilms, and such
interactions have been reported to play amazing
functions in biofilms (West et al., 2007). FBBs with
a higher number of bacterial species, generally
called higher order biofilms, were observed to pose
an enhanced effect on plant growth (Seneviratne
et al., 2009) due to their effective establishment
in the soil-plant system (Swarnalakshmi et al.,
2013). Further, collective behaviour of multiple
bacterial species in biofilms has been observed to
be involved in coordination, interactions and com-
munication among the species for many ecologic-
ally important biological processes (Davey and
O’'Toole, 2000; West et al., 2007).

6.4 Fertilizing Potential of BFBFs

Different biofilms have been developed by using
rhizosphere fungi and nitrogen-fixing bacteria
from a wide range of genera, in order to be used
as biofertilizers in agriculture and plantations
(Jayasinghearachichi and Seneviratne, 2004;
Seneviratne et al., 2011; Triveni et al., 2013).
Application of BFBFs was first tested for soybean
as a fungal-rhizobial biofilm, with increased N,
fixation (by ca.30%), shoot and root growth,
nodulation and soil N accumulation over the ap-
plication of the rhizobium alone (Jayasingheara-
chchi and Seneviratne, 2004). Subsequently,
developed biofilms were started to be tested
extensively as biofertilizers for non-leguminous
cropsin several agroclimatic regions of Sri Lanka
(Seneviratne et al., 2009). Either soil or seed in-
oculation, or both at the same time, supplemented
with 50% of the recommended CF (i.e. 50% CF +
BFBF) was compared with the full dose (100%) of
CF as the positive control. The 50% CF + BFBF was
used here because it was confirmed from initial
studies that 50% CF was the optimum level to be
coupled with the BFBFs for maximizing yields in
diverse soils (Seneviratne et al., 2009). Generally,
application of BFBFs alone is not recommended,
since they are fungal-bacterial biofertilizers which
may incorporate a considerable fraction of plant-
available soil nutrients to the fungal biomass,
thus reducing plant growth. So far, the BFBFs
have been tested for 12 different crops in agricul-
tural research centres as well as farmers’ fields at
25 locations covering 12 districts in the country
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(Fig. 6.3). Results revealed that crop yields with
50% CF + BFBF were not significantly different
(P> 0.05), and hence comparable to, yields with
100% CF (Table 6.1). This clearly shows the po-
tential of BFBFs in reducing CF use by 50% with
numerous health, economic and environmental
benefits to agriculture and plantations. Widely vary-
ing soil and climatic conditions at the different
locations tended to produce high variability in
the yields of the same crop with the same treat-
ment. It was reported recently that growth of the
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crops treated with BFBFs was limited by low levels
of P in the soil (Buddhika and Seneviratne, 2014).
BFBFs applied to rubber plants in the nursery also
illustrated their potential in reducing CF use by
50% (Hettiarachchi et al., 2012). In India, appli-
cations of cyanobacteria and plant growth-
promoting rhizobacteria (PGPR)-based BFBFs
were observed to increase plant growth and yields
of mung bean and soybean (Prasanna et al.,
2014), and improve micronutrient biofortifica-
tion in wheat (Rana et al., 2012a, b).
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Fig. 6.3. Locations and crops of field experiments conducted with biofilmed biofertlizers (BFBFs) in

different districts of Sri Lanka.
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Table 6.1. Mean crop yields following application of biofilmed biofertilizer (BFBF) combined with 50% of
the recommended rate of chemical fertilizer (50% CF) compared with application of the recommended
rate of chemical fertilizer (100% CF) in field experiments conducted in different agroecological regions of

Sri Lanka.
Mean =+ sk crop yield (kg/ha)
Number

Crop? 50% CF + BFBF 100% CF of sites
Tea 4300 + 606 4100 + 678 4
Rice 4420 + 715 3580 + 1295 5
Maize 2681 + 322 2502 + 338 3
Radish 1192 + 251 992 + 188 4
Cabbage 1302 + 342 980 + 249 4
Bitter gourd 1547 + 445 1563 + 440 4
Aubergine 748 + 175 678 + 260 4
Okra 3107 £ 1719 1739 + 710 3
Chilli 3478 + 1754 2350 + 919 3
Hungarian wax pepper 238 + 50 152 + 39 3
Tomato 335 + 86 397 + 131 3
Pole bean 2762 + 886 2396 + 753 3

aRice and maize field experiments were conducted during one or two seasons. Field experiments for vegetables were
carried out during two consecutive dry and wet seasons. In the case of tea, the yields are annual averages over 4 years.
In the same crop, mean yields of the two treatments were not significantly different at 5% probability level, according to

Student’s t-test.

6.5 Conclusion

The action of BFBFs differs from that of conven-
tional biofertilizers which influence a limited set
of functions such as BNF, mineral solubilization
and plant growth hormone production. BFBFs
show a wider range of more stable biochemical
expressions and regulated metabolism for max-
imal effect, which are important in numerous
functions of agroecosystems. BFBFs reinstate sus-
tainability of degraded agroecosystems through
breaking dormancy in the soil microbial seed bank,
and in turn restoring microbial diversity and eco-
system functioning. Thus, the concept of BFBFs
is an holistic ecosystem approach. BFBFs show
not only enhanced biofertilization traits, but also
biocontrol and other health and environment-
related features. These formulations should
therefore be considered as biofilmed microbial

ameliorators (BMAs), rather than the BFBFs.
Extensive studies conducted in various agroeco-
systems in the country clearly show the potential
of the BMAs in reducing CF use by 50% without
lowering current yields of numerous agricultural
and plantation crops. If this agronomic practice
was adopted in the future, it would lead to a more
eco-friendly agriculture with an array of benefits
to health, economy and the environment.
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Abstract

Recently nanotechnology has emerged as the sixth revolutionary technology after the green revolution of the
1960s and the biotechnology revolution of the 1990s. Today when agricultural scientists are facing major chal-
lenges such as reduced crop production, nutrient deficiency and climate change, nanotechnology has offered
promising applications for precision farming. This innovative technology embraces wide applications such as
plant disease control, enhanced nutrient uptake, improved plant growth and sustained release of agrochemicals.
Interestingly, a nanoparticle (NP)-based strategy has gained momentum and become increasingly popular in the
agricultural sector as a result of its unique properties compared with biopesticides. NPs are highly stable and
could be synthesized using microbes which offer a non-toxic, cost-effective and eco-friendly means of synthesis
over chemical synthesis. This green synthesis approach has a major advantage over the chemical method which
is associated with ecotoxicity. Therefore, here we highlight the exploitation of agriculturally important microbes
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for NP synthesis and their further future role in agriculture.

71 Introduction

The emergence of nanotechnology has revolu-
tionized the scientific world because of its nov-
elty, high-growth and pertinent broad impacts.
Nanotechnology is the study of nanoscale (1-100
nm) materials known as nanoparticles (NPs),
exhibiting unique and novel physical, chemical
and biological properties (Li et al., 2001). These
NPs have flexible physical properties with a large
surface area to volume ratio and a strong affinity
for proteins (Kumar et al., 2010). Therefore, this
new field has evolved as a fascinating break-
through technology with broad and noteworthy

*hbs1@rediffmail.com

applications in various fields such as those of
medicine, electronics, cosmetics and in envir-
onmental remediation (Feiner, 2006; Patolsky
et al., 2006; Caruthers et al., 2007; Hu and
Chen, 2007; Bakshi et al., 2014).

The successful application of nanotechnol-
ogy in diverse fields has attracted considerable
attention from agricultural scientists in order
to modernize the agricultural sector towards
agri-nanotechnology (Nair et al., 2010). With
respect to plant health, this innovative technol-
ogy has a wide range of applications such as
plant disease control, enhanced nutrient uptake,
improved plant growth and sustained release of
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agrochemicals (Salamanca-Buentello et al., 2005;
Mishra et al., 2014a; Mishra and Singh, 2015a, b).
In this chapter we highlight the innovations and
opportunities that nanotechnology offers in the
agricultural sector.

7.2 Applications of Nanotechnology
in Agriculture: Bridging the Gap

There is an obvious need to increase crop produc-
tion through the use of traditional and advanced
technologies while simultaneously maintaining
sustainability in agroecosystems. Biotic and abi-
otic stresses are the major challenges faced by the
agricultural sector and these hinder total agri-
cultural production. Hence, development of agri-
cultural technology becomes necessary to cope
with these challenges. Over the past decade use
of nanotechnology in the agricultural field has
gained momentum by delivering robust applica-
tions (Tarafdar, 2012; Kah and Hofmann, 2014).
These include nanotechnological applications in
plant disease resistance and plant growth that
have overwhelmingly remoulded the agricul-
tural sector (Ghormade et al., 2011; Chowdappa
and Gowda, 2013).

During the 1970s, the use of chemical pes-
ticides for plant disease management came into
existence after the promotion of the green revo-
lution and this changed the overall picture of the
agricultural sector. Application of chemical pes-
ticides results in successful control over plant
diseases, but at the same time it leads to many
environmental and health hazards including a
reduction in soil fertility, development of pesti-
cide-resistant pathogens and accumulation of
pesticide residues in the food chain (Tilman et al.,
2002). To control pathogens and pests, around
~2 t of chemical pesticides are used annually
around the globe (Stephenson, 2003).

There has been an increasing demand for
biopesticides in the last few decades due to in-
creasing awareness of the health and environ-
mental hazards caused by chemical pesticides.
Biopesticides are a beneficial, environmentally
friendly means of controlling plant diseases.
Currently, the major global market share is oc-
cupied by chemical pesticides while biopesticides
are only in their infancy (Lehr, 2010; Glare et al.,
2012). Recently, the pioneering approach of
harnessing nanotechnology and its applications
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in agriculture is gaining remarkable importance
and it is recognized that this technology may be
able to tackle some of the major concerns re-
lated to use of biopesticides (e.g. shelf life, on-
field stability, coverage area and required dose)
(Ghormade et al., 2011; Singh, 2014; Mishra et al.,
2014b; Mishra and Singh, 2015a).

NPs in the size range of 100 nm or less,
produced through nanotechnology, possess exclu-
sive physical, biological and chemical character-
istics which contribute to promising applications
in agriculture. These NPs have a large surface
area, are highly stable and provide size-dependent
qualities (Nair et al., 2010). Synthesis of NPs
is performed through physical and chemical
methods and so far many inorganic and organic
materials are generated using these methods.
However, the materials generated through these
methods are unstable, expensive and environ-
mentally hazardous. Therefore, currently synthe-
sis of NPs through biological means, either of
microbial or plant origin, is gaining popularity
as they are non-toxic, low cost and eco-friendly
(Gardea-Torresdey et al., 2002; Rajesh et al.,
2009; Mishra et al., 2014a).

It is evident from earlier reports that biosyn-
thesized silver nanoparticles (AgNPs) act as a
strong fungicide against various phytopathogens
and have successfully controlled plant diseases
caused by them (Jaidev and Narasimha, 2010;
Mala et al., 2012; Gopinath and Velusamy, 2013;
Mishra et al., 2014a). Additionally, they are also
reported to deliver promising applications for fruit
and vegetable preservation (Fayaz et al., 2009).
Moreover, application of biosynthesized zinc oxide
(Zn0O) NPs improves Zn nutritional status and also
helps in secretion of phosphorus-mobilizing en-
zymes that would ultimately lead to uptake of
phosphorus as a nutrient (Raliya and Tarafdar,
2013). These reports clearly suggest the robust
applicability of NPs in agriculture but since the
ongoing research studies are based in the la-
boratory, further research needs to be done to
strengthen the findings. Some roles of biosynthe-
sized NPs in agriculture are listed in Table 7.1.

Major applications of nanotechnology in
agriculture include:

e improved seed germination of rainfed crops
mediated by carbon nanotubes (CNTs);

e formulation of nano-fertilizers for balanced
crop nutrition;
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Table 7.1. Multifarious role of biosynthesized nanoparticles (NPs) in agriculture.

Biological sources NPs

Applications

Reference

Serratia sp. Silver (Ag) NPs

Antifungal activity towards

Mishra et al. (2014a)

Bipolaris sorokiniana

Brassica rapa AgNPs Antifungal activity against Narayanan and Park (2014)
wood-rotting pathogens

Calotropis procera AgNPs Antimicrobial activity Mohamed et al. (2014)

Bacillus sp. AgNPs Antifungal activity towards Gopinath and Velusamy
Fusarium oxysporum (2013)

Aspergillus niger AgNPs Antifungal and antibacterial Jaidev and Narasimha
activity (2010)

Trichoderma viride AgNPs Vegetable and fruit preservation Fayaz et al. (2009)

Spirulina platensis AgNPs Bactericidal activity against Mala et al. (2012)
phytopathogens

Cow’s milk AgNPs Antifungal activity against Lee et al. (2013)

phytopathogens

Aspergillus fumigatus Zinc oxide (ZnO)

Enhanced native phosphorus-

Raliya and Tarafdar (2013)

NPs mobilizing enzymes and gum
production in cluster bean

Brassica juncea

Copper (Cu) NPs Antifungal activity against

Umer et al. (2012)

phytopathogens

e development of efficient nanoformulations
comprising mainly AgNPs for plant disease
control;

e development of nano-herbicides for weed
control;

e management of postharvest diseases using
an NP-based strategy;

e diagnostic devices based on nano-sensors
for monitoring agroecosystems; and

e improved agricultural engineering using
nanotechnology in the field of agricultural
machinery.

7.3 Role of Various Microbes in the
Synthesis of NPs

Microbes in general are known to have a re-
markable ability to form exquisite inorganic
structures often of nanodimensions. Micro-
organisms are 6—10 nm in size, reproduce fast
and as they are generators of NPs are usually re-
ferred as ‘nanofactories’. This ability of living
creatures has captured the attention of material
scientists who wish to learn about these bio-
logical systems and improve their skills for pre-
cise fabrication of nanomaterials at ambient
conditions. Although physical and chemical

methods of synthesis of NPs are more popular,
the use of toxic chemicals to a great extent
limits their applicability. The biosynthesis of NPs
using biological means has received increasing
attention due to a growing need and demand
to develop environmentally safe, reliable and
non-toxic technologies in material synthesis
(Kalishwaralal et al., 2008). The origin of the
idea for biogenic synthesis of NPs using mi-
crobes germinated from the experiments on bio-
sorption of metals with Gram-negative and
Gram-positive bacteria. With an enzymatic pro-
cess, the use of expensive chemicals is removed
and the ‘green route’ synthesis is further sup-
ported by the fact that most of the bacterial
species inhabit ambient conditions of varying
temperature, pH and pressure. The particles
thus generated by these processes have higher
catalytic reactivity, greater specific surface area,
and better contact between the enzyme and
metal salt due to the bacterial carrier matrix
(Bhattacharya and Mukherjee, 2008). The first
evidence of synthesizing AgNPs was established
using the microorganism Pseudomonas stutzeri
AG259, a bacterial strain that was originally iso-
lated from a silver mine in 1984 (Haefeli et al.,
1984). Biological synthesis of NPs by the vari-
ous microbes requires a unique trait of resist-
ance of the organism to silver ions themselves,
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as many reports prove that where on the one
hand the lower concentration of silver nitrate
triggers synthesis of AgNPs, on the other hand
higher concentrations can Kkill the organism
within minutes (Kalimuthu et al., 2008; Pandi-
an et al., 2010). To date a number of micro-
organisms have been successfully used for the
synthesis of various kinds of NPs. Some of them
are mentioned in Table 7.2. Further, the mi-
crobes have also been reported to synthesize
various kinds of NPs which have been used for
multifarious roles (Fig. 7.1).

In general the production of various NPs
via biological methods includes metallic NPs,
other metal NPs, oxide NPs, sulfide NPs, and
other miscellaneous NPs.

7.3.1 Metallic NPs

A number of methods have been published per-
taining to chemical synthesis of metallic NPs.
Synthesis of nanomaterials via microorganisms
is an alternative and is comparatively less ex-
plored. However, in nature, some nanomaterials
such as intracellular magnetite or greigite na-
nocrystallites are synthesized by magnetotac-
tic bacteria as a result of biological processes
occurring inside the cells (Blakemore, 1982;
Mann et al., 1990). Microorganisms are gifted
with the ability of adsorbing and accumulat-
ing metals along with the secretion of large
amounts of enzymes involved in the enzymatic
reduction of metals ions (Rai and Durn, 2011;
Zhang et al., 2011). Metallic NPs generally in-
clude gold, silver, alloys and other metal NPs.
Synthesis of gold nanoparticles (AuNPs) can be
traced back to ancient Roman times where they
were used to stain glasses for decorative pur-
poses. Microbial synthesis of AuNPs was first
reported in Bacillus subtilis 168 which showed
the presence of 5-25 nm octahedral NPs inside
the cell wall (Beveridge and Murray, 1980). In
recent years the synthesis of AuNPs has been
an area of great interest among researchers be-
cause of their emerging and immense applica-
tion in a number of areas such as bioimaging,
biosensors, biolabels and biomedicines. Among
microorganisms, prokaryotes have grabbed
most of the attention in the area of AuNP syn-
thesis while fungi appear to be more promising
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Table 7.2. Some microorganisms used for synthesis
of nanoparticles (NPs).

Microorganisms Reference

Lactobacillus strains
Bacillus megaterium
Escherichia coli

Nair and Pradeep (2002)
Fu et al. (1999)
Gurunathan et al. (2009)

Staphylococcus Nanda and Saravanan
aureus (2009)

Geobacter Law et al. (2008)
sulfurreducens

Morganella sp.
Proteus mirabilis
Trichoderma
asperellum
Penicillium fellutanum
Fusarium semitectum

Parikh et al. (2008)
Samadi et al. (2009)
Mukherjee et al. (2008)

Kathiresan et al. (2009)
Basavaraja et al. (2008)

Serratia BHU-S4
Rhodococcus species

Mishra et al. (2014a)
Ahmad et al. (2003)

Stenotrophomonas Oves et al. (2013)
maltophilia

Pseudomonas Jeyaraja et al. (2013)
aeruginosa

Cladosporium Balaji et al. (2009)

cladosporioides
Plectonema boryanum
Candida utilis

Lengke et al. (2006)

Gericke and Pinches
(2006)

Ahmad et al. (2004)

Castro-Longoria et al.
(2011)

Zheng et al. (2010)

Verticillium sp.
Neurospora crassa

Yeast

for large-scale production of NPs because of
their ability to grow both in the laboratory and
on an industrial scale, along with the gifted trait
of secretion of a large amount of proteins. In
this context, extracellular synthesis of AuNPs
by the fungus Fusarium oxysporum and by the
actinomycete Thermomonospora sp. has been re-
ported by Gurunathan et al. (2003). Certain
yeasts like Pichia jadinii and Yerrowia lipolytica
have also shown their potential for synthesis of
AuNPs (Gericke and Pinches, 2006; Agnihotri
etal., 2009).

Among the other metal NPs, AgNPs have
been largely explored because of the inhibitory
and bactericidal effects. In this context, various
microbes are known to reduce silver ions to form
AgNPs, most of which are spherical in shape.
Many reports have confirmed synthesis of AgNPs
in the form of a film, production in solution or ac-
cumulation on the cell surface when fungi such as
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Fig. 7.1. Various kinds of nanoparticles (NPs) reported to be synthesized from microbes.
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Verticillium, E oxysporum or Aspergillus flavus
were employed for NP synthesis (Vigneshwaran
et al., 2006; Pandian et al., 2009; Castro-Longoria
etal.,, 2011).

In addition to the AuNPs and AgNPs, alloy
NPs have gained the attention of researchers
due to their applications in catalysis, electron-
ics, and as optical materials and coatings. In a
2005 study it was found that exposure of a
mixture of 1 mm HAuCl, and 1 mm AgNO, solu-
tions to different amounts of fungal biomass
(E oxysporum) resulted in the formation of highly
stable Au—Ag alloy NPs (Senapati et al., 2005).
Similarly, Sawle et al. (2008) demonstrated the
synthesis of core-shell Au—Ag alloy NPs from
fungal strains of Fusarium semitectum which
were quite stable for many weeks. The possible
mechanism of synthesis of AgNPs using a bac-
terial culture is explained in Fig. 7.2.

7.3.2 Oxide NPs

Oxide NPs are an important category of com-
pound NP synthesized by microbes. Formation
of oxide NPs occurs at higher redox potentials
in oxic and anoxic conditions. Similar to the
metallic NPs, phylogenetically dissimilar bac-
teria such as Rhodobacter, Klebsiella, Lactoba-
cillus and sulfate-reducing bacteria have been
reported to synthesize compound NPs. Oxide
NPs have been mainly categorized into two
groups, namely: (i) magnetic oxide NPs; and
(ii) non-magnetic oxide NPs. Many magnetotac-
tic bacteria are reported to synthesize intracellu-
lar magnetic particles comprising iron oxide,
iron sulfides, or both (Bazylinski et al., 1994,
1995). The magnetotactic NPs are aligned in
chains within the bacterium which enable the
bacterium to migrate along oxygen gradients
in aquatic environments, under the control of
the earth’s geomagnetic field. In a 2008 study,
bacterium Actinobacter sp. was shown to be
able to extracellularly synthesize iron-based
magnetic NPs, namely maghemite (gamma-
Fe,0,) and greigite (Fe,S,) depending on the
nature of precursors used under ambient con-
ditions (Bharde et al., 2008). Apart from mag-
netic oxide NPs, many workers have studied
other oxide NPs including TiO,, Sb,0,, SiO,,
BaTiO, and ZrO, NPs (Bansal et al., 2005; Jha
and Prasad, 2009).
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7.3.3 Sulfide NPs

Among nanocrystalline semiconductors, metal
sulfides are of great significance due to their op-
tical, electronic and magnetic properties. Sulfide
NPs such as cadmium sulfide (CdS), zinc sulfide
(ZnS) and lead sulfide (PbS) have been greatly
explored and find applications as fluorescent
biological labels, optoelectronic photocatalysts,
sensors, photoelectric and thermoelectric mater-
ials, and use in photoimaging and photodetec-
tion (Liet al., 2011). CdS nanocrystal is a typical
type of sulfide NP which has been worked on a
great deal. In a 2012 study, rapid and low-cost
biosynthesis of CdS using culture supernatants
of Escherichia coli ATCC 8739, Bacillus subtilis
ATCC 6633 and Lactobacillus acidophilus DSMZ
20079T was reported (Abd El-Raheem et al.,
2012). Recently, an eco-friendly synthesis of CdS
NPs using the marine bacterium Enterococcus sp.
has been reported (Rajeshkumar et al., 2014).
Apart from CdS NPs, ZnS and PbS NPs have also
been successfully synthesized by microorganisms
like Rhodobacter sphaeroides and members of the
family Desulfobacteraceae (Labrenz et al., 2000;
Bai et al., 2006).

7.3.4 Other NPs

In nature, a large array of organisms form or-
ganic/inorganic composites with ordered struc-
tures with the help of biopolymers like protein
and microbial cells. In addition to the NPs al-
ready mentioned, PbCO,, CdCO,, SrCO,, PHB,
Zn (PO,), and CdSe NPs are other ones which
are reported to be synthesized by microbes
(Li et al., 2011). In a study, zinc phosphate nanop-
owders were synthesized using yeasts as biotem-
plates (Gurunathan and Kumar, 2009).

74 Possible Mechanisms for
Antimicrobial Action of NPs Against
Plant Pathogens

With the increase in microbial organisms that are
resistant to multiple antibiotics and pesticides,
many researchers have looked to nanotechnol-
ogy for developing new, effective antimicrobial
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Fig. 7.2. The possible mechanism of synthesis of silver nanoparticles (AgNPs) by bacteria. NAD,
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reagents free of resistance and cost. Among the
different kind of NPs, AgNPs have been most
worked upon. Silver and its compounds have been
reported to show strong inhibitory and anti-
microbial activities against bacteria, fungi and
viruses and when compared with other metals,
silver is reported to exhibit higher toxicity to
microorganisms than to mammalian cells. The
exact mechanism which NPs make use of to kill a
microbe is not clearly known and to date this is a
topic of debate. There are, however, various the-
ories which are in the public domain to explain
the most plausible mode of action adopted by
NPs. The antimicrobial modes of action of Ag*
ions have been revealed in some detail (Fig. 7.3).
According to the first theory, AgNPs have the cap-
ability of attaching to the bacterial cell wall and
breaking through it, thereby causing structural

changes in the cell membrane affecting the per-
meability of the cell membrane and death of the
cell. This is followed by formation of ‘pits” on the
cell surface where NPs accumulate in large num-
bers on the cell surface (Sondi and Salopek-Sondi,
2004). The second theory considers formation of
free radicals by the silver to be the mechanism re-
sponsible for cell death (Kim et al., 2007). Accord-
ing to the third theory, release of silver ions by the
NPs can result in interaction of the ions with the
thiol groups of many vital enzymes thereby in-
activating the enzymes (Matsumura et al., 2003).
The fourth theory suggests that reaction between
NPs and sulfur/phosphorus or both leads to prob-
lems in DNA replication of the bacteria and thus
kills the microbes (Hatchett and Henry, 1996).
According to another group of workers, dephos-
phorylation of the peptide substrates on tyrosine
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residues by NPs can lead to signal transduction
inhibition, thereby stopping the growth of the
microorganism. Recently, a group of workers
through proteomic analyses identified accumula-
tion of envelope protein precursors indicating
that AgNPs might have targeted the bacterial
membrane, leading to a dissipation of the proton
motive force (Lok et al., 2006). Since most of the
mechanisms have been studied on pathogens
causing human diseases it is uncertain whether
these mechanisms can also explain the anti-
microbial action against plant pathogens. How-
ever, since the cell machinery is almost the same,
it is expected that these theories could be of use
for exploring the mechanism adopted by NPs in
curbing plant pathogens.

7.5 Issues Related to Environmental
Biosafety of Metal NPs

The potential application of nanoscience and
nanotechnology in agricultural, food and
pharmaceutical sectors, with their apparent mo-
dest implications for human and environmental
health, are particularly attractive especially to
countries concerned with sustainable develop-
ment. However, caution is observed in such
promising yet uncertain scientific endeavours
as not enough is known of the effects of the use
of nanomaterials. Further, while nanotechnol-
ogy has high prospects of offering key solutions
to threatening environmental problems at the
same time it itself has been criticized for posing
magnified environmental threats in order to pro-
mote its use (Kandlikar et al., 2007; Grieger
et al., 2009).

Forecasting severe threats

Current emphasis on conventional approaches
to assess the environmental impact of nanoma-
terials cannot be realized from the knowledge of
the bulkier compounds from which they are
synthesized (SCENIHR, 2006). The impercept-
ible myopic view on various potential nano-
ecotoxicological factors could possibly have an
uncertain and profound impact in the future
(Balbus et al., 2007; Kandlikar et al., 2007).
Therefore, it is vitally important that these

nanomaterials be treated as novel and distinct
materials and be individually assessed through
rigorous international regulatory mechanisms.

The rising concern of environmentalists
and the scientific community concerning the
use of nanomaterials is based on growing evi-
dence which strongly suggests serious harm in
the long run. The potential threats include:

e unrestricted and uncontrollable movement
of metal NPs in the food chain;

e  cross reaction of these free nanomaterials
with other environmental pollutants which
may enhance their toxicity to local bio-
diversity (Baun et al., 2008); and

e their potential to freely trespass trans-organ
boundaries, which is one of their most bene-
ficial properties but is also one of the most
threatening dimensions if misused.

Regarding the last point, there is evidence that
demonstrates that these nanomaterials can easily
enter all vital organs, including the reproductive
system casting doom on the existence of humans
by unrestricted trans-generational movement
(Lockman et al., 2004; SCENIHR, 2009).

7.6 Regulations for Nanotechnology

Environmental regulation should be amended to
effectively handle nano-scale products and ap-
plications in order to preclude environmental
problems. Nanotechnology and its applications
can be regulated both directly and indirectly.
Direct regulations focus on strict management
of specific aspects of nanotechnology and its use
while indirect regulations deal with the overall
nano-scale product or processes of nanotechnology
in a more general sense.

7.6.1 European Union’s approach
to regulating nanotechnology

The regulatory framework for nanotechnology
in Europe is heavily influenced by the precau-
tionary principle, with a high priority for social
safety. The precautionary principle is a regula-
tory strategy which can be beneficially adopted
if a suspected nanotechnology’s application has
insufficient biosafety data and lacks extensive
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knowledge on risk assessment and may cause
potential harm to human or environmental
health. On the other hand, the adoption of the
precautionary principle as a basis for regulating
nanotechnology processes may hinder future
developments in nanotechnology due to regula-
tion of exploratory research in nanoscience and
technology.

7.6.2 International standards for
nanotechnology-based research

Framing of international policies and standards
to ensure safety of human and environmental
health are governed by the Organization for Eco-
nomic Co-operation and Development (OECD)
and the International Organization for Stand-
ardization (ISO). The working party of the OECD
(www.oecd.org/sti/nano) maintains databases
on environmental safety and human health re-
search. Research methods used are regularly
examined and the OECD working party is ac-
tively involved in developing consistent test
strategies to analyse the safety of nanomaterials
research. There is an obvious need for develop-
ing global standards for nanoscience and tech-
nology research which can be adapted to new
approaches and methods while at the same time
framing of codes of conduct (Mantovani et al.,
2010). The European Commission has released
a code of conduct for nanoscience and technology
research (http://ec.europa.eu/nanotechnology/
pdf/nanocode-rec_pe0894c_en.pdf). The core
components of this code include principles of
precaution, sustainability and accountability.

7.6.3 International scenario
on biosafety of nanoproducts

A 2003 report by the Better Regulation Commis-
sion, formed by the UK government, recom-
mended that the public should be provided with
relevant information to enable them to consider
the risks of nano-products for themselves and
that their decisions would be taken into consid-
eration in the making of government policy re-
garding regulations for managing risk (Better
Regulation Task Force, 2003). This commission
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acted as a frontrunner in managing matters of
risk. According to a 2004 report of the UK'’s
Royal Society it was proposed that the potential
exposure risks of nanomaterials by manufactur-
ers should be assessed and their results should be
properly published and made available to regula-
tory groups on nanotechnology (Royal Society
and Royal Academy of Engineering, 2004). In
2007, US president George W. Bush outlined
that tagging NPs (i.e. labelling of consumer
products containing NPs) would not be required
and regulations were relaxed. However, critics
condemned the government for lack of sufficient
labelling of nanomaterials. On 10 December
2008 the US National Research Council pub-
lished a report summoning additional regula-
tions to ensure the biosafety of nanomaterials.
The European Union has commissioned the Sci-
entific Committee on Emerging and Newly Iden-
tified Health Risks to analyse the consequences
of nanotechnology and has created an inven-
tory of hazards posed by NPs.

7.7 Conclusions and
Recommendations

The environmentally friendly supremacy of
promising technologies confronts a major chal-
lenge of the remarkable balance needed between
exploitation of advantages while avoiding un-
identified harms. As such, a life cycle perspective
should be taken with regards to the use of nano-
materials, considering the environmental benefits
they may bring but also assessing the long-term
impacts of their manufacture, use and disposal.
Extensive research on nano-ecotoxicity should
be executed along with evaluation of nanomate-
rials in complex systems in terms of their per-
formance for biosafety.
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Abstract

Bacillus thuringiensis is a Gram-positive, ubiquitous, spore-forming bacterium that produces large amounts of
proteins that crystallize inside the cell during the sporulation stage known as B. thuriniensis delta-endotoxins or
Cry proteins. The insecticidal Cry proteins produced by B. thuringiensis have provided a particular, secure and
effective tool for the control of a wide diversity of insect pests around the world for over 70 years. The Cry proteins
are lethal to insect larvae in the orders Lepidoptera, Diptera and Coleoptera. More recently, isolates have been
identified with activity against the organisms in the orders Hymenoptera, Homoptera, Orthoptera and Malloph-
aga and also nematodes, mites, lice and protozoa. Furthermore, in the global biopesticide market B. thuringiensis
represents nearly US$600 million/year. At least 900 different Cry toxin sequences have been found and classified
into 73 family groups (by 2014). Biotechnology and genetic manipulation of cry genes present in B. thuringiensis
can potentially improve the efficacy and cost-effectiveness of B. thuringiensis-based commercial products. The
combination of genes from different B. thuringiensis strains to enhance their activity, extend their host range and
improve the spectrum of insecticidal activity has been achieved with recombinant technologies. These genetically
modified B. thuringiensis products are currently commercially available. It has been recently established that Cry
hybrid proteins of B. thuringiensis, gained by domain swapping, resulted in enhanced toxicities when compared
with wild-type proteins. Nowadays, B. thuringiensis insecticidal genes have been included in several of the most
important crop plants where they provide a model for biotechnology in agriculture. The B. thuringiensis trans-
genic crop has received more attention in cases where cry genes have been brought together by a mixture of mu-
tagenesis and oligonucleotide synthesis to produce synthetic genes. In this chapter, manipulation of Cry proteins
from the soil bacterium B. thuringiensis and its biotechnological applications are described. The future prospects
are also discussed.
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8.1 Short Story of
Bacillus thuringiensis

Interest in microbial insecticides dates from the
middle of the nineteenth century. Research
into disease of the silkworm Bombyx mori
by Pasteur in 1849 focused the attention of
bacteriologists on insects and the discovery of

*javier.hernandez@utadeo.edu.co

a number of microbial diseases of insects
(Sanchis, 2010).

Bacillus thuringiensis is an aerobic Gram-
positive endospore-forming bacterium which is
a part of the family Bacillaceae and it is widely used
in agriculture as a biological pesticide (Aronson
etal., 1986; Hofte and Whiteley, 1989; Feitelson
et al., 1992). B. thuringiensis was isolated from
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infected silkworms (B. mori) by the Japanese
Ishiwata (1901). Later, in 1911, the bacterium
was found by Berliner, who separated it from
contaminated chrysalids of Ephestia kuehniella,
collected in the province of Thuringe (Germany).
Berliner named it Bacillus thuringiensis Berliner
and reported the occurrence of a crystal within
a B. thuringiensis strain. The insecticidal activity
of this crystal was discovered later. Soon after
that, B. thuringiensis was used as an entomopath-
ogenic organism because small amounts of this
bacterium killed insect larvae, and B. thuringien-
sis began to be used as an important tool for bio-
logical control of pest insects (Sanchis, 2010).

B. thuringiensis was used for the first time as
an insect control in the late 1920s against
Lymantria dispar larvae in the USA and against
Ostrinia nubilalis larvae in Hungary. In 1938
the first B. thuringiensis commercial product,
‘Sporéine’, was produced in France and since
then B. thuringiensis has been used in pest insect
management for more than 70 years (Sanchis,
2010). The importance of B. thuringiensis is that
it can produce an insecticidal crystal protein
which is toxic to pest insects. The crystal inclu-
sion, named Cry, consists of a union of polypep-
tides with a molecular mass of between 27 kDa
and 140 kDa (Hofte and Whiteley, 1989). These
crystals represent 20-30% of the total protein
after the processes of cellular lysis and spore lib-
eration. Cry proteins are the active ingredient for
commercial preparations (Sanchis, 2010).

The crystals, after being ingested by suscep-
tible insect larvae, cause cell death by toxaemia.
Angus (1954) found that a suspension of crys-
tals injected directly into the haemocoel was
highly toxic, and he proposed the hypothesis
that states that crystals, or their constituents,
were protoxins that when being processed by en-
zymes in the gut of the insect would release a
toxic compound. Lecadet and Martouret (1962),
working with Pieris brassicae larvae, showed that
after swallowing crystals the larvae liberates sol-
uble toxic substances. Later studies allowed us to
prove Angus’ hypothesis.

The advantages of the use of bio-based
B. thuringiensis are primarily derived from its
high specificity against target pest insects and its
safety for the environment, beneficial insects
and other living organisms, including humans.
Some disadvantages of using commercial bioin-
secticides based on B. thuringiensis currently on
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the market are: (i) its relatively high cost; (ii) loss
of viability of the bacteria over long periods of
storage under unfavourable conditions; and
(iii) fast denaturation of the toxin in the envir-
onment. The effectiveness of B. thuringiensis
sprayed in the field is also affected by the cover-
age of the application, formulation type and sus-
ceptibility to washing by rainwater. Another
problem is the appearance of resistant insects
(Hernandez-Fernandez and Lopez-Pazos, 2011).

In the 1970s it was commonly acknow-
ledged that moths and butterflies (lepidopteran
insects) were the only susceptible insect larvae
of B. thuringiensis. Goldberg and Margalit (1977)
reported that a new B. thuringiensis subspecies
named israelensis killed mosquito and black
fly larvae (dipteran insects). This was the first
B. thuringiensis strain killing an insect other
than a caterpillar (Goldberg and Margalit, 1977).
B. thuringiensis subsp. israelensis was used for
disease control, providing both medical and en-
vironmental benefits. Krieg et al. (1983) isolated
anew subspecies of B. thuringiensis called subsp.
morrisoni var. tenebrionis; this strain had tested
activity against the larvae of beetles’ species
(coleopteran insects) and therefore this led to
more commercial development of the bioinsecti-
cide. Also, B. thuringiensis crystal proteins have
activity against nematode pests that infect ani-
mals and plants. Furthermore, some Cry toxins
have been reported to have biological activity
against the larvae of Hymenoptera, Mallophaga
and Acari and other invertebrates such Platyhel-
minthes (Schnepf et al., 1998). B. thuringiensis
has shown activity against cancer cells, leukae-
mia and against protozoa of medical importance
such as Giardia lamblia and Plasmodium berghei
(Mizuki et al., 1996; Wei et al., 2003). The search
for new cry genes, which encode toxins with new
and/or better specificities, is one of the main ob-
jectives of the research programmes in B. thur-
ingiensis due to the emergence and resistance of
new insect pests (Schnepf et al., 1998; Cerda
and Wright, 2002). A small number of toxins
have a broader spectrum of activity that can
control two or three orders of insects. For in-
stance, Cry1Ba toxin is active against larvae of
moths, flies and beetles (van Frankenhuyzen,
2009). The modern international market for
pesticides (herbicides, insecticides, fungicides,
nematicides and fumigants) is prized at US$25.3
billion. Biopesticides correspond to only 2.5% of
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this market but their shares were projected to
increase to about 4.2%, or over US$1 billion, in
2010 (Ibrahim et al., 2010).

Heimpel (1967) proposed a permanent and
official terminology for the different toxins pro-
duced by B. thuringiensis and introduced the
term delta-endotoxins or insecticidal crystal
proteins (ICPs). The classification of different
isolates of B. thuringiensis was performed on the
basis of serotyping according to the flagellar
antigen H given by de Barjac and Franchon
(1990). This classification was accepted and is
now the basis for the classification of different
strains of B. thuringiensis, although there is no
strict relationship between strain serotype and
crystaliferous protein type, and therefore its in-
secticidal activity. Periodically, new strains have
been identified and to date, up to 92 serotypes
and 84 serovars have been described and defined
as subspecies (International Entomopathogenic

Bacillus Centre, Pasteur Institute, Paris, France,
2010) (Table 8.1).

The genes encoding delta-endotoxin, called
cry genes, have been cloned and sequenced. The
study of these has permitted the organization of
this information to give rise to a new classifica-
tion based on amino acid sequence homology and
specific pathotype. Hofte and Whiteley (1989)
presented a classification with the sequence
of 14 cry genes encoding delta-endotoxin of
B. thuringiensis, into four major classes:

CrylI (lepidoptera-active);

CrylI (diptera-lepidoptera-active);
CryllI (coleoptera-active); and
CrylV (diptera-active).

In addition there is an unrelated class of Cyt pro-

teins with cytolytic and mosquitocidal activity.
Efforts to identify new strains with more ef-

fective toxins represent an option for the control

Table 8.1. Characterization of Bacillus thuringiensis serovars according to the H antigen. (From de Barjac
and Franchon, 1990; International Entomopathogenic Bacillus Centre, 2010.)

H antigen Serovar H antigen Serovar H antigen Serovar

1 thuringiensis 19 tochigiensis 44 higo

2 finitimus 20a20b yunnanensis 45 roskidiensis
3a3c alesti 20a20c pondicheriensis 46 champaisis
3a3b3c kurstaki 21 colmeri 47 wratislaviensis
3a3d sumiyoshiensis 22 shandongiensis 48 balearica
3a3d3e fukuokaensis 23 japonensis 49 muju

4adb sotto 24a24b neoleonensis 50 navarrensis
4a4dc kenyae 24a24c novosibirsk 51 Xianguangiensis
5a5b galleriae 25 coreanensis 52 kim

5abc canadiensis 26 silo 53 asturiensis

6 entomocidus 27 mexicanensis 54 poloniensis

7 aizawai 28a28b monterrey 55 palmanyolensis
8a8b morrisoni 28a28c jegathesan 56 rongseni

8a8c ostriniae 29 amagiensis 57 pirenaica

8b8d nigeriensis 30 medellin 58 argentinensis
9 tolworthi 31 toguchi 59 iberica

10a10b darmstadiensis 32 cameroun 60 pingluonsis
10a10c londrina 33 leesis 61 sylvestriensis
11allb toumanoffi 34 konkutian 62 zhaodongensis
11allc kyushuensis 35 seoulensis 63 bolivia

12 thompsoni 36 malaysiensis 64 azorensis

13 pakistani 37 andaluciensis 65 pulsiensis

14 israelensis 38 ozwaldocruzi 66 graciosensis

15 dakota 39 brasiliensis 67 vazensis

16 indiana 40 huazhongensis 68 thailandensis
17 tohokuensis 41 sooncheon 69 pahangi
18a18b kumamotoensis 42 jinhongiensis 70 sinensis
18a18¢c y0S00 43 guiyangiensis 71 jordanica
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of insects. This is how the list of 14 dissimilar cry
genes sequences (Hofte and Whiteley, 1989) has
increased dramatically from the 29 published in
March 1992 (Feitelson et al., 1992) to 51 pre-
sented in 1998 (Schnepf et al., 1998). The dis-
covery of 29 new genes encoding toxic proteins
of B. thuringiensis added the CryV and CryVI
classes (nematode active) to the classification
(Feitelson et al., 1992).

With the same 51 sequences of cry genes,
Crickmore et al. (2014) presented a new nomen-
clature based on amino acid sequence homology
of the cry genes. Comparing the sequences, 18
different groups were determined. Nowadays,
there are families from Cry1 to Cry73 and a Cyt3
group of proteins, and these are separated into
different subgroups (A, B, C, etc.). This informa-
tion is constantly being updated and is available
at the following URL: http://www.lifesci.sussex.
ac.uk/Home/Neil_Crickmore/Bt/.

8.2 Biodiversity of Toxin Proteins

The variety of known Cry proteins is the result
of a continuing effort in many countries to iso-
late and characterize new strains of B. thuring-
iensis with the goal of finding novel toxins which
can control the pests with significant agronom-
ical and medical implications (Hernandez-
Fernandez and Lopez-Pazos, 2011). The strains
have been isolated from different environments
such as soil (DeLucca et al., 1981; Martin and
Travers, 1989; Hossain et al., 1997; Hernandez-
Fernandez et al., 2011), stored grain dusts
(DeLucca et al., 1984), mills (Meadows et al.,
1992), foods (Rosenquist et al., 2005; Frederiksen
et al., 2006), insect cadavers (Hansen et al., 1998;
Eilenberg et al., 2000), freshwater (Espinasse
et al., 2003), phylloplanes of conifer and de-
ciduous leaves (Collier et al., 2005; Bizzarri and
Bishop, 2007), rhizosphere (Manonmani et al.,
1991), annelids (Hendriksen and Hansen, 2002),
crustaceans (Swiecicka and Mahillon, 2006),
insectivorous mammals (Swiecicka et al., 2002)
and the mangrove ecosystem (Bolivar and
Hernandez-Fernéndez, 2012). Characterization
of native strains of B. thuringiensis, globally, has
allowed recognition of multiple gene combin-
ations that are more common than the others.
The amazing variety of Cry toxins is supposed
to be due to a high degree of genetic plasticity
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(Schnepf et al., 1998). B. thuringiensis is typifed
by the occurrence of a parasporal body, a crystal
that is responsible for the toxic action of the
bacteria. This crystal consists of one or more
proteinaceous toxins, commonly called delta-
endotoxins or Cry proteins, which are well
known for their insecticidal properties. The Cry
proteins are composed of several polypeptides
bound together; the polypeptides have molecular
masses ranging from 27 kDa to 140 kDa (Hofte
and Whiteley, 1989) and vary between 369
(Cry34) and 1344 amino acids (Cry43) in length
(Adang et al., 2014). These crystals make up
from 20% to 30% of the total protein after cell
lysis and the release of the spore and the crystals.
Conditional on the structure of the insecticidal
proteins, the crystals occur in different shapes,
such as bipyramidal, cuboidal, flat rhomboid or a
compound with two or more crystal types. The
genes that codify for the delta-endotoxins are
situated on plasmids, which are replicating extra-
chromosomal DNA and may be moved by conju-
gation between dissimilar strains of B. thuringiensis.
Additionally, the plasmids are moderately large
and may have one-quarter of the genetic coding
capacity of the bacterial chromosome (Klier et al.,
1982; Carlton and Gonzalez, 1985).

A wide biodiversity of Cry toxins have been
classified according to their primary amino acid
sequences (981 different Cry proteins) into 73
groups (Cry1—Cry73) (Table 8.2) (Crickmore et al.,
2014). These Cry protein sequences have been
classified into four phylogentically non-related pro-
tein families that may have dissimilar modes of ac-
tion: (i) three domain Cry toxins (3D); (ii) the mos-
quitocidal Cry toxins (Mtx); (iii) the binary-like
Cry toxins (Bin); and (iv) the Cyt family toxins
(Table 8.3) (Bravo et al., 2013). Cryl toxins are
part of the three domain family. These toxins are
the most diverse group of Cry proteins. Cry1 pro-
teins are synthesized in protoxin form and must be
processed by proteases to produce an active toxin,
including protoxins of 70-130 KDa (Roh et al.,
2007). To date, ten three-dimensional structures
of toxins of B. thuringiensis have been described by
X-ray crystallography: CrylAa (Grochulski et al.,
1995), Cry2Aa (Morse et al., 2001), Cry3Aa
(Li et al., 1991), Cry3Bb (Galitsky et al., 2001),
Cry4Aa (Boonserm et al., 2006), Cry4Ba (Boon-
serm et al., 2005), Cyt2Ba (Cohen et al., 2008),
Cyt2Aa (Li et al., 1996), Cry46Aa/parasporin-2
(Akiba et al., 2009) and Cry8Ea (Guo et al., 2009).
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Table 8.2. B. thuringiensis Cry protein groups and their diversity. (From Crickmore et al., 2014.)

Families of Sequences Families of Sequences Families of Sequences
Bt proteins reported Bt proteins reported Bt proteins reported
Cry1 297 Cry25 1 Cry49 5
Cry2 112 Cry26 1 Cry50 3
Cry3 100 Cry27 1 Cry51 2
Cry4 48 Cry28 2 Cry52 2
Cry5 39 Cry29 2 Cry53 2
Cry6 26 Cry30 13 Cry54 5
Cry7 42 Cry31 1 Cry55 3
Cry8 57 Cry32 28 Cry56 4
Cry9 36 Cry33 1 Cry57 2
Cry10 5 Cry34 12 Cry58 1
Cry11 8 Cry35 11 Cry59 2
Cry12 1 Cry36 1 Cry60 6
Cry13 1 Cry37 1 Cry61 3
Cry14 2 Cry38 1 Cry62 1
Cry15 1 Cry39 1 Cry63 1
Cry16 1 Cry40 4 Cry64 1
Cry17 1 Cry41 4 Cry65 2
Cry18 3 Cry42 1 Cry66 2
Cry19 3 Cry43 7 Cry67 2
Cry20 4 Cry44 1 Cry68 1
Cry21 10 Cry45 1 Cry69 3
Cry22 7 Cry46 3 Cry70 3
Cry23 1 Cry47 1 Cry71 1
Cry24 3 Cry48 5 Cry72 1
Cry73 1

Some strains make extra insecticidal toxins,
called Vip (vegetative insecticidal proteins) that
are secreted during the vegetative phase of
growth (Estruch et al., 1996) and have wide tox-
icity against lepidopteran species. Vip proteins
were first described in the mid-1990s, and the
rate of discovery of related toxins has increased
in a similar fashion to that seen with the Cry
toxins a decade before. Genetically engineered
products expressing Vip3 A are being analysed in
cotton and maize plants. Even though it has
related properties to the delta-endotoxins, the
Vip3A toxin has not been classified as a delta-
endotoxin. Today, over 120 Vip proteins have
been reported and these are represented by four
families of well-structured proteins (Table 8.3)
(Crickmore et al., 2014).

Other members include those of the Cyt
family (cytolytic), a group of dipteran proteins
(Table 8.3) (Crickmore et al., 2014). Although
the families’ proteins are unrelated to each other,
the Cyt and Cry proteins interact to potentiate
their effects, in a synergistic manner, against

certain species of mosquitoes and black flies
(Federici, 1999; Butko, 2003; Soberén et al., 2007),
for example CrylAcl and CytlAl toxicity to
Trichoplusia ni both in vitro and in vivo.

Even though the most comprehensively
studied members of the Cry family are insecti-
cidal, nematocidal toxins (Wei et al., 2003) and
other Cry proteins known as parasporins are
specifically active against certain cancer cells
(Ohba et al., 2009) (Table 8.3).

B. thuringiensis produce other insecticidal
molecules called beta-exotoxin or thuringiensin
(Lambert and Peferoen, 1992). These molecules
are toxic against non-target organisms as well as
mice, some aquatic insects and fish (Beegle and
Yamamoto, 1992). Beta-exotoxin contributes to
the insecticidal toxicity against lepidopteran,
dipteran and coleopteran insects (Crickmore
et al., 2005) and as it is toxic to almost all other
forms of life its occurrence is prohibited in
B. thuringiensis microbial products (US EPA, 2007).

The Cry toxin has three domains from the
amino (N) terminus to the carboxyl (C) terminus:
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Table 8.3. List of toxins and their classification based on homology groups of B. thuringiensis. (From Krishnan, 2013; Crickmore et al., 2014.)

Cry1Aa Cry1lAb Cry1iAc CrylAd CrylAe Cry1lAf CrylAg CrylAh CrylAi CryiBa Cry1Bb

CryiBc CryiBd Cry1iBe CryiBf Cry1iBg CryiBh CryiBi CryiCa CryiCb CryiDa CryiDb CryiDc CrylEa

CrylEb CryiFa CrylFb Cry1Ga Cry1iGb Cry1Gec CrylHa CrylHb Crylla  Cryllb  Cryllc

Crylld  Crylle Cry1lf Cry1lg Crytda Cryldb Cryldc CrylJd CrytKa CrylLa CryiMa CryilNa CryiNb

Cry2Aa Cry2Ab Cry2Ac Cry2Ad Cry2Ae Cry2Af  Cry2Ag Cry2Ah  Cry2Ai  Cry2Aj Cry2Ak Cry2Ba

Cry3Aa Cry3Ba Cry3Bb Cry3Ca Cry4Aa CrydBa Cry4Ca Cry4Cb Cry4Cc

Cry5Aa Cry5Ab Cry5Ac Cry5Ad Cry5Ba Cry5Ca Cry5Da Cry5Ea Cry6Aa CryéBa Cry7Aa  Cry7Ab  Cry7Ba  Cry7Bb
Cry7Aa Cry7Ca Cry7Cb Cry7Da Cry7Ea Cry7Fa Cry7Fb Cry7Ga Cry7Gb Cry7Gc Cry7Gd Cry7Ha Cry7la Cry7Ja
Cry8Aa Cry8Ab Cry8Ac Cry8Ad Cry8Ba Cry8Bb Cry8Bc Cry8Ca Cry8Da Cry8Db Cry8Ea Cry8Fa  Cry8Ga

Cry8Ha Cry8la Cry8lb Cry8Ja Cry8Ka Cry8Kb Cry8La Cry8Ma Cry8Na Cry8Pa Cry8Qa Cry8Ra Cry8Sa Cry8Ta
Cry9Aa Cry9Ba Cry9Bb Cry9Ca Cry9Da Cry9Db Cry9Dc Cry9Ea Cry9Eb Cry9Ec Cry9Ed Cry9Ee Cry9Fa  Cry9Ga
Cry10Aa Cry11Aa Cry11iBa Cry11Bb Cry12Aa Cry13Aa Cry14Aa Cry14Ab Cry15Aa Cry16Aa Cry17Aa Cry18Aa Cry18Ba Cry18Ca
Cry19Aa Cry19Ba Cry20Aa Cry20Ba Cry21Aa Cry21Ba Cry21Ca Cry21Da Cry22Aa Cry22Ab Cry22Ba Cry22Bb Cry23Aa Cry24Aa
Cry24Ba Cry24Ca Cry25Aa Cry26Aa Cry27Aa Cry28Aa Cry29Aa Cry30Aa Cry30Ba Cry30Ca Cry30Da Cry30Db Cry30Ea Cry30Fa
Cry31Aa Cry31Ab Cry31Ac Cry31Ad Cry32Aa Cry32Ab Cry32Ba Cry32Ca Cry32Cb Cry32Da Cry32Ea Cry32Eb Cry32Fa Cry32Ga
Cry32Ha Cry32Hb Cry32la Cry32Ja Cry32Ka Cry32La Cry32Ma Cry32Mb Cry32Na Cry320a Cry32Pa Cry32Qa Cry32Ra Cry32Sa
Cry32Ua Cry33Aa Cry34Aa Cry34Ab Cry34Ac Cry34Ba Cry35Aa Cry35Ab Cry35Ac Cry35Ba Cry36Aa Cry37Aa Cry38Aa Cry39Aa
Cry40Ba Cry40Ca Cry40Da Cry41Aa Cry41Ab Cry41Ba Cry42Aa Cry43Aa Cry43Ba Cry43Ca Cry43Cb Cry43Cc Cry44Aa Cry45Aa
Cry46Aa Cry46Ab Cry47Aa Cry48Aa Cry48Ab Cry49Aa Cry49Ab Cry50Aa Cry50Ba Cry51Aa Cry52Aa

Cry53Aa Cry53Ab Cry54Aa Cry54Ab Cry54Ba Cry55Aa Cry56Aa Cry57Aa Cry58Aa Cry59Aa Cry59Ba

Cry60Aa Cry60Ba Cry61Aa Cry62Aa Cry63Aa Cry64Aa Cry65Aa Cry66Aa Cry67Aa Cry68Aa Cry69Aa Cry62Ab

Cry70Aa Cry70Ba Cry70Bb Cry71Aa Cry72Aa Cry73Aa

CytlAb CyttAa CytiBa CytiCa CytiDa Cyt2Aa Cyt2Ba Cyt2Bb Cyt2Bc Cyt2Ca Cyt3Aa

Vip1Ab Vip1iAa Vip1Ac VipiBa VipiBb Vip1Ca Vipi1Da Sip1

Vip2Ab  Vip2Aa Vip2Ac Vip2Ad Vip2Ae Vip2Af Vip2Ba Vip2Bb

Vip3Ab  Vip3Aa Vip3Ac VipSAd Vip3Ae Vip3Af  Vip3Ag Vip3Ah  Vip3Ba Vip3Bb Vip3Ca Vip4Aa

Cry7Ka

Cry30Ga

Cry32Ta
Cry40Aa
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(i) a seven helix bundle (Domain I); (ii) a triple
anti-parallel B-sheet (Domain II); and (iii) a
B-sheet sandwich of two anti-parallel B-sheets
(Domain IIT). Domain I is implicated in mem-
brane inclusion, toxin oligomerization and pore
formation. Domain II is implicated in receptor
recognition and Domain III is implicated in in-
sect specificity by mediating specific exchanges
with different insect gut proteins (Bravo et al.,
2011). A feature of all the B. thuringiensis Cry
toxins is that they are built from five highly con-
served sequence blocks, which indicates that all
the proteins in this cry gene family adopted the
same general fold. The protoxin and the active
toxin sequences are mainly different due to
their large C-terminal end which is highly con-
served among some of the protoxin sequences
(Hernandez-Fernandez and Lopez-Pazos, 2011).
The possible function of this long C-terminal
segment is to help Cry proteins as they form an
ordered structured crystalline strain (Schnepf
etal., 1998).

8.3 Mode of Action of Bacillus
thuringiensis Cry Proteins

The most important point about Cry toxins in
terms of their mode of action is their insect spe-
cificity. This characteristic is established by the
specific binding of Cry toxins to surface proteins
that are found in the microvilli of larvae midgut
cells (Bravo et al., 2011).

The mode of action of Cry proteins has
been studied mainly using Cry1 proteins. Based
on these studies, a model of the insecticidal ac-
tivity was proposed (Gill et al., 1992; Knowles
and Dow, 1993; Pigott and Ellar, 2007; Bravo
et al.,, 2011; Adang et al., 2014). The binding
proteins in the model have been recognized
as cadherin-like proteins, glycosylphophatidyl-
inositol (GPI)-anchored aminopeptidase-N (APN),
GPI-anchored alkaline phosphatase (ALP), a 270
kDa glycoconjugate and a 250 kDa protein named
P252 (Pigott and Ellar, 2007). The process occurs
as follows:

1. Ingestion of crystals by susceptible insects.

2. Dissolution of the crystals and liberation of
the protoxin in the insect gut. Gut conditions
must be alkaline in order to realize dissolution,
where they break the disulfide bonds. This factor

helps to determine potential toxicity and the
host range of B. thuringiensis.

3. Proteolytic activation of the protoxin, produ-
cing a toxic fragment. The protoxin is activated
through proteolytic cleavage by the insect mid-
gut proteases, so that the mature toxin consists
of the N-terminal part of the protoxin. In Cry1A
protoxins the cleavage is done by chymot-
rypsin-like or trypsin-like proteases. The mo-
lecular weight of the protein decreases from
about 130-140 kDa to 55-65 kDa (Sanchis,
2010).

4. This fragment ‘toxin’, through the peritroph-
ic membrane, joins to specific receptors on the
apical brush border of the midgut microvilliae in
susceptible insects. The toxin interaction with
the cadherin-like glycoprotein receptor (Zhang
et al., 2005) or/and aminopeptidase N (APN)
(Yaoi et al., 1999) induces the formation of the
oligomer, which is responsible for membrane in-
sertion and pore formation. In 2007, 38 different
amino-peptidases were reported for 12 different
lepidopteran insects (Pigott and Ellar, 2007).

5. The pore allows the passage of ions and
water into the cells, as well as passage of mono-
valent cations into columnar cells, causing de-
polarization of the cell membrane until cell lysis
and eventual death of the insect larvae (Sanchis,
2010). The lysis of the epithelial cells leads to
paralysis of the insect’s digestive system and it
stops eating. The death of the insect occurs 1-3
days after ingestion of the crystals. The insects
also ingest B. thuringiensis spores, which pro-
duces septicaemia due to the germination of the
spores in the insect’s haemocoel. This activity
optimizes the toxic effect of the B. thuringiensis
toxins (Pigott and Ellar, 2007; Bravo et al., 2011;
Adang et al., 2014).

8.4 B. thuringiensis Cry toxins as
Bioinsecticide Products

Commercial formulations of B. thuringiensis have
been used for the last few decades in the control
of lepidopteran insects and, in more recent
times, beetles and flies. Many of these products
are based on spore-crystal preparations derived
from a small number of wild-type strains. The
potency of these bioinsecticides is adjusted
according to different patterns, such as the
amount required to remove a larva of a species
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in 1 cm? of artificial diet; the rates are established
by biological activity assays and the bioinsecti-
cide concentration is expressed in international
units (IU) (Liithy, 1986). Some commercial pre-
parations (e.g. Sandox and Javellin) take Spodop-
tera spp. as the reference insect, specifying the
quantity of product to be applied per hectare. One
milligram of a dry preparation of B. thuringiensis
contains about 16,000 IU. When comparing the
potency of these biopesticides with synthetic
pyrethroids and organophosphates, we see that
while synthetic pyrethroids and organophos-
phates are used at a rate of 3 x 10%* and 8 X
10%° molecules/ha, respectively, B. thuringiensis’
products are applied in a quantity of 102> mol-
ecules/ha. This means the biopesticide is between
300 and 80,000 times more potent than the two
kinds of chemicals (Feitelson et al., 1992).

On the other hand, there are some disadvan-
tages to the use of B. thuringiensis-based biope-
sticides, including: (i) they have a delayed action;
(ii) they have a reduced host range; (iii) they
have narrow persistence in the field (mainly as a
result of the impact of solar radiation and tem-
perature); and (iv) they do not reach insects that
attack roots or internal parts of the plant.

With the purpose of resolving some of these
issues, some recombinant DNA techniques have
been used to produce transgenic bacteria. Among
soil bacteria which have been transformed with
the genes of B. thuringiensis are Pseudomonas
cepacia (Stock et al., 1990), Pseudomonas fluo-
rescens (Waalwijk et al., 1991), Agrobacterium
radiobacter (Obukowicz et al., 1986), Bradyrhizo-
bium sp. (Nambiar et al., 1990) and the endo-
phyte Clavibacter xyli subsp. cynodontis (Turner
etal., 1991). Using these transgenic bacteria has
extended the distribution range of Cry proteins
to occupy other ecological niches, for example
Clavibacter is an endophytic bacterium that grows
in the vascular tissue of maize and other plants,
and Pseudomonas or Agrobacterium grow in the
rhizosphere.

Andy Barrero and Frank Gaertner of the
Mycogen Corporation developed a transgenic
bacterium, Pseudomonas, transformed with a cry
gene of B. thuringiensis. This bacterium produces
insecticidal crystal fermentation. Pseudomonas
does not sporulate hence the crystals are not
released as strains of B. thuringiensis. Finally, for
the fermentation a fixative is added to kill the cells
which contain the Cry proteins. This product
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has been approved for marketing in the USA (the
product is CellCap™ of the Mycogen Corporation).

A diverse number of strains of B. thuring-
iensis have been identified that contain different
cry genes and two subspecies have been devel-
oped into biopesticide products (kurstaki and
aizawai) to control lepidopteran pests. The com-
mercial products arising from these strains in-
clude Dipel®, Javelin®, Thuricide®, Worm Attack®,
Caterpillar Killer® and Bactospeine®, but many
small companies sell similar products under a
variety of trade names (Table 8.4).

Bacillus thuringiensis var. israelensis (Bti) is
highly toxic to mosquito and blackfly larvae, both
vectors of malaria, onchocercosis and dengue
fever. For this reason, Bti is used for the control
of mosquitoes and blackfly. Many commercial
B. thuringiensis products that utilize Bti are
also available; among them VectoBac®, TeKnar®,
Bactimos® and Skeetal® (Table 8.4) (Sanchis,
2010).

8.5 Development of Transgenic
B. thuringiensis Crops

In the 1980s, several scientists demonstrated
that plants can be genetically engineered and
this led to the advance of transgenic B. thur-
ingiensis plants. The method used to introduce
foreign DNA into plants was a transformation
technique based on the transfer of the Ti plasmid
from Agrobacterium tumefaciens (Sanchis and
Bourguet, 2008). The Plant Genetic Systems
Company developed a genetically engineered
plant expressing a cry 1 Ab gene to produce plants
that were resistant to insect attack; however,
it did not produce sufficient expression of the
insecticidal proteins (Vaeck et al., 1987). Later,
other scientists transformed B. thuringiensis
genes into tomato and cotton plants. The trans-
formation with A. tumefaciens was restricted to
dicotyledonous plants. The advance of innovative
methods of transformation, such as electropor-
ation or particle bombardment, made it possible
to transform monocotyledonous plants (Koziel
et al., 1993). Several advances have occurred
since (Sanchis and Bourguet, 2008), among
them the most important are:

1. The crylA toxin gene was used with the
cauliflower mosaic virus (CaMV) 35S promoter.
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Table 8.4. B.thuringiensis-based bioinsecticides toxic to lepidopteran, coleopteran and dipteran insects. (Adapted from Sauka and Benintende, 2008, and

Sansinenea, 2012.)

Serovar from

Commercial name Company B. thuringiensis Order of insect Cry protein?
Dipel, BiobitXL, Foray Abbott Labs kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Florbac, Xentari aizawai Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Futura kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Bernan Bt Bactec kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Bathurin Chamapol-Biokrna thuringiensis Lepidoptera NI
Bactis Compagnia di Recerca kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
chim. (CRC)
Biospor Farbwerbe-Hoechst kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Cutlass Fermenta ASC Co. kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Muscabac Farmos thuringiensis Lepidoptera [B-exotoxina
DendroBacillin Glavmikro-bioprom dendrolimus Lepidoptera NI
EndoVacterin galleriae Lepidoptera 1Cb
Insektin thuringiensis Lepidoptera 1Ba
Mianfeng pesticide Huazhong Agricultural YBT-1520 Lepidoptera NI
University
Shuangdu preparation chinesensis Ct-43 Lepidoptera and NI
Coleoptera
Bitayon Jewin-Joffe Industry Limited ND Lepidoptera NI
Larvo-Bt Knoll Bioproducts kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Bt Korea Explosives kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Kyowa-Hakko Kogyo Co.
Selectgyn aizawai Lepidoptera 1Aa, 1Ab, 1Ba, 1Ca, 1Da
Sporoine LIBEC kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
M-Peril Mycogen kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Biobit Foray Novo Nordisk kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
SOK Nor-Am Chemical kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Bactospeine Philips kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Plantibac Procida kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Baturad Radonja kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Nubilacid kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Bt 8010, Rijan Scientific & Technology ND Lepidoptera NI
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Table 8.4. Continued.

Serovar from

Commercial name Company B. thuringiensis Order of insect Cry protein?
Delfin, Thuricide SDS Biotech KK ND Lepidoptera NI
Able Thermo, Trilogy Coporation kurstaki Lepidoptera NI
Thuricide kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Javelin, Delfin kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
CoStar kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Steward kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Vault kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Basillex Shionogi Co. thuringiensis Lepidoptera [B-exotoxina
Bactur Thomsoni Hayward Co. kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Toaro, Toaro-Ct Towagosei Chem kurstaki Lepidoptera 1Aa, 1Ab, 1Ac, 2Aa, 2Ab
Spicturin Tuticorin Alcali Chemicals and galleriae Lepidoptera 1Cb
Fertilisers Limited
Tobaggi Dongbu Hannong Chemicals aizawai Lepidoptera NI
Solbichae Gree Biotech Co. aizawai Lepidoptera NI
Selectgyn Kyowa-Hakko Kogyo Co. aizawai Lepidoptera NI
Gnatrol Valent Bioscience Co. israelensis Diptera NI
Skeetal Novo Nordisk israelensis Diptera NI
Moskitur JZD Slusovice israelensis Diptera NI
Baktokulicid VPO Biopreparat israelensis Diptera NI
Bactimos, VectoBac, Valent Bioscience Co. israelensis Diptera NI
TeKnar
M-One, M-Trak Mycogen morrisoni or tenebrionis Coleoptera NI
Trident, Trident 11 Sandoz Agro Inc. morrisoni or tenebrionis Coleoptera NI
Di Terra Valent Bioscience Co. morrisoni or tenebrionis Coleoptera NI
Novodor Novo Nordisk morrisoni or tenebrionis Coleoptera NI
Foil Ecogen Inc. morrisoni or tenebrionis Coleoptera and NI
Lepidoptera

aNlI, No information.
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However, low levels of expression of the Cry
toxin protein and therefore reduced protection
against insect damage were reported (Barton
etal., 1987).

2. The toxic N-terminal element of the protein
was expressed in plants for improvement of ex-
pression Cry proteins (Fischhoff et al., 1987).
However, the protein level was low.

3. High adenine and thymine content of cry
genes led to aberrations in mRNA processing
and translation (Ely, 1993). To enhance the ex-
pression of cry genes in plants, DNA sequence
modifications were executed to remove polyade-
nylation signal sites without changing the en-
coded amino acid sequence of the toxin.

4. Site-directed mutagenesis improved toxin
protein production in tobacco from 0.02% or the
minimal insecticidal level (Perlak et al., 1991).
These levels were insufficient for consistent
control of pests in transgenic crops produced in
the field.

5. DNA resynthesis of cry genes enabled enough
levels of expression of the toxin protein to stabil-
ize the control of insect pests in field conditions
to be obtained.

6. Levels of expression were between 0.2% and
1% of soluble protein. More successful plants,
that used synthetic genes designed to be more
compatible with plant expression, were intro-
duced a few years later (Koziel et al., 1993).

7. Higher levels of expression were reached
by transforming tobacco chloroplasts (McBride
etal.,, 1995).

8. The US Environmental Protection Agency (EPA)
accepted the first registration of B. thuringiensis
potato, maize and cotton products expressing
toxin genes at potentially commercially reliable
levels (produced by Syngenta Seeds and Mycogen
Seeds in 1995). This included two transgenic
maize hybrids expressing a crylAb toxin gene
active against Ostrinia nubilalis (Hbn.). These var-
ieties were rapidly discontinued.

After these events, insertion of cry genes
of B. thuringiensis into crop plants became
more common. For example two maize varieties
expressing the CrylAbl toxin (in 1996 by
Northrup King and Monsanto) were released
with the product names Agrisure and YieldGard,
respectively. The first transgenic cotton express-
ing a modified CrylAc toxin was also released
(in 1995 by Monsanto), named Bollgard and

Ingard. Later, novel transgenic maize expressing
the CrylF protein was developed (in 2001 by
Pioneer Hi-Bred and Dow Agro-Sciences) and
marketed with the name Herculex I. The insect
pests controlled by these products are: Agrotis
ipsilon (Hufn.), Spodoptera frugiperda (Smith) and
O. nubilalis (Hbn.).

B. thuringiensis cotton expressed two toxins,
CrylAC and Cry2Ab, active against different
lepidopteran pests of cotton (released in 2002 by
Monsanto). Another maize variety (also named
YieldGard) resistant to Diabrotica virgifera virgif-
era (Lec.) was released in 2003 by Monsanto.
It expressed a synthetic version of the wild-type
Cry3Bb1 toxin gene active against Coleoptera.
Promptly, a YieldGard Plus was developed (in
2003 by Monsanto) which contained both Cry-
1Ab1 and Cry3Bb1 toxins, for control of lepi-
dopteran and coleopteran insects.

In 2005, Dow AgroSciences and Pioneer
Hi-Bred released Hercule RW, a maize variety
expressing the binary toxins of 14 kDa and
44 kDa proteins, Cry34Ab1/Cry35Ab1, respectively,
active against insect pests of the Chrysomelidae
family.

Estruch et al. (1996) discovered B. thuring-
iensis Vip3 A, in the vegetative insecticidal protein
class, which has toxicity against lepidopteran
insects. Then, cotton and maize plants expressing
Vip3 A were evaluated.

Since 1996 the use of these B. thuringiensis
insect-resistant crops has led to a considerable
reduction in pesticide application and cost sav-
ings for growers and the confidence in the remu-
neration of B. thuringiensis crops has rapidly
increased across the world, except in Europe
(Sanchis, 2010).

The global number of hectares used for
biotech crops has increased more than 100-fold
from 1.7 million ha in 1996 to over 175 million ha
in 2013 — demonstrating the rapid adoption of
biotech crops that talks for itself of the benefits
it produces for farmers and clients (James,
2013).

In the 18-year period, 1996-2013, mil-
lions of farmers in ~30 countries worldwide,
have grown more than 1.6 billion ha of trans-
genic crops. This is a region comparable to >
150% the size of the total land mass of the USA
or China which is an enormous area (James,
2013). There is one principal and crushing mo-
tive that underpins the confidence of risk-averse
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farmers to biotechnology — biotech crops distrib-
ute substantial, and sustainable, socio-economic
and environmental benefits (James, 2013). A com-
prehensive USA study carried out in Europe in
2011, confirmed that biotech crops are sustain-
able (James, 2013). Biotech crops are contribut-
ing to sustainability by:

e contributing to food, feed and fibre security
and self-sufficiency, including more afford-
able food, by increasing productivity and
economic benefits sustainably at the farmer
level;

e  conserving biodiversity;

e reducing agriculture’s environmental foot-
print;

e  byincreasing efficiency of water usage which
will have a major impact on conservation
and availability of water globally; and

e  helping mitigate climate change and reduce
greenhouse gases (Brookes and Barfoot,
2012; James, 2013).

In 2013, 18 million farmers, compared
with 17.3 million in 2012, cultivated transgenic
plants (James, 2013). Latin American, Asian
and African farmers collectively grew 94 million
ha or 54% of the global 175 million biotech ha
(52% in 2012). This is the opposite of the situ-
ation predicted by critics who declared that bio-
tech crops were for industrial countries and
would never be established and adopted by de-
veloping countries, and principally small poor
farmers (James, 201 3). Brazil is now second only
to the USA with regards to cultivation of trans-
genic crops.

From 1996 to 2012, biotech crops have
contributed to food safety, sustainability and cli-
mate change by:

e increasing crop production by an estimated
US$116.9 billion;

e providing a superior environment, by sav-
ing 497 million kg of pesticides;

e reducing CO, emissions by 26.7 billion kg
in 2012 alone;

e  conserving biodiversity in the period 199 6—
2012 by saving 123 million ha of land;
and

e  helping alleviate poverty by assisting > 16.5
million small farmers and their families (a total
of > 65 million people), who are some of the
poorest people in the world (James, 2013).
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8.6 Protein Engineering in
B. thuringiensis Toxins

Mutagenesis of Cry toxins of B. thuringiensis has
been used to produce new recombinant toxins
(Bravo et al., 2007). Joining domains from differ-
ent Cry proteins may perhaps generate active
toxins with original specificities (Gatehouse,
2008). For example a fusion Cry protein, with do-
mains [ and III of Cry1Ba and domain IT of Cry1la
(proteins with activity against lepidopteran
insects only) conferred resistance against both
lepidopteran and coleopteran insect pests Phthori-
maea operculella and Leptinotarsa decemlineata, re-
spectively, in transgenic potato plants (Naimov
et al., 2003). The domain Il swapping along with
different Cry toxins domains has resulted in novel
recombinant hybrid toxins with enhanced toxici-
ties against insects (Bosch et al., 1994). Assembly
of a hybrid toxin containing domains I and IT of
Cry1Ab toxin and domain III of Cry1C conferred
a sixfold higher toxicity against Spodoptera exigua
(de Maagd et al., 2000). Another case was the
combining of domains I and II of Cry3Aa and
domain III from Cry1Ab (eCry3.1Ab) which pre-
sented as being toxic to Diabrotica virgifera, in con-
trast with the two toxins that showed no toxicity
to this insect (Walters et al., 2010). These results
suggest that domain III swapping may perhaps be
an interesting approach to improve toxicity of Cry
toxins or to make novel hybrid toxins with toxicity
against pests that show no susceptibility to the
parental Cry toxins (Bravo et al., 2013).

An alternative to the ‘domain swap’ ap-
proach has been the use of B. thuringiensis toxins
modified by site-directed mutagenesis to increase
toxicity to target pests (Gatehouse, 2008). Do-
main II in three-domain Cry proteins has been
used for such modifications, involving mutation
of amino acid residues in the loop regions of this
domain (Gatehouse, 2008). Mutation of Cry1Ab
augmented its toxicity to larvae of Lymantria dis-
par by up to 40-fold (Rajamohan et al., 1996).

The enhancement of the insecticidal activity
by site-directed mutagenesis of the binding epi-
topes found in domains IT and IIT has a lot of poten-
tial for selection of Cry toxins with superior activity
against diverse insect pests (Bravo et al., 2013).

Phage display technology for producing
toxins with enhanced binding to a receptor, has been
developed (Azzazy and Highsmith, 2002; Mullen
et al., 2006; Ishikawa et al., 2007). The distinct
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protein DNA sequence is combined with a coat pro-
tein gene allowing the fusion protein to be dis-
played on the surface of the phage that can interact
with ligands, a method known as biopanning
(Bravo et al., 2013). This technique maintains a
connection between the shown protein and the en-
coding gene and enables more mutagenesis and
choice by in vitro high throughput molecular evo-
lution of proteins (Droge et al., 2003).

A transgenic maize variety with resistance
to Diabrotica virgifera expresses a modified adap-
tation of the Bt Cry3Bb1 toxin (Vaughn et al.,
2005). A large number of variants of the native
Cry3Bb, with specific mutations, were directed
to improve the channel-forming capacity of the
toxin (English et al., 2003). These mutations
were perfomed to: (i) enhance the hydrophobi-
city of the protein; (ii) augment the mobility of
the channel-forming; (iii) add to the mobility
and plasticity of loop regions in domain I; (iv)
modify ion pair interactions and metal binding
sites; and (v) decrease or remove binding to
carbohydrates in the insect gut. The toxicity of
the protein to D. virgifera was augmented ap-
proximately eightfold (Gatehouse, 2008).

Hybrid toxins which include substitutions
of domain IIT have produced novel toxins with a
wider spectrum or higher toxicity against new
targets of insect, when compared with the paren-
tal toxins. Several Cry1 toxins (Cry1Ab, CrylAc,
Cry1Ba and Cry1Ea) with low specificity against
Spodoptera exigua become active when their
domain III is substituted by that of CrylCa
(Pardo-Lopez et al., 2006). The Cry1Ab protein is
not toxic to S. exigua but the hybrid toxin contain-
ing domain III of Cry1C showed ten times higher
toxicity against S. exigua than the parental Cry1C
toxin (Pardo-Lopez et al., 2006). In another work,
replacing domain III of CrylAa with that of
CrylAc produced 300-fold more toxicity against
Heliothis virescens (Caramori et al., 1991). It has
been suggested that domain III may have oc-
curred in nature as an evolutionary mechanism
to generate toxins with new specificities (Bravo,
1997; Pardo-Lopez et al., 2006).

8.7 Conclusion and Future
Prospects

The Cry toxins are friendly to the environment
and are an ideal insecticide against different

target pests, besides, the development of resist-
ance is low. However, some pest insects are not
controlled effectively by the Cry toxins dis-
covered to date. It is necessary to continue stud-
ies and research to isolate and characterize novel
proteins, or use recombinant DNA and engineer-
ing of proteins (site directed mutagenesis methods)
to change the sequences of B. thuringiensis cry
genes to develop proteins, that have new and im-
proved activity against agricultural and pests.

Colombia has made several collections of
native strains of B. thuringiensis. Among these
Jorge Tadeo Lozano University, CORPOICA (the
Colombian Corporation for Agricultural Re-
search), the National University of Colombia and
the Corporation for Biological Research have
been conducting research since 1992 to find
novel B. thuringiensis strains that have a capacity
to produce delta-endotoxins with a wider action
spectrum.

Hernéandez-Fernandez et al. (2011), at Jorge
Tadeo Lozano University’'s Molecular Biology
Laboratories, collected soil samples from various
regions and different ecosystems, in five depart-
ments of Colombia. They isolated about 200
strains of B. thuringiensis and characterized them
at the microscopic, biochemical, molecular and
biological level. The main goal of this investiga-
tion was to identify novel native B. thuringiensis
strains that contained cry1 genes in order to con-
trol Tuta absoluta larvae. The characterized strains
had amorphous, bi-pyramidal, square, round and
triangular crystal forms. Eighteen morphological
groups with different crystal combinations were
established, showing high biodiversity. The Co-
lombian native strains revealed protein bands
ranging from 28 kDa to 150 kDa, and between
one and five protein bands were observed for
individual native strains (Hernandez-Fernandez
etal., 2011).

Molecular characterizations permit the iden-
tification of between one and five specific cryl
genes in each of the native B. thuringiensis strains,
producing 13 different profiles. The characteriza-
tion of novel native B. thuringiensis strains from
Colombia contributes to an appreciation of the
high B. thuringiensis biodiversity in Colombian
agricultural areas. Regarding toxicity, ten native
B. thuringiensis strains were tested against second
instar larvae of T. absoluta. The native B. thuring-
iensis strain ZCUJTL1 1 showed the highest poten-
tial to develop a microbiological control method
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against T. absoluta. This strain showed threefold
more toxicity than the reference strain B. thuring-
iensis subspecies kurstaki (Hernandez-Fernandez
etal.,2011).

Eco-friendly strategies with environmental
benefits used for controlling insects, based on
the B. thuringiensis Cry proteins, should increase
in the future, in particular with the broad imple-
mentation of transgenic crops. The detection of
new toxins and new ways of presenting the
toxin to susceptible insects, which includes the
development of recombinant microorganisms and
proteomic technology, may perhaps be modified
by the investigation of B. thuringiensis Cry pro-
teins. Furthermore, interaction studies between
Cry toxins and pest insects connecting modes of
action and resistance methods should be carried
out. Such research studies are essential in order
to permit the progress of existing B. thuringiensis
application strategies and the capacity to design
the most well-organized options.

B. thuringiensis Cry toxins represent an im-
portant tool for insect control and the increase
of transgenic plants that are self-resistant to in-
sect attack. The use of this knowledge has been
successful because it has reduced the use of

chemical insecticides that pollute the environ-
ment and agricultural products. Identification
of new and more powerful Cry proteins can help
in the development of new biopesticides and
genetically engineered plants and also provide a
reservoir of Cry toxins that can be used in the
event of emergence of resistance.

Future important work in this field includes
deeper analysis using the latest technologies
such as genomics, proteomics, transcriptomic
and metabolomics, and the valuable tools of
modern bioinformatics to develop in vitro de-
signs before realization of the full application
in vivo. We have to further study the molecular
basis of toxin action and study the role of recep-
tor molecules in toxicity. This knowledge will
provide new tools for a rational design of Cry
toxins to control insect pests that cause consid-
erable losses in agriculture or harm to human
health.

Subsequent generations of B. thuringiensis
crops should occur with the expression of a
number of toxins that minimize the risk of devel-
opment of resistance of insects, while control-
ling insect species in different orders, not only
coleopteran, lepidopteran and dipteran insects.
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