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Foreword

Microbiology is an inherently valuable and an immensely broad-based disci-
pline that offers an intimate view of a world that is invisible to the unaided eye. 
Although the microbes themselves are very small, the microbial world is quite 
large, almost all-pervasive, and diverse, and the capabilities of its members are 
immense. Apart from ethical values, microbial diversity is of enormous economic 
significance to the mankind. Microbes have always been the invisible villains that 
have caused enormous economic losses by spoiling food, infecting domesticated 
plants and animals, and causing a variety of ailments to humans. But microbes, as 
it turns out, are also the champions that work incessantly to remove wastes, im-
prove the nutritional status of soil, enable the generation of a variety of fermented 
foods, and some of them are used as food. More recently, humans have deliber-
ately domesticated a variety of microbes that are used as workhorses to achieve 
varied but highly specialized and extremely valuable ends, including production 
of an increasingly large number of drugs and food supplements.

Therefore, microbiology/mycology/plant pathology has been an active 
area of both basic and applied research. Apart from the specialized field 
of industrial microbiology that is dominated by the private sector, research 
activities in several other areas including agriculture and environment remain 
primarily in the public domain. The knowledge generated by research gets 
disseminated through education and finally trickles down to the farmers and 
other practitioners in these fields. This knowledge is often used for resolving 
various issues related to the environment and food security at the grassroots 
level of policy makers.

The present book, entitled “Microbial Diversity and Biotechnology in 
Food Security,” is a compilation of the contributions from leading workers in 
different areas of microbiology, and is the outcome of an International Con-
ference—ICMPB-2012—organized by the Department of Botany, Banaras 
Hindu University, Varanasi. It is admirable that the book begins with the basic 
concept of the important fundamental themes and effortlessly moves to the 
advanced ideas of microbiology, including biotechnology relevant for a sus-
tainable development and food security that is under challenge by the inces-
sant growth of the human population worldwide.

The present book is organized into four sections—Endophytes and Mycor-
rhizae, Microbial Diversity and Plant Protection, Microbial Functions and 
Biotechnology, and Microbes and the Environment—which together contains 
53 chapters contributed by acknowledged experts in the concerned field from 
various parts of the world. The chapters are designed to cover the general as 
well as specific aspects of microbes’ potential, and their exploitation for plant 
protection, environmental conservation, and biotechnology applications. 
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The book chapters contain numerous beautiful and revealing illustrations, and 
cover both traditional as well as recent developments in the field of micro-
biology, mycology, and plant pathology. Throughout the book, the approach 
has been of a critical evaluation, which is an integral part of the approach of 
science professionals. I am confident that this excellent effort will serve the 
needs of both researchers as well as the students of this fascinating field of 
enquiry.

It is a matter of delight that this useful collection of highly informative 
contributions from scientists of repute in their own fields has been given a 
final shape in a relatively short period of time, for which the editors deserve 
our appreciation.

B. D. Singh 
School of Biotechnology,  

Banaras Hindu University,  
Varanasi, India

Foreword
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Abstract

Endophytic microorganisms residing within plants are constantly communi-
cating with them and the external environment by means of various interac-
tion mechanisms and biochemical processes. Although plants have evolved 
their own defense mechanisms, sometimes they fail to defend themselves 
from the constant attack of devastating and emerging pathogens. Thus, re-
search involving endophytes that aid the defense responses of their host plants 
can be useful in biocontrol and pest management strategies. Elucidating the 
chemistry of endophyte–plant interactions can provide new insights into the 
production of target and/or nontarget metabolites, thereby enabling a better 
understanding of the metabolic processes in planta and ex planta. In this 
chapter, we highlight the interactions of endophytes harbored in the medici-
nally important plant Cannabis sativa L. with the host plant as well as with 
the pathogens. The various endophyte–plant–pathogen defense–counter de-
fense crosstalk would aid in exploring the biocontrol potential of endophytes 
in thwarting pathogens attacking the plants, and thus, effectively decrease 
the loss of such therapeutically relevant medicinal plants. Such interactions 
will further lead to the discovery of bioactive compounds, including the ones 
exclusive to the host plants. This chapter deals with the recent advances made 
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1.1  Introduction

Cannabis is an annual herbaceous plant genus of 
Cannabaceae family, mainly from Central Asia. 
Cannabis and Humulus are the only two recog-
nized genera in the Cannabaceae family (Fernald 
1950; Flores-Sanchez and Verpoorte 2008). In 
Cannabis, mainly one species is famously recog-
nized, namely Cannabis sativa (Linnaeus 1753), 
however, three other species ( C. indica, C. rude-
ralis, and C. afghanica) have also been described 
recently (McPartland et al. 2000). Humulus lu-
pulus is the only species recognized in the genus 
Humulus. However, C. sativa L. (Fig. 1.1) is 
the most rigorously studied plant that has been 
in use all over the planet since ages either in the 
form of narcotic or medicinal preparations or as a 
source of food and fiber (Jiang et al. 2006; Wills 
1998; Murray et al. 2007). It is also the most 

controversial plant in the human history with a 
strongly divided medical, research, and political 
community with respect to its use. C. sativa L. 
is commonly called “hemp,” and it is said that 
“hemp has no enemies” (Dewey 1914). However, 
this misleading notion is far from the truth since 
this plant is beleaguered by a plethora of specific 
and generalist microbial pathogens (Kusari et al. 
2013a). A couple of infrequent attempts have 
been made so far for the eradication of the fungal 
pathogens attacking this plant (Ungerlerder et al. 
1982; Kurup et al. 1983; Levitz and Diamond 
1991; Bush Doctor 1993). However, a holistic, 
cost-effective, and environmentally friendly 
means to eradicate the pathogen-mediated dis-
eases in Cannabis is essential.

In this chapter, we address this issue in detail. 
We demonstrate with some recent examples, how 
it might be possible to efficiently utilize unique 
C. sativa-associated microorganisms (called 
“endophytes”) to thwart the loss of these thera-
peutically significant plants and considerably 
reduce the expanse of vulnerabilities caused by 
phytopathogens.

1.2  Overview of Phytocannabinoids 
in C. sativa L.

The major secondary metabolites of C. sativa 
L. constitute cannabinoids, terpenoids, flavo-
noids, alkaloids, and lignans (Flores-Sanchez 

Fig. 1.1  Cannabis sativa L. plants sampled from the 
Bedrocan BV Medicinal Cannabis (The Netherlands)

 

in bioprospecting endophytes harbored in C. sativa L. with regard to their 
efficacies in thwarting phytopathogens. When endophytes are challenged 
with host-specific phytopathogens, they show an assortment of physical and 
chemical defense responses under different media conditions. This supports 
the concept of one strain many compounds (OSMAC) approach. Using cues 
from the current investigation, future research can maximize the possibility 
of a holistic understanding of endophyte–endophyte, endophyte–plant, and 
endophyte–pathogen relationships.

Keywords 
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and Verpoorte 2008). Among them, cannabinoids 
are the ones most extensively studied. Cannabi-
noids are terpenophenolics found in the Indian 
hemp ( C. sativa L.) constituting a class of chemi-
cal compounds that include phytocannabinoids 
(i.e., oxygen-containing C21 aromatic hydrocar-
bon compounds found in Cannabis plant) and 
related chemical compounds which mimic the 
actions of phytocannabinoids or have a similar 
structure (e.g., endocannabinoids). Cannabinoids 
are known to occur naturally in significant mea-
sure in the plant. In general, all plant parts are 
known to contain cannabinoids (Flemming et al. 
2007). However, these phytochemicals are more 
concentrated in a viscous resin that is produced 
in glandular trichomes. Table 1.1 summarizes the 
major cannabinoids and related precursors that 
have been isolated from Cannabis plants.

Although the plant is mainly regarded as a 
drug of abuse due to the high content of delta 
9-tetrahydrocannabinol (Δ9-THC), the main psy-
choactive compound, cannabinoids are known to 
have important therapeutic effects (Williamson 
and Evans 2000; Baker et al. 2003; Grotenher-
men 2002, Grotenhermen and Müller-Vahl 
2012; Musty 2004; Flores-Sanchez and Ver-
poorte 2008) such as analgesic, antispasmodic, 
anti-tremor, anti-inflammatory (Gomes et al. 
2008), antioxidant, antineoplastic (Carchman 
et al. 1976; Mojzisova and Mojzis 2008), neu-
roprotective (Ameri 1999), immunosuppressive, 
antinociceptive, antiepileptic, antidepressants, 
and appetite stimulant. From 450 secondary nat-
ural product constituents in total (including 20 
flavonoids, 15 polyketides), more than 108 can-
nabinoids have been discovered so far (ElSohly 
and Slade 2005; Radwan et al. 2008; Ahmed 
et al. 2008; Hazekamp et al. 2004, 2005; Taura 
et al. 2007; Fischedick et al. 2010; and refer to 
Natural Product Database, Nov. 2012). Due to 
such therapeutic potential of cannabinoids and 
the plant extracts themselves, several Cannabis-
based medicines have already made their way to 
the pharmaceutical industries. Some prominent 
examples include Marinol® (Solvay Pharmaceu-
ticals, Belgium), Sativex (GW Pharmaceuticals, 
UK), and Nabilone (Cesamet®, Veleant Pharma-
ceuticals International, USA). Although Δ9-THC 

is considered to be one of the major psychoactive 
compounds (Taura et al. 1995; Sirikantaramas 
et al. 2005; Pertwee 2006), other cannabinoids 
such as cannabigerol, cannabidiol, cannabi-
nol, olivetol, and cannabichromene prove to be 
therapeutically beneficial either alone or syner-
gistically. These cannabinoids are also known to 
be effective against various pathogenic bacteria 
and fungi of clinical importance thereby signify-
ing the antifungal and antibacterial potency of 
the compounds (Appendino et al. 2008; EIsohly 
et al. 1982; Pollastro et al. 2011). However, 
more studies are still required to confirm the 
potential benefits of whole plant extracts com-
pared to that of pure cannabinoids (Williamson 
and Evans 2000; Wachtel et al. 2002; Russo and 
McPartland 2003; ElSohly et al. 2003). Δ9-THC 
and other cannabinoids are also subjected to di-
rected biosynthesis, or in other words, induced 
in the medium by biotransformation of structur-
ally related compounds using various fungal iso-
lates or plant cell suspension cultures (Miyaza-
wa et al. 1997; Kawamoto et al. 2008; Toniazzo 
et al. 2005; McClanahan and Robertson 1985; 
Hartsel et al. 1983; Tanaka et al. 1997; Saxena 
2009; Flores-Sanchez et al. 2009; Happyana 
et al. 2013).

1.3  Necessity for Discovering 
Endophytes Harbored  
in C. sativa L. Conferring Plant 
Fitness Benefits

Plants have been bioprospected for therapeutic 
potential since ages. Plants are known to con-
tain various bioactive molecules with relevant 
biological functions such as chemical defense of 
the plant (Chen and Schmidt 1924; Lopez-Lazaro 
et al. 2003; Li et al. 2001; Holler et al. 2012; Wink 
2008). However, due to the continuous coevolu-
tion of the attack–defense, counter defense, and 
other forms of crosstalk between plants and in-
teracting organisms (including microorganisms, 
herbivores, feeders, pests, etc.), plants alone are 
unable to defend themselves against parasites, 
pathogens, and predators (Kusari et al. 2013b). 
For example, despite the significant quantity of 
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Table 1.1  Important natural cannabinoids and metabolic precursors found in Cannabis plants 
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cannabinoids in the C. sativa L. plant, there are 
still reports of numerous phytopathogens attack-
ing the different organs of the plant starting from 
seedling to even a mature plant (McPartland 
1996). A plethora of bacteria and fungi are known 
to be responsible for the devastating infections 
caused to the plant (Hockey 1927; McPartland 
1991, 1983, 1994, 1995). As a case in point, the 
two major phytopahogens, namely Botrytis cine-
rea and Trichothecium roseum, are potent green-
house threats for the Cannabis cultivars and are 
known to cause localized to (potentially) epidem-
ic disasters (Barloy and Pelhate 1962; Bush Doc-
tor 1985). Although elimination attempts against 
many pathogens have been made so far (Unger-
lerder et al. 1982; Kurup et al. 1983; Levitz and 
Diamond 1991; Bush Doctor 1993), for total 

eradication of causative agents and/or prevention 
of their pathogenicity to Cannabis plants, future 
investigation is required.

1.4  Strategies for Discovering 
Pharmaceutically Relevant 
Endophytes

In the last decade, discovery and intensive in-
vestigation of plant-associated microorganisms, 
termed endophytic microorganisms (or endo-
phytes) have led to the possibility of exploring 
the potential benefits of these promising organ-
isms in agriculture, medicinal, and pharmaceuti-
cal sectors. Endophytes can be defined, in a gen-
eralist manner, as a group of microorganisms that 

Table 1.1  (continued)
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infect the internal tissues of plant without caus-
ing any immediate symptom of infection and/or 
visible manifestation of disease, and live in mu-
tualistic association with plants for at least a part 
of their life cycle (Bacon and White 2000; Kusari 
and Spiteller 2011, 2012; Kusari et al. 2012c). 
Endophytes are ubiquitously existent in almost 
every plant tissue examined till date (Guerin 
1898; Redecker et al. 2000; Strobel 2002; Stan-
iek et al. 2008). With the increasing enormity of 
global health problems, and the incidence of drug-
resistant microorganisms and new diseases, it has 
become clear that faster and effective pursuits for 
drug discovery and sustainable production must 
be made. This cumulative crisis has already led 
to the discovery and characterization of potent 
endophytes which can produce bioactive natural 
products, occasionally mimetic to their associ-
ated host plants (Puri et al. 2005, 2006; Eyberger 
et al. 2006; Kour et al. 2008; Kusari et al. 2008, 
2009a, b, c, 2011, 2012b; Shweta et al. 2010). 
Endophytes are also known to produce a diverse 
range of biologically active secondary metabo-
lites (Strobel and Daisy 2003; Strobel et al. 2004; 
Zhang et al. 2006; Gunatilaka 2006; Staniek 
et al. 2008; Suryanarayanana et al. 2009; Aly 
et al. 2010; Kharwar et al. 2011) that are known 
to contribute to host plant tolerance against vari-
ous environmental stress herbivory, heat, salt, 
disease, and drought (Stone et al. 2000; Redman 
et al. 2002; Arnold et al. 2003; Rodriguez et al. 
2004, 2008; Waller et al. 2005; Márquez et al. 
2007; Rodriguez and Redman 2008; Porras-Alfa-
ro and Bayman 2011). Even with such colossal 
amounts and breadth of successful discoveries of 
potentially beneficial endophytes, it has still not 
been possible to utilize them commercially for 
the “sustained production” of the desired phar-
maceutically valuable compounds (Kusari et al. 
2012c, 2013b). Therefore, understanding of the 
multitude of endophyte relationships with host 
plants needs more attention and investigation in 
various related aspects such as the endophyte–
plant interactions, multispecies crosstalk, and 
links with herbivores and predators.

1.5  Endophytic Microorganisms 
Associated with C. sativa L.

Our work on the investigation of endophytic mi-
crobial community harbored in C. sativa L. was 
based on the recent advancements made in devis-
ing various strategies of discovering endophytes 
based on the rationale of their cost–benefit rela-
tionship with their hosts in order to exploit their 
potential beneficial efficacies. Since this plant is 
protected by national and international legisla-
tions and regulations, we sampled and imported 
the C. sativa L. plants from the legal farmer 
Bedrocan BV Medicinal Cannabis (The Neth-
erlands) with the permission of the Federal In-
stitute for Drugs and Medical Devices (Bundes-
institutfür Arzneimittel und Medizinprodukte, 
BfArM), Germany under the license number 
458 49 89. Plant specimens have been depos-
ited at the Bedrocan BV with voucher numbers 
(A1)05.41.050710. We then isolated a plethora 
of endophytes (Fig. 1.2) and subjected them to 
various culture conditions and parameters and 
even challenged them (dual-culture antagonis-
tic assays of the fungal isolates) with two major 
phytopahogens of the Cannabis plant, namely B. 
cinerea and T. roseum, which are potent green-
house threats for the cultivars and known to 
cause disasters at epidemic scales (Barloy and 
Pelhate 1962; Bush Doctor 1985). Our target was 
to evaluate the endophytes within the ecological 
and biochemical contexts, especially focusing 
on their biocontrol potential to thwart the host-
specific phytopathogens. This led us towards the 
identification of potent endophytes that not only 
proved to be promising biocontrol agents against 
the specific phytopathogens, but also demonstrat-
ed qualities of being a natural reservoir of bioac-
tive secondary metabolites (Kusari et al. 2013a). 
To the best of our knowledge, this work was the 
first to report the incidence, diversity analysis, 
and qualitative biocontrol potential of endophyt-
ic fungi harbored in C. sativa L. plants. Eleven 
different kinds of antagonistic interactions are 
observed when the endophytes were challenged 
with the phytopathogens in five different media, 
namely Sabouraud agar (SA), nutrient agar 
(NA), potato dextrose agar (PDA), malt extract 

P. Kusari et al.
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agar (MEA), and water agar (WA), respectively. 
This highlights the fact that endophytes are ca-
pable of producing different compounds under 
varying conditions which are otherwise “cryptic” 
metabolites. All the endophyte isolates showed 
antagonistic potency to some extent against ei-
ther one or both of the phytopathogens in vary-
ing the media, but three of the isolates proved to 
exhibit prominent complete inhibition (Kusari 
et al. 2013a). Many endophytes started sporulat-
ing in NA, as expected, revealing their response 
to the unfavorable condition while countering the 
confronting pathogen. Interestingly, the same en-
dophyte isolates showed various other interesting 
inhibition patterns such as formation of a clear 
halo (inhibition zone), release of exudates with-
out even physical contact of mycelia, and change 
of mycelia color among others, which accompa-
nied the inhibitions.

Plant–fungal associations are always accom-
panied by various physical and chemical inter-
actions thereby establishing them either in a 
localized and/or systemic manner (Kusari et al. 
2012c). The varying assortment of antagonisms 
demonstrated by the endophytes against the host 
phytopathogens indicates that their efficacies 
are either due to the production of secondary 

metabolites or the immediate intermediates in 
the biosynthetic pathway of those metabolites, 
triggered upon pathogen challenge. The interac-
tions were in complete agreement with the well-
known “one strain many compounds (OSMAC)” 
approach (Kusari et al. 2012c), thereby revealing 
that endophytes are capable of producing cryptic 
metabolites when elicited under certain selec-
tive interacting conditions apart from the normal 
metabolites produced under normal fermentation 
conditions. Our work not only reports endophytic 
fungi as potent biocontrol agents under suitable 
conditions but also provides a platform to com-
pare the endophytes of the same plant from dif-
ferent wild populations and collection centers (if 
accessible) for global-scale diversity analysis and 
the production of successive bioactive secondary 
metabolites (target and/or nontarget) with strong 
therapeutic potential.

1.6  Outlook

The potential of inimitable fungal endophytes 
adept in biosynthesizing bioactive metabolites, 
occasionally those imitative to their host plants, 
has irrefutably been recognized. Endophytes can 

Fig. 1.2  Representa-
tive plates showing 
emergence of endo-
phytic fungal mycelia 
from surface-sterilized 
Cannabis sativa L. 
plant tissues on water 
agar media amended 
with antibiotic (strep-
tomycin, 100 mg/L)
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be accepted as new sources for gene- and drug 
discovery in medical sciences and will provide, 
by distinct genomic blueprints, new insights in 
gene assembly and expression control. Nonethe-
less, there is still no known breakthrough in the 
biotechnological production of these bioactive 
natural products using endophytes. It is imperious 
to expound the metabolome in endophytes corre-
lating to their host plants on a case-by-case basis 
to comprehend how the biogenetic gene clusters 
are regulated and their expression is affected 
in planta and ex planta (i.e., by environmental 
changes and axenic culture conditions). Only a 
deeper understanding of the host–endophyte re-
lationship at the molecular level might help to in-
duce and optimize secondary metabolite produc-
tion under laboratory conditions to yield desired 
metabolites in a sustained manner using endo-
phytes. This can be achieved by challenging the 
endophytes by specific and nonspecific patho-
gens, especially those attacking their host plants, 
by devising suitable coculture and dual-culture 
setups (qualitative, followed by suitable quanti-
tative experiments). The pathogens encountered 
can serve as an inducer that might trigger the pro-
duction of defense secondary metabolites with 
prodrug-like properties. Once the production of a 
target or nontarget natural product with a desired 
biological activity has been achieved, techniques 
such as genome mining, metabolic engineering, 
and metagenomics could be utilized to influence 
the manipulation of secondary metabolite pro-
duction by endophytic fungi or the plant itself 
by directed infection with beneficial endophytes 
(Kusari et al. 2012c, d). Such directed investiga-
tion with the scientific rationale of mimicking the 
natural plant–endophyte–pathogen interactions 
should be pursued to warrant a virtually incessant 
discovery and sustained supply of bioactive pro-
drugs against the current and emerging diseases.
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Abstract

Endophytic microorganisms are defined in different ways, and a recent defi-
nition considers them as all of the microorganisms culturable or not that 
inhabit the inner parts of plant tissues and cause no harm to their hosts. They 
can be divided into two groups: those that do not generate external structures 
from the host (group I) and those which are able to develop external struc-
tures such as the nodules of N2-fixing bacteria and mycorrhizal fungi (group 
II). Endophytic microorganisms such as fungi and bacteria play important 
roles in their plant hosts. The first studies with endophytes were conducted 
in temperate regions but have recently also been studied in plants from tropi-
cal countries. This chapter provides selected data obtained in Brazil mainly 
for endophytic fungi and focuses on their agricultural applications including 
the biological control of diseases and insect pests, and the promotion of 
plant growth. The biotechnological potential of the endophytic fungi isolat-
ed from not yet fully explored Brazilian environments such as the Amazon 
and Atlantic rain forests and mangrove forests is also discussed.

Keywords 
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them as microorganisms that inhabit plant’s 
inner tissues at least for one period of their life 
cycle, without causing any apparent harm to the 
host. Other definitions were also proposed to 
describe endophytic microorganisms (Wilson 
1995; Hallmann et al. 1997). Using molecular 
techniques, it has been shown that bacteria and 
fungi that are not culturable on standard media 
and under normal condition can also be found in-
side plants. Thus, a modified version of the pre-
vious definitions was proposed by Azevedo and 

2.1  Introduction

Endophytic microorganisms are defined by Car-
roll (1986) as asymptomatic microorganisms liv-
ing inside plants whereas Petrini (1991) defined 
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Araujo (2007) that considers that endophytes are 
all microorganisms that are culturable or not, in-
habit the interior of plant tissues, cause no harm 
to their hosts, and do not develop external struc-
tures. This definition was modified by Mendes 
and Azevedo (2007) dividing the endophytes in 
two groups, the first group (group I) does not 
generate external structures from the host and 
the second group (group II) develops external 
structures from the host plant and includes sym-
biotic nitrogen-fixing bacteria and mycorrhizal 
fungi.

Endophytic microorganisms have important 
roles in providing protection to the plant host by 
acting against predators and pathogens including 
cattle and insect pests (Azevedo et al. 2000). En-
dophytes may also increase the resistance of plants 
against biotic and abiotic stresses and produce plant 
growth hormones, antibiotics, enzymes, and many 
other compounds of biotechnological interest.

Endophytic microorganisms have been iso-
lated from practically all plants studied to date. 
They were found in plants growing in different 
environmental settings including forests, man-
grove swamps, pastures, agricultural fields, etc. 
The first studies with endophytes were con-
ducted with host plants from temperate regions; 
however, more recent research was dedicated to 
the endophytic fungi and bacteria inhabiting the 
plants from tropical countries such as Brazil and 
India (Pereira et al. 1993; Rodrigues 1994; Sury-
anarayanan and Vijaykrishina 2001; Mishra et al. 
2012); indeed, examples of endophytic species of 
fungi from tropical plant hosts were recently re-
viewed (Azevedo and Araujo 2007). Endophytic 
microorganisms have been used for the biologi-
cal control of insect pests and plant diseases and 
production of vitamins, enzymes, antibiotics, and 
anticancer drugs. In Brazil, several laboratories 
are engaged in research for the isolation of and 
using fungi and bacteria for biotechnological, ap-
plications. In this chapter, selected data obtained 
in Brazil are presented, mainly with regard to 
fungal endophytes and their useful roles in ag-
riculture.

2.2  Endophytes Versus Pathogenic 
Microorganisms Isolated from 
Cultivated Plants

The endophytes isolated in our laboratory (Fac-
ulty of Agriculture, ESALQ, University of São 
Paulo, Brazil) from citrus plants indicated that the 
isolates from the genus Guinardia were morpho-
logically very similar to the pathogenic Guignar-
dia citricarpa (anamorph Phyllosticta citricar-
pa). G. citricarpa causes citrus black spot disease 
and this pathogenic fungus is subjected to phy-
tosanitary legislation in the European Union and 
the USA. The distinction between the pathogenic 
and endophytic Guignardia isolated from citrus 
was investigated by amplified fragment length 
polymorphism (AFLP) analysis. The results have 
also shown that the pathogenic and endophytic 
isolates from citrus were similar though with 
slight differences, regarding the conidia sheaths 
and colony color on oat meal agar. The molecular 
analysis allowed the classification of one patho-
genic group of isolates as G. citricarpa and the 
endophytes as Guignardia mangiferae ( Phyllost-
icta capitalensis). The endophyte G. mangiferae 
occurs in the European Union and the USA on 
many host species including citrus and does not 
cause symptoms of citrus black spot, justifying 
its exclusion from quarantine measures (Baayen 
et al. 2002). The molecular differences allowed 
the construction of DNA primers for use in a di-
agnostic kit to distinguish the pathogenic from 
the endophytic species of Guignardia. To avoid 
spreading of the pathogen, this kit was used to 
safely export the healthy citrus from Brazil to 
other countries. More recently, new and efficient 
primers for the diagnosis of citrus black spot were 
developed by Stringari et al. (2009). The authors 
cloned exclusive random amplified polymorphic 
DNA (RAPD) markers of G. citricarpa that were 
used to obtain “sequence-characterized ampli-
fied regions ” (SCARS) that allowed the devel-
opment of specific primers for the identification 
of pathogenic strains. In addition, Romao et al. 
(2011) showed that G. citricarpa produces great-
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er amounts of certain enzymes such as amylases, 
endoglucanases, and pectinases compared to G. 
mangiferae, suggesting that these enzymes could 
be the key in the development of citrus black spot, 
mainly pectin lyases, which makes the pathogen-
ic strains more effective for pectin degradation. 
Although not involving fungi, we also studied 
bacterial endophytes from healthy plants and 
plants with symptoms of citrus variegated chlo-
rosis (CVC), a disease caused by the bacterium 
Xylella fastidiosa. We observed a relationship be-
tween the symptoms of CVC and the frequency 
of isolation of species from the genus Methylo-
bacterium, which were frequently isolated from 
symptomatic plants. In contrast, Curtobacterium 
flaccumfaciens was more frequently isolated 
from asymptomatic plants (Araujo et al. 2001). 
This and other findings (Araujo et al. 2002) per-
mitted us to conclude that X. fastidiosa could in 
fact be an endophyte that with the assistance of 
certain Methylobacterium isolates, changes its 
state from endophytic to pathogenic and returns 
to the endophytic state via interference of Curto-
bacterium endophytic isolates (Fig. 2.1).

2.3  Endophytes and Plant Growth 
Hormone Production

Endophytic microorganisms affect plant growth 
directly or indirectly and can provide the hosts 
with compounds that are produced by the fungi 
for facilitating the uptake of nutrients from the 
environment. Endophytes can also act by de-
creasing or preventing the deleterious effect of 
pathogens. Varma et al. (1999) demonstrated that 
the fungus Piriformospora indica increases the 
growth of various hosts suggesting that it may be 
useful for the promotion of plant growth.

Experiments conducted at our university 
have shown that two varieties of soybean ( Gly-
cine max) are colonized by several genera of 
endophytic fungi (Mendes et al. 2001; Mendes 
and Azevedo 2007). The endophytic fungi were 
isolated from the leaf, stem, and root tissues and 
some of the endophytic fungi were able to in-
crease the growth of plantlets (Fig. 2.2). Similar 
results were obtained by Pimentel et al. (2006) 
and by Kuklinsky–Sobral et al. (2004) using soy-
bean seeds treated with endophytic bacteria and 
fungi.

Some endophytes isolated from Eucalyptus 
were also able to promote the growth of seedlings 
thereby preventing diseases in the early stages 
of plant development (Procopio 2004). The in-
oculation of endophytes in Eucalyptus is being 
successfully employed, thus promoting better 
growth of the plantlets. Indeed, such endophytes 
have been used by cellulose and paper companies 
in Brazil to increase the viability and growth of 
Eucalyptus plantlets.

2.4  Endophytes and Biological 
Control of Plant Pathogens, 
Insects, and Ticks

Endophytic microorganisms colonize an ecologi-
cal niche similar to that of phytopathogens which 
might favor endophytes as candidates for use as 
biocontrol agents. Several studies demonstrate 
the ability of endophytes to control pests and 

Fig. 2.1  Increasing growth of Xylella fastidiosa in the 
presence of the endophyte Methylobacterium. (Lacava 
2000)
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diseases vectors (Carroll 1986; Azevedo et al. 
2000). In Brazil, the Basidiomycete Moniliophto-
ra perniciosa, the causal agent of witches’ broom 
disease of cacao ( Theobroma cacao) is one of the 
main limiting factors for cacao production and is 
considered the most important pathogen of this 
crop (Griffith and Hedger 1994). The endophytic 
fungal communities of infected and healthy Bra-
zilian T. cacao plants were isolated and evaluated 
both in vitro and in vivo by their ability to in-
hibit M. perniciosa. Among these isolates, some 
were identified as potential antagonists and the 
fungus Gliocladium catenulatum, reduced the in-
cidence of the disease in cacao seedlings to 70 % 
(Rubini et al. 2005). Among the isolated fungi 
from cacao, M. perniciosa was found colonizing 
healthy parenchymatic tissues showing for the 
first time that this fungus may also behave as an 
endophyte (Lana et al. 2011).

Another important disease that occurs in Bra-
zil is the leaf anthracnose of guarana ( Paullinia 
cupana) caused by Colletotrichum gloeospo-
rioides and related species of this genus. This 
crop is an important Amazon plant used in the 
production of soft drinks and several medicinal 
products that are used in Brazil and exported to 
other countries mainly Europe and the USA. This 
crop is cultivated by small farmers in the Maués 

region of the Amazon, and the disease is causing 
severe economic and social losses. In collabora-
tion with a research group from the Federal Uni-
versity of Amazonas, we isolated fungi and bac-
teria from the host plant. The initial results (data 
not yet published) indicate that some endophytic 
fungi and bacteria have the potential to control 
the pathogen.

It is known that some entomopathogenic fungi 
behave as endophytes. Bing and Lewis (1991, 
1992) isolated Beauveria bassiana from maize 
( Zea mays) and the fungus was used to control 
the European corn borer ( Ostrinia nubilalis). In 
Brazil, some laboratories isolated endophytic 
fungi that are known as insect and nematode 
controllers; these isolates were obtained from 
plant hosts including, among others, sugar cane 
( Saccharum sp.), maize, and soybean (Pimentel 
2001; Pimentel et al. 2006; Stuart et al. 2010). 
Some of the Beauveria strains isolated from 
maize were used against the insect pest Spodop-
tera frugiperda and the results showed that these 
endophytes are as good or even better biocon-
trol agents than the commercial entomopatho-
genic strains used in Brazil. These endophytic 
Beauveria, belonging to the Beauveria bassiana 
species and Beauveria amorpha, are also able to 
control the bovine tick Rhipicephalus microplus, 

Fig. 2.2  a Wet weight (in g) using several endophytic fungi from soybean. b Photo showing growth promotion of soy-
bean ( Glycine max) plantlets that were treated with two endophytic fungi. (Mendes and Azevedo 2007)
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an ectoparasite that causes substantial economic 
losses due to the reduced productivity caused 
by anemia, toxicity, and the transmission of 
various diseases to their hosts. The Beauveria 
strains were effective in laboratory bioassays 
and under field test conditions. (Campos et al. 
2010) It was also shown that both chitin and tick 
cuticle, induced fungal chitinase production. A 
scanning electron microscopy (SEM) analysis of 
the endophytic Beauveria infecting R. microp-
lus showed appressorium formation during the 
penetration on cattle tick’s cuticle (Campos et al. 
2005).

2.5  Endophytic Fungi Isolated 
from Not Yet Fully Explored 
Environments Such as Brazilian 
Forests and Mangroves

Several laboratories in Brazil have been search-
ing for endophytes in plants of not yet fully ex-
plored environments such as mangrove plants 
and plants from the Amazon and Atlantic rain 
forests. Recently some endophytic fungi produc-
ing apparently new antimicrobials were isolated 
from mangroves (Sebastianes et al. 2012). Addi-
tionally, some endophytes from petrol-contami-
nated mangroves were found to be able to reduce 
oil contamination. Endophytes from host plants 
growing in the Brazilian Amazon region and At-
lantic forest were also isolated (Cassa-Barbosa 
2001; Costa-Neto 2002; Souza et al. 2004), and 
more recently not yet published results demon-
strate the biotechnological potential of endo-
phytes from unexplored Brazilian plant hosts and 
they may result in new valuable products for ag-
ricultural, medical, and other applications.

2.6  Final Considerations

Brazil is one of the few countries in the world 
that still retains a large animal, plant, and micro-
bial diversity. Approximately 20 % from 300,000 
plant species in our planet are found in Brazil. 
Endophytes inhabiting these hosts are poorly 
studied and, as source of important compounds of 

biotechnological value, remain to be discovered. 
A major problem is the rapid reduction of forests 
and mangroves in tropical areas of Brazil, a situ-
ation that could result in the extinction of many 
fungi and other endophytic microorganisms with 
the loss of potentially important products for use 
in agricultural, pharmaceutical, environmental, 
and other fields of interest.
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Abstract

Endophytic fungi are hidden diversity mines of microbes that reside in the 
healthy and symptomless interior of plant tissues without causing any harm-
ful effects. This chapter focuses on fungal endophytic diversity of eight me-
dicinal plants of Uttar Pradesh, India with their biopotential ability. Total of 
4,002 (38.38 % CF) endophytic isolates were recovered from 10,425 seg-
ments representing 131 endophytic fungal species belonging to different 
fungal classes. Out of 4,002 isolates, hyphomycetes were more pronounced 
with 71.43 % recovery followed by coelomycetes 16.61 %, ascomycetes 
6.59 %, mycelia sterilia or unidentified 5.32 % and least from zygomycetes 
0.020 %. Among total endophytic fungal species isolated, Cladosporium 
cladosporioides (3.39 % CF) was found to be the most dominated taxa 
followed by Alternaria alternata (2.35 % CF), Curvularia lunata (2.13 % 
CF), Aspergillus niger (1.95 % CF), Chaetomium globosum (1.85 % CF), 
Nigrospora oryzae (1.57 % CF) and Phoma glomerata (1.09 % CF). From a 
total of 131 endophytic species, 101 were tested for their antimicrobial and 
antioxidant activity. Out of 47 active species, 29.78 % displayed antibacte-
rial activity, 27.65 % showed antifungal activity, 38.29 % exhibited antibac-
terial and antifungal activity both while only 4.25 % displayed antimalarial 
as well as antioxidant activity. Twenty-one endophytic fungal species were 
tested for extracellular production of amylase, xylanase and phosphate sol-
ubilization where 76.19 % found to produce amylase, 23.80 % for xylanase 
and 14.28 % exhibited phosphate-solubilization activity.
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3.1  Introduction

Microorganisms are an important component of 
the environment, they affect their surroundings 
in various ways and forms, one of them are en-
dophytes. The term endophyte was first intro-
duced by de Bary in 1866 for all those microbes 
that reside inside the living healthy tissues. Many 
workers define endophytes in various ways, but 
the definition given by Bacon and White (2000) 
was perhaps most acceptable as ‘microbes that 
colonize living, internal tissues of plants with-
out causing any immediate and overt negative 
symptoms’. This is a topographical term and in-
cludes bacteria, fungi, actinomycetes and algae, 
which spend their whole or a period of life cycle 
either in symplast or apoplast region of healthy 
plant tissues without producing any disease or 
clinical symptoms. On the basis of their nature, 
endophytes may be categorized in three groups: 
(1) pathogens of another host that are nonpatho-
genic in their endophytic relationship, (2) non-
pathogenic microbes, (3) pathogens that have 
been rendered nonpathogenic but are still capable 
of colonization by selection methods or genetic 
alteration (Backman and Sikora 2008). Among 
all the endophytic microbes, fungi are the most 
studied group so far. Endophytic fungi play an 
important role in plant/host community health by 
providing resistance from herbivores (Brem and 
Leuchtmann 2001), pathogenic fungi, bacteria, 
viruses, insects, nematodes (Gond et al. 2010), ill-
ness (Clay 1990), reduced seed production (Rice 
et al. 1990), temperature and salinity (Redman 
et al . 2002) and also against drought and minerals 
(Malinowski et al. 1997), heavy metal (Li et al. 
2012). Endophytic fungi are also able to produce 
a considerable number of useful enzymes and this 
ability can make enzymes cost effective because 
approximately 60 % of the currently used indus-
trial enzymes are of fungal origin (Østergaard and 
Olsen 2010). Interestingly, Suryanarayanan and 
his colleagues observed the number of foliar fun-

gal endophytes associated with trees of forests in 
the Western Ghats mountain (in Southern India) 
produced a range of extracellular enzymes includ-
ing amlyases, cellulases, chitinases, chitosanases, 
laccases, lipases, pectinases and proteases (Sury-
anarayanan et al. 2012).

An irrational and irregular use of antibiotics 
makes pathogen more resistant and it is a seri-
ous impediment for microbiologists providing 
the required demand of antibiotics. To cope with 
this problem, there is ultimate necessity for an 
alternative and novel source of effective drugs 
without destroying biodiversity. In such respect, 
endophytic fungi became an effective solution 
because one can isolate the compound of plant/
host origin without destroying the plant popula-
tion. After the discovery of taxol (billion dollar 
drug) from the endophytic fungus Taxomyces an-
dreanae (Stierle et al. 1993), it proved itself as a 
novel source of taxol production without loss of 
the Taxus plant. After this discovery, the endo-
phytic research came to light and microbes have 
been considered as a novel and alternative source 
for new biologically active compounds and/or 
compounds of host origin such as taxol (Stierle 
et al. 1993), vincristin (Tung et al. 2002), camp-
tothecin (Shweta et al. 2010), piperin (Verma 
et al. 2011), azadirachtin (Kusari et al. 2012), 
etc. Today, credits go to endophytic microbes 
for producing a number of new and effective 
bioactive natural compounds that can be used in 
agriculture, medicine and industry. In addition, 
more than 100 anticancer compounds have been 
(57 % novel and 43 % known) isolated only from 
endophytic fungi (Kharwar et al. 2011). In this 
chapter, we have focused mainly on the diversity 
of endophytic fungi of eight medicinal ( Azadi-
rachta indica, Agele marmelos, Catharanthus 
roseus, Eucalyptus citriodora, Nyctanthes ar-
bor-tristis, Adenocalymma alliaceum, Tinospora 
cordifolia, Cinnamomum camphora) plants of 
Uttar Pradesh, India, with their antimicrobial po-
tential.

Keywords 
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3.2  Transmission of Endophytic Fungi

Transmission describes the spreading of microbes 
within and among host population. Endophytic 
fungi have two transmission modes, vertical and 
horizontal. Vertical transmission occurs when 
fungi travel from host to their offspring via host 
tissues such as host seeds and vegetative propa-
gules. Systemically infected endophytic fungi 
have vertical transmission mode that differs from 
horizontal transmission where fungus travels by 
its sexual or asexual spores.

3.3  Ecology and Biodiversity  
of Endophytic Fungi

Endophytic fungi are important, hidden, highly 
diverse, less exploited and highly potential com-
ponent of the environment. Almost all plant 
species studied to date for endophytic diversity 
were found to act as a reservoir for potential 
of microbes to be used to resolve the problems 
of mankind. The endophytes were observed in 
all green biota ranging from algae (Yang et al. 
2006), bryophytes (Chambers et al. 1999), pte-
ridophytes (Schmid and Oberwinkler 1995), 
gymnosperms (Huang and Wang 2011) and 
to angiosperms (Mishra et al. 2012a), includ-
ing underground root to all aerial parts of host 
(Kharwar et al. 2008). Endophytic fungi iso-
lated from water-stressed deserts (Bashyal et al. 
2005), cold-stressed arctic (Fisher et al. 1995), 
Antarctic ocean (Rosa et al. 2009; Wang et al. 
2006), geothermal soils (Redman et al. 2002), 
highly diverse rain forests (Strobel 2002), dry 
deciduous and coastal forests (Suryanarayanan 
et al. 2003) and mangrove swamps (Maria et al. 
2005). Fungal endophytes were isolated from ei-
ther all or specific organs of selected hosts show-
ing the impacts of environmental variables on 
their colonization frequency (CF), diversity and 
antimicrobial activity (Hyde and Soytong 2008; 
Mishra et al. 2012a; Verma et al. 2011; Verma 
et al. 2013). Our earth harbours almost 300,000 
higher plants species, and each species repre-
sents either one or plethora of endophytic com-
munity which is well proved by the previous re-

ports of higher plants fungal endophytes (Strobel 
2002). Out of these plants that exist on the earth, 
only a few dozen, have been studied related to 
their endophytic biology, and every plant studied 
has an endophytic community. Including fungal 
endophytes, the ratio of fungal to plant species 
will reach up to 33:1 from 6:1 (Hawksworth and 
Rossman 1987).

3.3.1  Endomyco Diversity  
in Adenocalymma  
alliaceum Miers

A. alliaceum, is commonly known as garlic creeper 
or lahsun lata plant. It is a member of the family 
Bignoniaceae, a highly medicinal, evergreen tropi-
cal shrubby vine plant that is native to the Amazon 
rainforest. In the absence of garlic, its leaf can be 
used as a substitute for cooking purposes. Every part 
of the plant is well used by the indigenous people 
of the Amazon as folk medicine for curing various 
disorders. Despite having several compounds, it is 
considered analgesic, anti-inflammatory, depurative, 
purgative and widely used against arthritis, rheuma-
tism, body aches, muscle pain, cholesterol and inju-
ries. Its leaves are also used to cure flu, pneumonia, 
cough, fever and headache. Kharwar et al. (2011) 
reported the isolation of total 149 fungal endophytic 
isolates belonging to 17 fungal taxa from 270 seg-
ments of leaf, stem and petiole (90 segments of each 
tissue). Collectively, among the total isolates recov-
ered, hyphomycetes were more frequent (74.47 %) 
followed by mycelia sterilia (10.07 %), ascomyce-
tes (8.05 %) and coelomycetes (4.03 %) (Table 3.1, 
Fig. 3.1). Among all tissues studied, leaves showed 
greater colonization of endomycobiota (72.22 %) 
compared to stem (67.78 %) and petiole (25.54 %). 
A. alternata (6.30 %), A. niger (5.93 %), Stenella 
agalis (5.20 %), Fusarium oxysporum (5.18 %), C. 
lunata (4.18 %) and Fusarium roseum (4.07 %) were 
recovered as the dominant genera. However, Peni-
cillium sp. and Rhizoctonia sp. were the least fre-
quent with equal CF of 1.85 %. Out of 17 taxa, Peni-
cillium sp., C. globosum and Rhizoctonia sp. were 
only restricted to stem tissue, and as per authors this 
may be because of displacement of their spores from 
root and substrate specificity supported by stem.
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Host plants A. 
allia-
ceum

A. 
marme-
los

A. 
indica

C. 
roseus

C. 
cam-
phora

E. 
citrio-
dora

N. 
arbor-
tristis

T. 
cordi-
folia

Total

Total segments plottedt 270 550 600 300 105 600 800 7200 10425
Endophytic fungi  17  32  44  19  26  32  34   29 Total CF
Acremonium acutatum  34   34 0.329
Acromonium sp.  15  40    6   61 0.585
Alternaria alternata  17  29  22  16  25  59   78  246 2.35
Alternaria chlamydospora  12   12 0.115
Alternaria cinerariae  10   10 0.095
Alternaria dennsii  19   19 0.182
Alternaria longipes  19   4   23 0.220
Alternaria sp.   5   6   11 0.105
Arthrinium sp.   1   1 0.009
Arthrobotrys sp.  6   6 0.057
Aspergillus flavus  18   52   70 0.671
Aspergillus fumigatus   8  14   2  10  7  19  20   80 0.767
Aspergillus niger  16  29  38  10  17  8  25   61   204 1.956
Aspergillus oryzae   7    7 0.067
Aspergillus sydowii   36   36 0.345
Aspergillus terreus   6  10   28   44 0.422
Aspergillus tubingensis   20   20 0.191
Aureobasidium pullulans  22  24   46 0.441
Aureobasidium sp.  63   63 0.604
Basidiobotrys sp.   8   8 0.076
Bipolaris sp.  12   12 0.115
Botryosphaeria rhodina   38   38 0.364
Botrytis cinerea  21   21 0.201
Botrytis sp.   16   16 0.153
Cercinella mucoroides   1   1 0.009
Chaetomium crispatum   2   2 0.019
Chaetomium globosum   6  37   9   3  20  25   93  193 1.85
Chaetomium sp.   6  3   9 0.086
Chaetophoma sp.  1    1 0.009
Chloridium virescenc   1   9   10 0.095
Cladosporiella sp.  7   7 0.067
Cladosporium acaciicola   5   5 0.047
Cladosporium apicale   16   16 0.153
Cladosporium 

cladosporioides
 53  39  16  65  94   87   354 3.39

Cladosporium sp. 13   13 0.124
Cladosporium tennuissimum  8   8 0.076
Colletotrichum crassipes   27   27 0.258
Colletotrichum dematium  12  33   77  122 1.17
Colletotrichum 

gloeosporioides
 18  10   28 0.268

Colletotrichum linicola   58   58 0.556
Colletotrichum sp.   3   6    9 0.086
Corynespora sp.   1  13   14 0.134
Curvularia catanulata   3    3 0.028
Curvularia fallax  3    3 0.028

Table 3.1  Endophytic fungal diversity among eight different medicinal plants
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Host plants A. 
allia-
ceum

A. 
marme-
los

A. 
indica

C. 
roseus

C. 
cam-
phora

E. 
citrio-
dora

N. 
arbor-
tristis

T. 
cordi-
folia

Total

Total segments plottedt 270 550 600 300 105 600 800 7200 10425
Endophytic fungi  17  32  44  19  26  32  34   29 Total CF
Curvularia intermedia   31   31 0.297
Curvularia lunata  13  32  21  5  1  39  56   56   223 2.13
Curvularia oryzae  17   17 0.163
Diatrype sp.  14   14 0.134
Drechslera sp.  1  11  4   16 0.153
Drechslera ellisii  12  25   37 0.354
Drechslera graminea   25   25 0.239
Drechslera rostrata   2  15   17 0.163
Emericella nidulans   31   31 0.297
Emericella sp.  3   3 0.028
Fusarium chlaydosporum  12   12 0.115
Fusarium moniliformae  4  3    7 0.067
Fusarium oxysporum  14   4  21  8  8   35   90 0.863
Fusarium roseum  11  8  15   34 0.326
Fusarium soloni  3    3 0.028
Fusarium sp.  9    9 0.086
Gliomastix sp.  1  7    8 0.076
Guignardia sp.   6   6 0.057
Helicosporum sp.  4   4 0.038
Humicola grisea  2  6  7  19   34 0.326
Humicola sp.  14   9  20   23   66 0.633
Macrophoma sp.  16   16 0.153
Melanconium sp.  20  37   57 0.546
Monilia sp.   10   10 0.095
Morphospecies 1  6   6 0.057
Morphospecies 2  5   5 0.0479
Morphospecies 3  7   7 0.067
Morphospecies 4  7   7 0.067
Mycelia sterilia  2  18   20 0.191
Mycelia sterilia  4    4 0.038
Mycelia sterilia  6    6 0.057
Mycelia sterilia  5   5 0.047
Mycelia sterilia  9   9 0.086
Mycelia sterilia  3    3 0.028
Mycelia sterilia  1    1 0.009
Mycelia sterilia  10   10 0.095
Mycelia sterilia  14   14 0.134
Mycelia sterilia  8    8 0.076
Mycelia sterilia  7    7 0.067
Mycelia sterilia  7    7 0.067
Mycelia sterilia  4    4 0.038
Mycelia sterilia  35   35 0.335
Mycelia sterilia  12   12 0.115
Mycelia sterilia  7   7 0.067
Nigrospora oryzae  13  18  6  6  12  39   70   164 1.57

Table 3.1 (continued) 
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Host plants A. 
allia-
ceum

A. 
marme-
los

A. 
indica

C. 
roseus

C. 
cam-
phora

E. 
citrio-
dora

N. 
arbor-
tristis

T. 
cordi-
folia

Total

Total segments plottedt 270 550 600 300 105 600 800 7200 10425
Endophytic fungi  17  32  44  19  26  32  34   29 Total CF
Oidiodendron 

clamydosporum
 13   13 0.124

Penicillium citrinum  16   16 0.153
Penicillium cristata  7  10   17 0.163
Penicillium crysogenum  11   11 0.105
Penicillium sp.  5  2   1   8  9   25 0.239
Penicillium sp. 1   87   87 0.834
Penicillium sp. 2   58   58 0.556
Periconia sp.  1  5    6 0.057
Periconia tirupatiensis  12   12 0.115
Pestalotia macrotricha  28  2   30 0.287
Pestalotiopsis sp.  34  10   44 0.422
Pestelotia sp.  9    9 0.086
Phacidium sp.  2    2 0.019
Phaeotrichoconis sp.  7     7 0.067
Phoma eupyrena  18   18 0.172
Phoma glomerata  25  58  31   114 1.09
Phoma herbarum  20   20 0.191
Phoma sp.  15   15 0.143
Phomopsis helianthi  50   50 0.479
Phomopsis oblonga  27   27 0.258
Phomopsis sp.  6  28   4  24  19   81 0.776
Phyllosticta minima  2   2 0.019
Phyllosticta nobilis  11   11 0.105
Pseudofusicoccum violaceum    8   8 0.076
Rhizoctonia sp.  5  16  22   43 0.412
Scytalidium sp.  2  7   9 0.086
Stachybotrys  4  5   9 0.086
Stenella agalis  14  4   18 0.172
Stenella sp.  2   2 0.019
Trichoderma harzianum  11   11 0.105
Trichoderma sp.  8   8 0.076
Trichoderma viride  1  27  23   8   59 0.565
Ulocladium chlamydosporum  7    7 0.067
Mycelia sterilia/unidentified  4   4 0.038
Mycelia sterilia/unidentified  15  5   20 0.191
Mycelia sterilia/unidentified 1  11   11 0.105
Mycelia sterilia/unidentified 2  7   7 0.067
Mycelia sterilia/unidentified 5  14   14 0.134
Veronaea musae   10   10 0.095
Verticillium albo-atrum  2   2 0.019
Verticillium sp.   1 0.009
Verticillium tenuissimum  2   2 0.019
Total isolates 149 511 495 183 162 552 799 1151  4002 38.38

Table 3.1 (continued) 
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3.3.2  Endomyco Diversity in Aegle 
marmelos

A. marmelos is an Indian plant having medici-
nal and religious importance as well. The plant 
is used in Indian system of ayurvedic medicine 
against variety of diseases including diarrhoea, 
dysentery and dyspeptic symptoms. Green leaves 
of the plant are used for lowering blood sugar 
level. The plant was also reported to possess an-
tifungal and antibacterial properties. Gond et al. 
(2007, 2011) isolated total of 511 endophytic 
fungal isolates representing 32 endophytic fungal 
taxa from 550 segments of bark, leaf and root. 
In the study, bark was found to harbour greater 
number of endophytic fungi followed by leaf and 
root. Among total taxa recovered, the Aureobasi-
dium sp. (11.45 % CF) was found to be the highly 
dominated taxon. Among different endophytic 
classes, hyphomycetes showed maximum colo-
nization 57.92 % followed by 28.57 % coelomy-
cetes, 7.82 % ascomycetes and 5.67 % mycelia 
sterilia (Table 3.1, Fig. 3.1).

3.3.3  Endomyco Diversity  
in Azadirachta indica

A. indica is native to India and one of the most 
effective and popular medicinal plant, common-
ly known as neem, belongs to family Meliaceae. 
Different parts or extracts of the plant are used 

as antibacterial, antiretroviral, antiarthritic, an-
ti-inflammatory and antiulcer. Over 400 bioac-
tive compounds from neem plant and 32 from 
its endophytes have been reported so far. Verma 
et al. (2007) isolated 495 endophytic fungal iso-
lates from 600 segments of leaf, stem and bark, 
root and fruit of neem collected from Varanasi 
region. The total endophytic fungal isolates re-
covered belonged to 44 fungal species including 
mycelia sterilia. In whole of the study, hypho-
mycetes dominated with 76.56 % followed by 
17.37 % coelomycetes, 3.63 % mycelia sterilia, 
2.22 % ascomycetes and interestingly only a sin-
gle isolate (0.02 %) of zygomycete (Table 3.1, 
Fig. 3.1). However, genera like Cladosporium, 
Aspergillus, Acremonium, Pestalotiopsis, Pho-
mopsis, Curvularia and Trichoderma were ob-
served as dominant fungi. Among 495 isolates, 
223 isolates were recovered from 200 segments 
of leaf, bark and stem while 272 isolates were 
isolated from 400 segments of root and fruit 
(Verma et al. 2007, 2011; Verma 2009).

3.3.4  Endomyco Diversity  
of Catharanthus roseus

C. roseus is commonly known as Madagas-
car periwinkle or sadabahar belonging to 
family Apocynaceae. A number of anticancer 
vinca alkaloids such as vincristine, vindesine, 
vinorelbine, vinblastin and vinflunine have been 
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isolated from the plant. It has also been used as 
a folk remedy to cure diabetes and high blood 
pressure. Kharwar et al. (2008) reported the iso-
lation of 183 fungal endophytic isolates under 
19 fungal species from 300 segments of stem, 
leaf and root of Varanasi region. Hyphomyce-
tes showed maximum recovery (86.88 %) fol-
lowed by mycelia sterilia or unidentified groups 
(8.19 %), 3.27 % coelomycetes and least by 
ascomycetes 1.63 % (Table 3.1, Fig. 3.1). The 
CF was found higher in root sample followed 
by leaf and stem. Root tissues were heavily 
colonized by genera such as Alternaria, Clado-
sporium and Aspergillus. Leaf tissues showed a 
greater diversity of endophytes and Drechslera, 
Curvularia, Bipolaris, Alternaria and Aspergil-
lus spp. were the dominant fungi.

3.3.5  Endomyco Diversity  
in Cinnamomum camphora

C. camphora is commonly known as camphor 
or kapoor plant. The plant belongs to the fam-
ily Lauraceae and is native to Taiwan, south-
ern Japan, Southeast China and Indochina. The 
oil of camphor is used as an anti-inflammatory, 
antiseptic, a cardiac, carminative, diuretic, feb-
rifuge, an insecticide, a laxative, rubefacient, 
stimulant and vulnerary agent. Kharwar et al. 
(2012) claimed the isolation of 162 endophytic 
fungal isolates belonging to 26 species from 
more than 100 segments of leaf, stem and peti-
ole. Among isolates recovered, hyphomycetes 
ranked first with 62.96 % isolation frequency 
(IF) followed by coelomycetes 16.66 %, myce-
lia sterilia 15.43 % and least from ascomycetes 
4.93 % (Table 3.1, Fig. 3.1). Among all the seg-
ments studied, leaf harbour maximum (40.44 %) 
endomyco isolates followed by stem (29.04 %) 
and petiole (30.24 %). Among all the species ob-
served, A. niger (10.49 %) was found to be most 
dominated followed by Phyllosticta nobilis and 
Trichoderma harzianum with equal IF of 6.79 % 
while Arthrinium sp. and C. lunata were record-
ed as rare isolates with IF value of 0.61 %.

3.3.6  Endomyco Diversity  
of Eucalyptus citriodora

Basically E. citriodora is a long tree and native 
to Australia, but it is frequently grown in the 
northeastern states of India. The bluish-green 
leaves of the plant contain fragrant volatile oil 
that have antiseptic, expectorant, antibacterial, 
anti-inflammatory, deodorant, diuretic and an-
tispasmodic properties. Commonly used and a 
very important essential oil, it is known as eu-
calyptol, isolated from the leaves and used as an 
anti-cough syrup, for aromatherapy, dentistry, 
and to treat bronchitis, sinusitis, chronic rhinitis  
and asthma, etc. (Gond et al. 2010; Gond 2011). 
A total of 552 fungal endophytic isolates belong-
ing to 32 fungal species from 600 segments of 
leaf and stem at Varanasi and Sonbhadra regions 
were isolated. Hyphomycetes was found to be 
the highly dominated group (67.02 %) followed 
by coelomycetes (18.29 %), mycelia sterilia or 
unidentified taxa (11.05 %) while ascomyce-
tes represented the least IF (3.62 %; Table 3.1, 
Fig. 3.1). Cladosporum cladosporioides with an 
IF of 11.77 % was the most dominant taxon fol-
lowed by P. glomerata at 10.50 %.

3.3.7  Endomyco Diversity  
of Nyctanthes arbor-tristis

N. arbor-tristis is a well-known medicinal plant 
native to the Indian subcontinent and grows abun-
dantly in all parts of the country. It is commonly 
known as Harsinghar, Parijata, or night jasmine 
and belongs to the family Oleaceae. The flow-
ers and leaves of N. arbor-tristis are well known 
for their interesting antibacterial, antifungal, an-
tileishmanial and cytotoxic activity. Gond 2011 
described the endomyco diversity of leaf and 
stem of N. arbor-tristis collected from Varanasi 
and Sonbhadra regions. From 800 segments (400 
segments for each tissue) of leaf and stem, the au-
thor reported the isolation of 799 endophytic iso-
lates. In this study, the recovery of hyphomycetes 
was found maximum with 72.09 % followed by 
coelomycetes 16.64 %, mycelia sterilia 8.13 % 
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and least from ascomycetes 3.12 % (Table 3.1, 
Fig. 3.1). A total of 34 endophytic fungal species 
were observed from both tissues collectively. 
Among the total 34 species recorded, 32 were 
isolated from the leaves while only 19 species 
from the stem. C. cladosporioides (11.63 %), A. 
alternata (7.38 %), Phomopsis helianthi (6.25 %) 
were observed as dominated taxa. C. cladospo-
rioides, C. lunata, C. dematium, Drechslera el-
lisii, Acremonium sp., N. oryzae, Phomopsis sp. 
and Rhizoctonia sp. were isolated as common 
species for both tissues; Aspergillus fumigates, 
A. niger, Helicosporium sp. Scytilidium sp. and 
Stachybotrys sp. were only isolated from the leaf 
segments while isolate NAH3 only reported from 
stem segments; however, these results are a fine 
example of tissue specificity of endophytic fungi. 
Gond 2011 concluded that leaves harbour a high-
er number and high diversity of endophytic fungi 
in comparison to the stem, and this may be due 
to the large surface area of leaves exposed to the 
outer environment and the presence of stomata 
providing passage to the entry of fungal mycelia.

3.3.8  Endomyco Diversity in Tinospora 
cordifolia Miers

T. cordifolia is a widely used medicinal plant 
in the Indian Ayurvedic system of medicine. It 
is commonly known as Guduchi, Gurch, Giloe 
or Amrita, having a large, glabrous, decidu-
ous, shade-loving climbing shrub belonging to 
family Menispermiaceae. A number of chemi-
cal constituents such as alkaloids, diterpenoids, 
lactones, phenolics, glycosides, aliphatic com-
pounds and steroids have been isolated from T. 
cordifolia. It is used as an anti-inflammatory, an-
tiperiodic, antifever, antidyspepsia, antiarthritic, 
anti-allergic and antidiabetic agent. The plant is 
also used to cure scorpion stings, and its watery 
extract used in febrifuge which is called ‘Indian 
quinine’ (Chopra et al. 1982; Singh and Panda 
2005). The plant contains a polyclonal B cell 
mitogen with antioxidant activity which can be 
used as an immunomodulator (Venna et al. 2002). 
Mishra et al. (2012a) isolated 1,151 endophytic 
fungal isolates representing 29 taxa from 7,200 

segments of leaf, stem, petiole and root (1800 
segments of each tissue) collected at three loca-
tions of Varanasi district in three different sea-
sons (winter, summer and monsoon). The IF of 
hyphomycetes (74.80 %) was found greater fol-
lowed by coelomycetes(14.07 %) and ascomy-
cetes (11.12 %; Table 3.1, Fig. 3.1). Leaf tissues 
harbour maximum endophytes (29.38 % of the 
isolates), followed by stem (18.16 %), petiole 
(10.11 %) and root segments (6.27 %). The leaf 
segments harbour greater species (29) followed 
by stem (26), petiole (23) and root (18). CF was 
maximal during monsoon (23.23 %) followed by 
winter (15.35 %) and minimal during summer 
(8.85 %). Among the isolates, Penicillium spp. 
were dominant (12.62 % of all isolates), followed 
by Colletotrichum spp. (11.75 %), Cladosporium 
spp. (8.93 %), C. globosum (8.06 %), Curvularia 
spp. (7.55 %) and A. alternata (6.75 %). Tricho-
derma viride, Monilia sp., Acremonium sp. and 
Guignardia sp. were rare (0.69 %, 0.86 %, 0.52 % 
and 0.52 %). The paper suggested that some en-
dophytes are season specific for example Colle-
totrichum linicola occurred almost exclusively in 
winter and F. oxysporum only in winter and sum-
mer but never during monsoon while C. lunata 
was found only in winter and during monsoon but 
never in summer. It was concluded that the effect 
of season and tissue type on CF and species diver-
sity was much more pronounced than the effect of 
the location.

3.4  Biopotential of Endophytic Fungi

Microbes have played an important role in the dis-
covery of novel and effective drugs. More than 
22,000 secondary metabolites from natural sourc-
es are reported with various bioactive properties, 
but not more than 200 compounds could reach the 
market which certainly is a discouraging figure 
(Bérdy 2005). Due to the rising resistance abil-
ity in pathogens against existing antibiotics and 
ingress of newer diseases in society, there is an ur-
gent need to discover the novel and potent antimi-
crobials. For this, one should go with a novel al-
ternative source. This is the reason that endophyt-
ic fungi are getting attention from the scientific 
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community for their ability to produce novel 
natural metabolites. As the literature suggests, the 
microbes residing in special niches may be able 
to produce novel and potent compounds as well. 
After the discovery of taxol from an endophytic 
fungi, T. andreanae isolated from the Pacific yew 
(Stierle et al. 1993), the endophytic research came 
to light as an alternative source and till today over 
100 (57 % novel and 43 % known) anticancer com-
pounds have been isolated and characterized from 
endophytic fungi (Kharwar et al. 2011a). Not only 
anticancer but a number of effective and potential 
antibacterial and antifungal compounds were also 
isolated from endophytic fungi against a range of 
Gram +ve and Gram −ve strains. Some of them 
are colletotric acid isolated from Colletotrichum 
gloesporioides, an endophytic fungus of Artimisia 
mongolica active against Bacillus subtilis, Staph-
ylococcus aureus and Sarcina leutea (Zou et al. 
2000); Javanacin isolated from endophytic fun-
gus Chloridium sp. resident of A. indica showed 
strong antibacterial property against Bacillus 
sp., Escherichia coli, Pseudomonas fluorescens 
and Pseudomonas aeruginosa. The compound 
was also active against several fungal pathogens 
(Kharwar et al. 2009). Cryptocandin isolated from 
endophytic Cryptosporiopsis quercina showed 
avtivity against human pathogenic fungi Tricho-
phyton rubrum (ATCC 28188), Trichophyton 
mentagrophytes (ATCC 28185), Candida albi-
cans (ATCC 90028), Candida parapsilosis and 
Histoplasma capsulatum (Strobel et al. 1999). 
Excluding other diseases, malaria alone is respon-
sible to kill about 1 million people throughout 
the world every year. Endophytic fungi produce 
several antimalarial compounds such as phomo-
xanthones A and B from an endophyte Phomopsis 
sp., which are known to display antimalarial ac-
tivity against Plasmodium falciparum K1 (Isaka 
et al. 2001). Pestacin and isopestacin, obtained 
from endophytic Pestalotiopsis microspora from 
the interior of Terminalia morobensis, displayed 
an antioxidant activity (Strobel et al. 2002). Cy-
tonic acids A and B are novel protease inhibi-
tors, isolated from Cytonaema sp., an endophyte 
of Quercus sp. against human cytomegalovirus 
(hCMV) (Guo et al. 2000). L-783 and 281 are 
nonpeptidal fungal metabolites isolated from 

endophytic Pseudomassaria sp. The compound 
acts as an insulin mimetic, but without destroying 
the digestive tract (Zhang et al. 1999). Subglutinol 
A and B are immunosuppressive, noncytotoxic di-
terpene pyrones isolated and characterized from 
an endophytic fungus Fusarium subglutinans of 
Tripterygium wilfordii (Lee et al. 1995). Noduli-
sporic acid A is a potential insecticide obtained 
from an endophytic fungus Nodulisporium sp. of 
Bontia daphnoides (Ondeyka et al. 1997). 3-Hy-
droxypropionic acid was isolated from Phomop-
sis phaseoli endophytically present in Betula 
pendula and Betula pubescens showed selective 
nematicidal activity against the plant-parasitic 
nematode Meloidogyne incognita (Schwarz et al. 
2004). In addition to endophytic fungal diversity 
of eight plants, this chapter also covers the bio-
potential of the endophytic diversity. Literatures 
reveal that of the total endophytic community 
reported to have bioactive potential, 35 % belong 
to medicinal plants, followed by crops at 29 %, 
and the rest is equally divided between plants 
with special niches and other plants, each at 18 % 
(Selim et al. 2012).

3.4.1  Biopotential of Endophytic 
Fungi of Adenocalymma 
alliaceum

Out of 17 endophytic taxa, only 12 taxa were 
tested for their antibacterial activity against five 
human bacterial pathogens. Among 12 endo-
phytic taxa, nine were found to be active against 
at least one bacterial pathogen. A. alternata, C. 
globosum, C. lunata and Penicillium sp. were ac-
tive against 4 of 5 tested pathogens. Salmonella 
enteritidis (IMS/GN3) was found to be the most 
susceptible pathogen (Kharwar et al. 2011b).

3.4.2  Biopotential of Endophytic 
Fungi of Aegle marmelos

3.4.2.1  Antibacterial Activity

Seventeen endophytic fungi isolated from A. 
marmelos were tested for antibacterial activ-
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ity against human pathogenic bacteria. Fifteen 
(88.23 %) endophytic fungi showed antibacterial 
activity against one or more pathogenic bacte-
ria. Out of 17 endophytic fungi, four were active 
against five bacteria ( Shigella flexnii, Shigella 
boydii, S. enteritidis, Salmonella paratyphi and 
P. aeruginosa). Phoma herbarum had exhib-
ited an impressive antibacterial activity against 
seven of eight bacteria tested. The extract of P. 
herbarum showed strongest activity (inhibition 
zone 23 mm) against S. boydii. Among the endo-
phytes of A. marmelos, P. herbarum gave least 
minimum inhibitory concentration (MIC; 40 µg/
ml) against S. flexnii and S. boydii. S. boydii 
was found to be most susceptible followed by 
P. aeruginosa towards the extract of endophytic 
fungi. Fifteen endophytic fungal extracts were 
active against S. boydii and 13 against P. aerugi-
nosa (Gond 2011).

3.4.2.2  Antifungal Activity
Seventeen endophytic fungi of A. marmelos were 
also tested against eight pathogenic fungi by 
dual culture assay. Out of 17 endophytic fungi, 
10 were found to be active against one or more 
fungal pathogens. P. herbarum was most active 
that inhibited growth of five out of eight fun-
gal pathogens. It inhibited 54.47 % growth of 
C. lunata. Pestalotia macrotricha was most ac-
tive against C. cladosporioides showing 47.03 % 
growth inhibition, while C. globosum showed 
24.03, 26.90, 27.07 and 39.13 % growth inhibi-
tion against C. cladosporioides, F. oxysporum, 
Fusarium udum and C. lunata, respectively. Col-
letotrichum dematium showed activity against C. 
cladosporioides, F. oxysporum, F. udum and C. 
lunata with 29.03, 32.7, 33.73 and 43.00 % in-
hibition, respectively. The endophytic Phomopsis 
sp. showed inhibitory activity against A. alterna-
ta (40.73 %), C. cladosporioides (30.03 %) and 
C. lunata (38.89 %). The pathogenic C. lunata 
was found most susceptible whereas Microspori-
um gypseum was resistant against all endophytic 
fungi tested (Gond 2011).

3.4.2.3  Antimarial Activity
P. herbarum ( A. marmelos) was assessed for 
antimalarial activity against 3D7 strain of P. fal-

ciparum. The extract of P. herbarum gave only 
55 % Schizont maturation inhibition of 3D7 
strain of P. falciparum at the concentration of 
50 µg/ml (Gond 2011).

3.4.2.4  Antioxidant Activity
The free radical-scavenging activity of fungal 
extract was carried out by using 2,2-diphenyl-
1-picrylhydrazyl (DPPH). The IC50 of P. her-
barum isolated from A. marmelos was 125.63 µg/
ml (Gond 2011), which could further be studied 
for detail and precise activity.

3.4.2.5  Extracellular Enzyme Production
Out of 32 endophytic fungi, only A. alternata, 
C. globosum, P. herbarum, C.olletotrichum de-
matium, T. viride of A. marmelos were tested for 
extracellular production of amylase, xylanase 
and phosphate solubilization. All five endophytic 
fungi were found to produce amylase, while only 
P. herbarum, C. dematium secreted xylanase 
whereas no fungi were observed for solubilizing 
the phosphate in solid media (Gond 2011).

3.4.3  Biopotential of Endophytic 
Fungi of A. indica

Among endophytic isolates of A. indica, six en-
dophytic fungi ( Alternaria sp., Colletotrichum 
sp., Chloridium sp., Nigrospora sp., Pestalotiop-
sis sp., Scytalidim sp.) were evaluated for their 
anti-dermatophyte activity. Among the six endo-
phytic taxa, ethyl-acetate-extracted Pestalotiop-
sis metabolite was found more effective against 
dermatophytes at MIC 80 µg/ml while acetone-
extracted Scytalidium sp. exhibited least activity 
with 400 µg/ml. Javanicin, a napthaqunone iso-
lated from Chloridum sp., an endophytic fungus 
resident of neem tree root (Kharwar et al. 2009), 
showed antibacterial as well as antifungal activity. 
Among all tested pathogens, P. fluorescens and P. 
aerugenosa were observed more sensitive at MIC 
2 µg/ml followed by Cercospora arachidicola at 
5 µg/ml. At the rate of 10 µg/ml, the compound in-
hibited the growth of Rhizoctonia solani and Ver-
ticillium dahalae, and F. oxysporum at 20 µg/ml, 
whereas the suppression of Bacillus sp., E. coli 
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and C. albicans were observed at 40 µg/ml (Khar-
war et al. 2009). The isolation of azadirachtin was 
previously only known from A. indica but Kusari 
et al. (2012) described the isolation and character-
ization of azadirachtin A and B from Eupenicil-
lium parvum isolated from A. indica.

3.4.4  Biopotential of Endophytic 
Fungi of C. roseus

The endophytic fungi isolated from C. roseus 
collected in China are known to produce vinka 
alkaloids. Endophytic Alternaria sp. and F. oxy-
sporum isolated from the phloem of C. roseus 
were able to produce vinblastine and vincristine. 
These alkaloids have anticancer property (Guo 
et al. 1998; Zhang et al. 2000).

3.4.5  Biopotential of Endophytic 
Fungi of Cinnamomum camphora

Five out of 26 endophytic taxa were tested against 
11 fungal (five human and five phytopathogens) 
and single bacterial pathogens. Pestalotiopsis sp. 
showed significant inhibition against Phytoph-
thora cryptogea (57.7 %), Pythium aphaniderma-
tum (54.5 %), Microsporum nanum (51.4 %), T. 
rubrum (49.7 %), Microsporum gypseum (48.5 %) 
and P. fluorescence (47.1 %), while Phomop-
sis sp. showed significant inhibition only to P. 
aphanidermatum (50.6 %) (Kharwar et al. 2012).

3.4.6  Biopotential of Endophytic 
Fungi of Eucalyptus citriodora

3.4.6.1  Antibacterial Activity

Thirteen (72.22 %) out of 18 endophytic fungi 
were found active against one or more human 
bacterial pathogens. C. globosum, Rhizoctonia 
sp., P. glomerata and T. viride were found to be 
active against four bacteria. Pestalotia sp. was 
most active against S. flexnii and S. boydii with 
an inhibition zone of 16.33 mm and 16.00 mm, 
respectively. Periconia sp. showed the activity 

only against S. enteritidis. S. paratyphi showed 
most susceptibility against Rhizoctonia sp. with 
10 mm diameter of inhibition zone. The extract 
of seven endophytic fungal species inhibited P. 
aeruginosa. An unidentified species ECB2 (my-
celia sterilia) gave maximum inhibition to P. 
aeruginosa with 12 mm diameter. Citrobacter 
freundii was only inhibited by extract of Pesta-
lotia sp. P. vulgaris was inhibited by P. glom-
erata and T. viride. However, Morganella mor-
ganii was resistant against all the fungal extracts 
(Kharwar et al. 2010).

3.4.6.2  Antifungal Activity
Out of 18 endophytic fungi, eight were found ac-
tive against at least one phytopathogenic fungus. 
Phomopsis sp. was the most active taxon against 
C. lunata followed by an unidentified fungus 
ECB1 and with 48.88 and 47.1 % radial growth in-
hibition, respectively. C. globosum also inhibited 
32.87 % growth of T. rubrum. Phomopsis sp. and 
ECB1 inhibited growth of four pathogenic fungi 
out of the eight tested. Pathogenic A. alternata 
was inhibited only by endophytic F. oxysporum 
(34.57 %) while F. udum was inhibited (30.7 %) 
only by Phomopsis sp. (Kharwar et al. 2010).

3.4.6.3  Extracellular Enzyme Production
Eight endophytic fungi of E. citriodora were 
tested for amylase, xylanase and phosphate solu-
bilization activity. Except C. globosum, all seven 
were found to produce amylase. Among them, 
Periconia sp. gave maximum zone of amylase 
production on solid agar medium. Only Colle-
totrichum gloeosporioides and Aspergillus ter-
reus were observed to produce xylanase. Like A. 
marmelos, none of the endophytic fungus of E. 
citriodora had exhibited phosphate-solubiliza-
tion activity (Gond et al. 2012).

3.4.7  Biopotential of Endophytic 
Fungi of Nyctanthes arbor-tristis

3.4.7.1  Antibacterial Activity

Sixteen endophytic fungi isolated from N. ar-
bor-tristis were tested for antibacterial  activity 
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by disc diffusion assay against eight clinical 
isolates of human pathogenic bacteria ( S. flexnii, 
S. boydii, S. enteritidis, S. paratyphi, P. aerugi-
nosa, C. freundii, M. morganii and P. vulgaris). 
Among them, 12 (75 %) were found active at a 
rate of 5 mg/disc. C. dematium and Chaetomiun 
globosum exhibited antibacterial activity against 
five pathogens with inhibition ranged from 6.00 
to 14.00 mm while Nigrospora sp. inhibited the 
growth of four bacterial pathogens, i.e. S. paraty-
phi (22.00 mm), S. flexnii (15.00 mm), S. boydii 
(18.00 mm) and P. aeruginosa (15.66 mm). In a 
study, C. freundii, M. morganii and Proteus vul-
garis were found resistant against all the fungal 
extracts. S. boydii was found most susceptible 
and was inhibited by ten endophytic fungal ex-
tracts (Gond et al. 2012).

3.4.7.2  Antifungal Activity
Nine out of 16 endophytic fungi exhibited an-
tifungal activity. C. dematium displayed the in-
hibitory activity against five phytopathogens, 
however its maximum activity was pronounced 
against C. lunata producing 55.87 % radial 
growth inhibition in dual culture. Acremonium 
sp. and N. oryzae inhibited the growth of three of 
eight pathogenic fungi. C. cladosporioides was 
found to be the most susceptibile species that was 
inhibited by Aspergillus fumigatus, and F. oxys-
porum with 39.66 %, 39.57 % while 31.60 % by 
Dreschlera rostrata. The growth of F. oxysporum 
was restricted by a single unidentified fungus 
MS/NAB2 up to 38.47 %.

3.4.7.3  Antimalarial Activity
N. oryzae isolated from N. arbor-tristis showed 
100 % Schizont maturation inhibition of a ma-
larial parasite 3D7 strain of P. falciparum at the 
concentration of 50 µg/ml (Gond 2011).

3.4.7.4  Antioxidant Activity
The free radical-scavenging activity of fungal ex-
tract of N. oryzae was carried out by using DPPH 
. The IC50 for N. oryzae was found at 265.53 µg/
ml (Gond 2011), which was quite higher than P. 
herbarum isolated from A. marmelos.

3.4.7.5  Extracellular Enzyme Production
Nine endophytic fungi of N. arbor-tristis were 
tested for amylase, xylanase and phosphate-sol-
ubilization activity. Only N. oryzae, Helicospo-
rium sp., Diatrype sp., Macrophoma sp. were 
found to produce amylase. Except N. oryzae, 
none were observed to produce xylanase. Unlike 
A. marmelos and E. citriodora, three endophytic 
fungi of N. arbor-tristis, i.e. P. glomerata, Scyti-
lidium sp. and Diatrype sp. were able to solubi-
lize phosphate (Gond 2011).

3.4.8  Biopotential of Endophytic 
Fungi of Tinospora cordifolia

Twenty nine endophytic taxa were tested for their 
antibacterial activity against eight human bacterial 
pathogens. More than 50 % (15 out of 29) of the en-
dophytic taxa exhibited antimicrobial activity. Bot-
ryosphaeria rhodina (JQ031157) and C. globosum 
showed activity against all bacterial human patho-
gens tested, with the former showing higher activi-
ty than the latter. B. rhodina (JQ031157) exhibited 
strongest activity against C. freundii (IMS/GN5) 
producing an inhibition zone of 45.66 ± 0.33 mm 
whereas lowest against M. morganii (IMS/GN6) 
with an inhibition zone of 12.83 ± 0.16 mm at 
the rate of 5 mg/ml. C. linicola, A. alternata, C. 
cladosporioides, N. oryzae and Pseudofusicoc-
cum violaceum (JQ031159) were active against a 
single pathogen. S. flexnii IMS/GN1 was observed 
to be the most susceptible bacterial pathogen, in-
hibited by 11 endophytic taxa followed by E. coli 
ATCC 25922, inhibited by six endophytic taxa, S. 
paratyphi and P. vulgaris inhibited by five endo-
phytic taxa whereas S. enteritidis IMS/GN3, P. 
aeruginosa ATCC 27853, C. freundii IMS/GN5, 
M. morganii IMS/GN6 were found to be the least 
susceptible and were only inhibited by three en-
dophytic taxa (Mishra et al. 2012a).

3.5  Future Prospective

Endophytic fungi are relatively less studied, un-
exploited and hidden microbes of the microbial 
community. All the plants studied to date for their 
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endophytic fungi were found to harbour either at 
least a single or plethora of fungi. Hawksworth 
and Rossman (1987) estimated there may be as 
many as 1.5 million different fungal species, 
while only about 100,000 have been described, 
and this study raises the question, Where are the 
rest of the fungi? Are they in form of endophytes 
or somewhere else? These are some of the basic 
questions regarding the diversity of endophytic 
fungi that require more endophytic research 
which may help in the isolation and characteriza-
tion of new fungal species and/or bioactive com-
pounds. Since a considerable number of novel 
fungal genera and species have been reported 
from this relatively hidden (inside healthy plant 
tissues) source that may be a good repertoire for 
filling the gap between reported and estimated 
fungal diversity. Literatures suggest that endo-
phytes enhance resistance in their hosts against 
herbivores, pathogenic fungi, bacteria, viruses, 
insects, nematodes illness, reduced seed produc-
tion, temperature and salinity and also against 
drought and minerals (Mishra et al. 2012b). 
Today a major problem in the front of scientists is 
the development of resistance in pathogenic mi-
crobes (bacteria, fungi and other microbes, ma-
larial parasite, viruses, etc.), pests and weeds that 
have become a serious trouble for humans, ani-
mals and agriculture. To overcome this problem, 
there is an urgent need for a novel and alternative 
source for drug discovery. Endophytic fungi can 
serve as a good alternative because a number of 
antibacterial, antidiabetic, antifungal, antimalari-
al, antioxidant, antiviral and other bioactive com-
pounds exhibited promising activity isolated and 
characterized from this source. The endophytic 
fungi isolated from the above described eight 
medicinal plants are under the process of isola-
tion and characterization of antibacterial, anti-
fungal, antioxidant and antimalarial compounds. 
Suryanarayanan and his colleagues found endo-
phytic fungi as a prolific source for production 
of extracellular amlyases, cellulases, chitinases, 
chitosonases, laccases, lipases, pectinases and 
proteases (Suryanarayanan et al. 2012).

The isolation of several fungi and their isolates 
(Alternaria, Phomopsis, Chaetomium, Cholle-

totrichum, Fusarium, etc) from these medicinal 
plants indicate that some endophytic fungi may 
be probable candidates to produce some cytotox-
ic compounds. Another interesting aspect of fun-
gal endophytes is to produce antimicrobial vola-
tile organic compounds (VOCs) reported from 
mitosporic xylariales fungus Muscodor albus 
and Muscodor vitigenus isolated from Cinamo-
mum zeylanicum (Strobel et al. 2001). Recently, 
some hydrocarbon derivatives as major constitu-
ents of diesel fuel (Mycodiesel) were reported for 
the first time from a fungal endophyte Gliocla-
dium roseum, NRRL 50072 (Strobel et al. 2008); 
however, some genuine technical questions on 
mycodiesel production were raised (Stadler and 
Schulz 2009). Nevertheless, the successful trial 
of running a Honda (100 cc) motorbike using eu-
calyptol, a better and safe alternative of gasoline 
received from a fungal endophyte of Eucalyptus 
sp. (Tomsheck et al. 2010) furthered our under-
standing towards other interesting aspects.

Very recently, some interesting works have 
been published in order to enhance the produc-
tion of cryptic and known bioactive compounds 
through epigenetic modulations, and these works 
may point the way in future that can reduce the 
stigma of reduced yield of fungal endophytes in 
successive generations (Sun et al. 2012; Hassan 
et al. 2012). A huge diversity of endophytic fungi 
isolated from these plants and significant antimi-
crobial and biochemical activity of crude extracts 
provide us potential fungal endophyte pools to 
isolate pure and novel bioactive compounds. In 
future, epigenetic modulation may play a very 
crucial role in isolating the cryptic secondary me-
tabolites which are not either known, or it may 
enhance multifold production of known com-
pounds from fungal source which may serve the 
need of society. 
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Abstract

Endophytes are the organisms that exist within the living tissues of most 
plant species without inducing any pathogenic symptoms in the host. Their 
association with the host plant may be symbiotic, mutualistic, commen-
salistic, trophobiotic and their interaction with them may be biochemical 
and genetic as well. It is their enormous diversity and specialized biotopes 
that make them a stimulating field of study. The fact that endophytes can 
mimic some of the phytochemicals originally characteristic of the host has 
changed the scope of endophytic biology. As a result of this fact, various 
classes of natural products that have been discovered from endophytes 
which include antitumour, antibacterial, antifungal, antiviral and various 
different industrial enzymes. Even some unusual molecules that act as 
immunomodulatory, antidiabetic, insecticidal, herbicidal, etc. have been 
isolated from them. Endophyte–plant relationship can be exploited to pro-
mote plant health as it also plays an important role in low-input sustain-
able agricultural applications for both food and nonfood crops. Recent 
studies on endophytes have shown the beneficial roles of host-endophyte 
associations as protection against mammals, resistance to pathogenic 
fungi and other insect herbivores, increased growth and development, nu-
trient uptake and stress tolerance in various plants including agriculturally 
important crops. The main objective of this review is to explore the poten-
tial of endophytes in varied fields that can prove beneficial to mankind. 
As a result, the role of endophytes has been discussed in some of the key 
fields of interest such as biotransformation, biodegradation, phytoreme-
diation, seed production, seed predation, plant growth promotion, plant  
stress relievers, biocatalysis, biofuel production, biocontrol agents, agri-
cultural importance, source of novel natural products etc. The present 
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4.1  Endophytes

Endophytes have over the period of time evolved 
from being defined just as the microbes living 
within plants indicating not only their location 
but also the type of association that they have 
with the host. They are the organisms that live 
asymptomatically within the internal tissues of 
the plant. Endophytes live for its life or part of 
it without causing any apparent disease to the 
host plant. The word endophytes (Greek endo = 
within + phytes = plants) has also been defined as 
the microorganisms inhabiting inside of healthy 
plant tissues. Petrini (1991) described them as all 
organisms that inhabit or colonize internal plant 
tissues at some part of their life without any im-
mediate deleterious effect on their host. They 
are now considered as ubiquitous symbionts of 
plants from their common detection to many 
plant species.

Endophytes have now been considered as 
an important component of microbial biodiver-
sity, as they are found in virtually every plant on 
earth ranging from terrestrial to aquatic. Com-
mon endophytes include a variety of bacteria, 
fungi and actinomycetes which can be isolated 
from wild (Brooks et al. 1994) or cultivated 
crops (Liu and Tang 1996) of either the mono-
cotyledonous (Fisher et al. 1992) or dicotyledon-
ous plant groups (El-Shanshoury et al. 1996). 
A single plant can harbour several to hundreds 
of endophyte species, some of which may also 
show host specificity. They exhibit a variety of 
relationships with their host ranging from sym-
biotic to pathogenic. The observed biodiversity 
of endophytes suggests that they can also be ag-
gressive saprophytes or opportunistic pathogens. 
Endophytes usually inhabit above-ground plant 

tissues (leaves, stems, bark, petioles and repro-
ductive structures) which distinguish them from 
better known mycorrhizal symbionts. The dis-
tinction is not so firm, because endophytes may 
also inhabit root tissues.

The type of symbiosis exhibited between plant 
and endophyte is often related to the reproductive 
mode of the endophyte. Most of the endophytes 
are horizontally transmitted. These have sexu-
al mode of transmission via spores and can be 
spread by wind, insects and vectors; so, these can 
evolve a more pathogenic lifestyle as they can 
escape their host plant, whereas vertically trans-
mitted endophytes are asexual and transmit via 
fungal hyphae penetrating the host’s seed (e.g. 
Neotyphodium).

Endophytes have a very intimate and also 
a coevolutionary relationship with their host. 
Therefore, they have the potential to influence the 
physiology of the plant. They confer enhanced 
fitness to the host plants by producing functional 
metabolites in lieu of the nutrition and protection 
from the host. They offer a plethora of benefits to 
the plant ranging from resistance against diseases 
to insect herbivory.

4.2  Endophytes as Source of Novel 
Bioactive Metabolites

Endophytes can be considered as potential, re-
liable and promising source of novel organic 
natural metabolites exhibiting a variety of bio-
logical activities viz. antimicrobial, antiparasitic, 
cytotoxic, neuroprotective, antioxidant, insulin 
mimetic, enzyme inhibitive, immunosuppres-
sive and many more. A broad variety of bioactive 
secondary metabolites with unique structures, 
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review is an attempt to unlock the enormous benefits that the microbial 
endophytes can offer.
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including alkaloids, benzopyranones, chinones, 
flavonoids, phenolic acids, quinones, steroids, 
terpenoids, tetralones, xanthones and many more, 
are the members of the diverse metabolite bank 
of endophytes. Many reports witness the various 
usages of endophytic fungal metabolites in differ-
ent human diseases due to their highly function-
alized activity. Various fungal endophytes from 
selected medicinal plants of western Himalayas 
have been reported to show antimicrobial and 
immunomodulatory activities (Qadri et al. 2013). 
Antibacterial activity of four fungal endophytes 
( Cladosporium sp., Aspergillus flavus, Aspergil-
lus sp., Curvularia lunata) isolated from Kigelia 
africana has been reported by Idris et al. (2013). 
Fungal endophytes isolated from the plant Aralia 
elata have also been reported as potential anti-
bacterial agents (Wu et al. 2012). Metabolites of 
endophytes isolated from Artemisia annua have 
been reported to show anti-acetylcholinesterase 
activity and can therefore be used in the treatment 
of Alzheimer’s disease (Aly et al. 2011). Some 
of the endophytes have the potential to produce 
the same bioactive metabolites for which the host 
plant is known, hypericin, camptothecin, podo-
phyllotoxin, paclitaxel and diosgenin (Zhao et al. 
2010). There is an increasing interest in studying 
fungal endophytes as alternative potential source 
of functional metabolites. So far, about 19 genera 
from different plant sources have been screened 
for the production of paclitaxel and its analogues. 
Cephalotheca faveolata, a fungal endophyte iso-
lated from Eugenia jambolina has been reported 
to exhibit anticancerous activity (Giridharan et al. 
2012). Therefore, keen studies on endophytes are 
required for the commercial and economical pro-
duction of taxol and other host origin chemicals 
from endophytic microbes, as their production 
from host plant is comparatively costlier, time 
consuming and exerts biodiversity pressure.

Endophytic fungi isolated from six species of 
Indonesian medicinal plants Mahoni ( Swietenia 
mahagoni Jacq.), Sambiloto ( Andrographis pa-
niculata Ness.), Kumis kucing ( Orthosiphon spi-
catus BBS), Mengkudu ( Morinda citrifolia L.), 
Sirih merah ( Piper crocatum L.) and Sirih hitam 
( Piper ornatum sp.) have the potential to pro-
duce antidiabetic agents (Dompeipen 2011). The 

foliar endophytes of conifers have been reported 
to synthesize anti-insect toxins (Sumarah et al. 
2009). So, strategic use of specific endophytes or 
their metabolites can be used in plant–insect/pest 
management programmes.

Some of the important bioactive metabolites 
isolated recently from endophytes and their 
bioactive functions are mentioned in detail in 
Table 4.1. For more information readers are sug-
gested to read reviews by Tan and Zou (2001); 
Schulz et al. (2002); Strobel and Daisy (2003); 
Strobel et al. (2004); Joseph and Priya (2011); 
Kharwar et al. (2011); Premjanu and Jayanthy 
(2012).

4.3  Seed Production and Seed 
Predation

Presence or absence of endophytes influences 
the production and predation of seeds among dif-
ferent plants, especially the grasses. Saari et al. 
(2010) studied the grass populations of tall fes-
cue and meadow fescue for the effect of pres-
ence or absence of endophytes on production 
and predation of seeds. Endophyte infected (E+) 
and endophyte free (E−) tall fescue plants did 
not show any difference in the mean seed mass 
or production of seeds, but seeds from E+ plants 
showed significantly lower proportions of seed 
predation compared to seeds from E− plants. 
In contrast, endophyte infected (E+) meadow 
fescue plants produced marginally more seeds 
than endophyte free (E−) plants. Seed predation 
of meadow fescue plants by cocksfoot moth did 
not differ between endophyte infected and en-
dophyte free plants. These results suggest that 
endophyte infection benefits tall fescue grasses 
by enhancing host resistance to seed predators 
rather than through enhanced reproductive effort. 
On the other hand, it also suggests that endo-
phyte infection benefits meadow fescue grasses 
by enhancing their capabilities of seed produc-
tion rather than enhancement of host resistance to 
seed predators. The possible reasons for this vari-
ability in the effects of endophytes is firstly, the 
high genetic variability among wild grasses; sec-
ondly, different species of endophytes infecting 
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Bioactive metabolites Endophyte Host plant Bioactive function Reference
Camptothecine Fomitopsis sp. Miquelia dentata Anticancer Singh et al. 2013
9-methoxy camptothecine Alternaria 

alternata
10-hydroxy camptothecine Phomopsis sp.
(4R,8R)-foedanolide Pestalotiopsis 

foedan
Bruguiera 

sexangula
Anticancer Yang and Li 2013

(4S,8S)-foedanolide
Isobenzofuranone 

derivatives
Cephalosporium 

sp.
Sinarundinaria 

nitida
Antioxidant Huang et al. 2012

3-hydroxyfumiquinazolin A Aspergillus 
fumigates

Melia azedarach Antifungal Li et al. 2012

5-hydroxyramulosin Phoma sp. Cinnamomum 
mollissimum

Santiago et al. 
2012

α-tetralone derivatives, cer-
cosporamide, β-sitosterol 
and trichodermin

Arisaema 
erubescens

Antifungal and antibacterial Wang et al. 2012

Cajaninstilbene acid Fusarium sp. Cajanus cajan Antioxidant Zhao et al. 2012
16α-hydroxy-5N-

acetylardeemin
Aspergillus terreus Artemisia annua Anti-acetylcholinesterase Aly et al. 2011

Nodulisporic acid A Nodulisporium sp. Bontia daphnoides Insecticidal
Palmarumycin Edenia sp. Petrea volubilis Growth inhibitors of Leish-

mania donovani
Macrosporin Stemphylium 

globuliferum
Mentha pulegium Protein kinase inhibitors

Pestalotheol Pestalotiopsis 
theae

Unknown HIV inhibitor

Phomoarcherins A-C Phomopsis archeri Vanilla albindia 
blume

Antimalarial Hemtasin et al. 
2011

Kakadumycin Streptomyces sp. Grevillea 
pteridifolia

Antibiotic Pimentel et al. 
2010

Pestacin Pestalotiopsis 
microspora

Terminalia 
morobensis

Antioxidant

Oblongolide Y Phomopsis sp. Musa acuminate Anticancer Bunyapaiboonsri 
et al. 2010

Eremophilanolides Xylaria sp. Licuala spinosa Isaka et al. 2010
Terpenoids Phomopsis sp. Plumeria acutifolia 

Poiret
Antibacterial Nithya et al. 2010

Anthracenedione Halorosellinia sp. 
and Guignardia 
sp.

Mangrove plant Anticancer Zhang et al. 2010

Paclitaxel Pestalotiopsis 
microspora

Taxus wallachiana Zhao et al. 2010

Podophyllotoxin Alternaria neesex Sinopodophyllum 
hexandrum

Anticancer, antiviral, 
antioxidant, antibacte-
rial, immuno stimulation, 
antirheumatic

Camptothecin Fusarium solani Camptotheca 
acuminate

Antineoplastic

Cochliodinol, 
Isocochliodinol

Chaetomium sp. Salvia officinalis Cytotoxic Debbab et al. 2009

Sesquiterpene aryl esters Armillaria mellea Gastrodia elata Antimicrobial Gao et al. 2009
5-methoxy-7-hy-

droxyphthalide
Ascomycete Meliotus dentatus Antifungal Hussain et al. 2009

Table 4.1  Important bioactive metabolites isolated from endophytes and their bioactive function

S. Kaul et al.
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meadow fescue and tall fescue grasses may have 
different effects on various invertebrate and ver-
tebrate herbivores (Cheplick and Faeth 2009); 
thirdly, the production of mycotoxins by endo-
phytes, especially alkaloids, is conditional on 
environmental factors such as weather conditions 
or soil nutrients (Saikkonen et al. 2006; Saik-
konen et al. 2010) and the genotype of the plant 
and endophyte (Cheplick and Faeth 2009).

Endophytes also aid in the seed production in 
particular types of grasses such as bird deterrent 
grasses or grass swards used at airports (Pyke 
et al. 2010). These grasses can deter birds either 
by reducing insect populations for insectivorous 
birds or by deterring the feeding of herbivorous 
birds causing them to shift to some other areas for 
feeding. These deterrent properties of the grasses 
are provided by endophytic fungi specifically 
selected for these characteristic features. Endo-
phytic fungi grow within the host plant into the 
developing seed and when these seeds are sown, 
they develop into the new grass seedlings that 
confer bird deterrence to the developing sward 
(sward grass).

4.4  Phytoremediation

Benefits of industrialization, modernization 
and urbanization are always associated with 
some harmful effects such as accumulation of a 
wide variety of anthropogenic chemicals which 

includes halogenated hydrocarbons, petroleum 
hydrocarbons, polycyclic aromatic hydrocar-
bons, pesticides, heavy metals, solvents, etc. in 
the environment. This has caused havoc by en-
hancing the environmental problems (Meagher 
2000; Rajkumar et al. 2010; Ma et al. 2011a, b). 
Phytoremediation by endophytes has been found 
to be a promising technology for the remedia-
tion of contaminated soils (Li et al. 2012). For 
the phytoremediation of heavy metals, the en-
dophytes resistant to heavy metals can decrease 
metal phytotoxicity, enhance plant growth and 
affect metal accumulation and translocation in 
plants. Endophytes have application in the phy-
toremediation of organic contaminants produce 
various enzymes that degrade these contami-
nants thereby reducing both the evapotranspira-
tion and phytotoxicity of volatile compounds. Li 
et al. (2012) have also discussed about various 
endophytes (bacteria and fungi) that aid in phy-
toremediation of heavy metals and organic con-
taminants. Various metal resistant bacterial endo-
phytes belong to the taxa Bacillus, Clostridium, 
Arthrobacter, Enterobacter, Leifsonia, Microbac-
terium, Paenibacillus, Pseudomonas, Xantho-
monadaceae, Staphylococcus, etc. Likewise, var-
ious reports of  metal-resistant fungal endophytes 
include species of Alternaria, Microsphaeropsis, 
Steganosporium, Mucor, Phoma, Peyronellaea 
and Aspergillus. Microbial endophytes that are 
able to degrade organic contaminants include 
Pseudomonas rhodesiae, Bacillus megaterium, 

Bioactive metabolites Endophyte Host plant Bioactive function Reference
Cochlioquinone-A, 

isocochlioquinone-A
Cochliobolus sp. Piptadenia 

adiantoides
Antiparasitic Campos et al. 2008

Javinicin Chloridium sp. Azadirachta indica Antibacterial Kharwar et al. 
2009

Taxol Phyllosticta sp. Ocimum basilicum Anticancer Gangadevi 2007
Pestasol Drechslera 

gigantea
Agropyron repens Insect repellant Bunkers et al. 1991

Podophyllotoxin Podophyllum 
hexandrum

Trametes hirsute Anticancer Puri et al. 2006

Isoflavonoids Phomopsis sp. Erythrina 
crista-galli

Antimicrobial Redko et al. 2006

Ergosterol, cerevesterol 2L-5 (unidentified) Ocimum basilicum Haque et al. 2005
Graphislactone-A Cephalosporium 

sp.
Trachelospermum 

jasminoides
Antioxidant Song et al. 2005

Table 4.1 (continued) 
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Paenibacillus amylolyticus, Burkholderia mac-
roides, Achromobacter xylosoxidans, Pseudomo-
nas tolaasii and Pseudomonas putida. Two main 
groups of contaminants that are being degraded 
by endophyte-assisted phytoremediation include 
heavy metals (Ni, Pb, Cu, Cd, Cr, Zn, Co, etc.) 
and organic contaminants (trichloroethylene, 
naphthalene, catechol, phenol, alkanes, BTEX 
(benzene, toluene, ethylbenzene and xylene), 
etc.).

Engineered bacterial endophytes are being in-
corporated into the plants in order to improve the 
phytoremediation of contaminants particularly 
organic ones, so that they can efficiently degrade 
these organic contaminants (Taghavi et al. 2011). 
These engineered bacterial endophytes have also 
been tested to improve the phytoremediation of 
heavy metals but this study is still in its infancy 
(Lodewyckx et al. 2001).

Phytoremediation of organic compounds espe-
cially benzene, toluene, ethylbenzene, and xylene 
(BTEX) or trichloroethylene (TCE) brings about 
the evaporation of a significant amount of metabo-
lites from these contaminants into the atmosphere 
thereby increasing their levels much above the op-
timal amounts. Therefore, to prevent the environ-
ment from such hazards, there is a need for certain 
alternative means by which these contaminants 
can be minimized. One of the best and safe ways 
is to inoculate plants with engineered bacterial 
endophytes so that they can optimally metabolize 
the contaminants of interest, thereby improving 
the overall process of phytoremediation.

4.5  Biotransformation

Biotransformation may simply be defined as any 
change or conversion of any substance by or in a 
biological system. It has been found that endo-
phytes have excellent biotransformation abilities 
as they adapt so well with their host plants there-
by having a strong tolerance towards the unique 
metabolites including toxins of their hosts (Wang 
and Dai 2011).

To control the excessive growth of endo-
phytes, plants sometimes produce certain toxins 
against them. Endophytes have gradually formed 

a variety of tolerance mechanisms towards hosts’ 
metabolites over their long period of coevolution, 
and have acquired a powerful ability to transform 
complex compounds. These endophytes may 
degrade the hosts’ macromolecules into sim-
pler ones or convert toxins to other substances 
thereby increasing their adaptability. In addition 
to plants, sometimes even endophytes become 
aggressive towards their host plants thereby pro-
ducing mycotoxins or exoenzymes in order to 
colonize a particular host (Schulz et al. 2002). 
Several cases of endophytic virulence have also 
been reported (Peters et al. 1998; Costa et al. 
2000). Likewise endophytes, plants also have 
defense mechanisms against the virulence effects 
of endophytes. Thus, from these studies, it is con-
cluded that both the host plant and the endophyte 
produce unique metabolites and enzymes against 
each other and even in their defence reactions 
thereby making this host–endophyte relationship 
much more complex (Saikkonen et al. 2004).

The process of biotransformation mediated 
by endophytes has various applications, some of 
which are discussed as under:

4.5.1  Detoxification of Toxic 
Metabolites Produced  
by Host Plants

One of the important abilities of the endophytes 
is the detoxification of highly bioactive defence 
metabolites of host plant and converting them 
to simpler compounds to be easily metabolized. 
For example, plants usually produce unique class 
of compounds like benzoxazinones for defence 
against pests such as fungi, bacteria and insects. 
Once the plant defence response is triggered on 
attack of pests, hydroxamic acids are chemically 
transformed into toxic benzoxazolinon 2-benzox-
azolinone (BOA) or the less toxic 2-hydroxy-1,4-
benzoxazin-3-(2H)-one (HBOA) and some other 
toxic compounds. These toxins are detoxified 
by the biotransformation abilities of endophytes 
as reported by Zikmundova et al. (2002). They 
isolated four fungal endophytes, among which 
Fusarium sambucinum detoxified (BOA) to 
N-(2- hydroxyphenyl) malonamic acid and the 

S. Kaul et al.
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rest detoxified (HBOA) to 2-Hydroxy-N-(2-hy-
droxyphenyl) acetamide, N-(2-hydroxyphenyl) 
acetamide and some other structural analogues.

4.5.2  Stereoselective Biotransforma-
tion Mediated by Endophytes

Endophytes are being exploited to obtain more 
active metabolites because fungal endophytes as 
a result of their effective biotransformation en-
zymes have been employed to change the three-
dimensional conformation of compounds, e.g. 
thioridazine (THD), a phenothiazine neurolep-
tic drug, is commercially available as a racemic 
mixture of the enantiomers. Borges et al. (2008) 
isolated four fungal endophytes that showed ste-
reoselective biotransformation potential, thereby 
transforming THD into pharmacologically active 
metabolites. Other examples of endophyte medi-
ated stereoselective biotransformation includes 
transformation of flavans, i.e. stereoselective oxi-
dation of flavans at C-4 by the endophytic fungus 
Diaporthe sp. isolated from a tea plant Camelia 
sinensis (Agusta et al. 2005) and biotransforma-
tion of tetrahydrofuran lignans by the endophytic 
fungus Phomopsis sp. inhabiting Viguiera are-
naria (Verza et al. 2009).

4.5.3  In Vivo Simulation of Drug 
Metabolism in Mammals  
by Endophytes

It has been found that sometimes, the endophyte-
mediated enzymatic reactions are similar to 
metabolic responses in mammals. Thus, these 
metabolic pathways and the active metabolites 
involved therein could be very much useful in 
studies on metabolism in mammals, e.g. two 
naturally occurring triterpenes: betulinic acid 
and betulonic acid found in many plants, exhibit 
important biological properties like antiviral and 
antineuroblastomic activity. Bastos et al. (2007) 
isolated four fungal endophytes Arthrobotrys sp., 
Chaetophoma sp., Dematium sp. and Colletotri-
chum sp. that showed certain oxidation reactions 

thereby converting betulinic acid to many oxy-
genated derivatives and some of these oxidizing 
reactions also occur in mammals.

4.6  A Potential Tool  
for Biodegradation

A large number of extracellular enzymes are 
being produced by endophytes including pro-
teinases, cellulases, lipoidases, pectinases, phe-
noloxidases and lignin catabolic enzymes (Tan 
and Zou 2001; Oses et al. 2006; Bischoff et al. 
2009). Such broad spectrum of enzyme produc-
tion helps the endophytes in degradation and de-
composition of plant debris. Four fungal endo-
phytes from Chilean tree showed a nonselective 
white-rot wood decay pattern (Oses et al. 2006). 
Jordaan et al. (2006) isolated three different fun-
gal endophytes ( Alternaria sp., Phoma sp. and 
Phomopsis sp.) from surface-sterilized pods of 
Colophospermum mopane showing lignocel-
lulolytic enzyme activity that helps them to ac-
celerate the decay of pods. By doing this, they 
allowed the germination of seeds more effec-
tively under favourable conditions. Endophytic 
fungi are now being exploited for the degrada-
tion of environmental pollutants like polycyclic 
aromatic hydrocarbons (PAHs). Dai et al. (2010) 
isolated a novel endophytic fungus Ceratobasi-
dum stevensii from the euphorbiaceae plant that 
metabolized 89.51 % of environmental pollut-
ant phenanthrene. Likewise, various other novel 
fungal endophytes harboured by different plants 
are being studied for the degradation of various 
energetic compounds like 2,4,6-trinitrotoluene 
(TNT), octahydro-1,3,5,7-tetranitro-1,3,5,7-tet-
razocine (HMX), hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX), etc. (Aken et al. 2004).

4.7  Endophytes as a Source  
of Biocatalysts

It has been found that the endophytes produce 
a large number of enzymes that aid in the ca-
tabolism of a wide variety of complex organic 
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molecules such as proteins, cellulose, chitin, etc. 
This is due to the absorptive mode of nutrition of 
these fungi and a wide variety of substrates which 
they exploit for their growth and thus produce a 
diverse array of extracellular enzymes like cellu-
lases, chitinases, amylases, lipases and proteases, 
etc. (Suryanarayanan et al. 2012). Ostergaard 
and Olsen (2010), concluded that around 60 % 
of the industrial enzymes used currently are of 
fungal origin with a wide variety of applications, 
e.g. enzymes produced by endophytes are being 
used for meat processing, fermentation of coffee 
beans, baking, manufacturing corn syrup, hydro-
lysing milk proteins, removing stains, separating 
racemic mixtures of amino acids, bioremediation 
and biosensing. Hawksworth (1991) found that 
there are only five genera of fungi ( Penicillium, 
Rhizopus, Aspergillus, Humicola and Tricho-
derma) out of 1.5 million estimated members 
which account for almost three-quarters of the 
60 % industrial enzymes produced by endophytic 
fungi (Ostergaard and Olsen 2010). This leads to 
the immediacy for screening of novel and more 
efficient biocatalysts from different ecological 
groups of fungi (Peterson et al. 2011). There are a 
wide variety of industrial enzymes derived from 
endophytes acting as biocatalysts with diverse 
applications. Some of the common enzymes iso-
lated from endophytes are as follows:

4.7.1  Alkaline Protease

Suryanarayanan et al. (2012) isolated several 
fungal endophytes from the leaves of dicotyle-
donous trees which showed positive results for 
alkaline protease activity using agar plate assay. 
It has been found that many fungal endophytes 
belonging to the genera Nodulisporium, Co-
rynespora, Colletotrichum, Xylaria, Curvularia 
and Robillarda produce alkaline proteases using 
dot-blot assay (Thirunavukkarasu and Suryana-
rayanan unpublished). This industrial enzyme 
can be exploited for production of protein hydro-
lysates, mediation of drug release, brewing, bak-
ing, detergent additive, denture cleaners, tanning 
processes, cosmetics, animal feeds, waste water 
treatment, etc. (Gupta et al. 2002).

4.7.2  Chitinase and Chitosanase

Suryanarayanan et al. (2012) isolated foliar fun-
gal endophytes inhabiting the trees of different 
forests in the Western Ghats mountain ranges 
(in southern India) that produced various extra-
cellular enzymes including chitinases and chi-
tosanases. These enzymes can be used in drug 
preparations for treating cancer, diabetes, asth-
ma, inflammation, immunity modulation, anti-in-
flammatory, bacterial/fungal infections, wounds, 
sialic acid production, etc. (Hartl et al. 2012).

4.7.3  Laccase

Kumaresan et al. (2002) isolated two fungal en-
dophytes Pestalotiopsis sp. and Glomerella sp. 
inhabiting Rhizophora apiculata and screened 
them for the production of extracellular enzymes 
such as laccase and cellulase. Promputtha et al. 
(2010) also reported the production of laccase 
from Corynespora cassiicola, endophytic in 
Magnolia liliifera. This enzyme can be exploited 
for processing of wine, fruit juice and beer, bio-
remediation of phenolic compounds, delignifica-
tion, bio-bleaching, etc. (Kunamneni et al. 2008).

4.7.4  Chitin Deacetylase

Suryanarayanan et al. (2012) observed the pro-
duction of chitin deacetylase from the fungal en-
dophytes Pestalotiopsis sp. and Sordaria sp. in-
habiting the tropical forest trees. This enzyme is 
used for biological control of insect pests, human 
and plant pathogens and can even be exploited 
for preparation of chitosan from chitin (Zhao 
et al. 2010).

4.7.5  Acidic Protease

Many foliar fungal endophytes, i.e. Nodulispo-
rium, Xylaria, Colletotrichum, Corynespora 
and Curvularia show positive results for the 
production of acidic proteases (Suryanarayanan 
et al. 2012). This enzyme aids in preparation of 
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fermented foods and seasoning material as well 
as in digestion (Rao et al. 1998).

4.7.6  β-glucosidase

Suryanarayanan et al. (2012) have observed the 
production of β-glucosidases from the endophytic 
Phomopsis sp. Chauve et al. (2010) reported that 
this enzyme is mainly used for biofuel produc-
tion from lignocellulosic biomass.

4.7.7  Tannase

Production of tannase enzyme from the endo-
phytic Phomopsis sp. has been reported by Sury-
anarayanan et al. (2012). This enzyme is used as 
a clarifying agent in instant tea, fruit juices and 
wine (Ramirez-Coronel et al. 2003).

4.8  Agricultural Importance  
of Endophytes

In order to feed the growing human population, 
the use of man-made fertilizers (particularly N 
and P fertilizers) have increased manifold to in-
crease the crop production (Vance 2001). People 
are mainly interested in large-scale crop produc-
tion, thereby using wide varieties of pesticides, 
fungicides and bactericides without caring about 
their harmful effects on ground and surface water 
(Cook 1992).

One of the best alternative methods involves 
the use of endophytes as biofertilizers in agricul-
ture. In the recent times, use of endophytes in ag-
riculture have received a substantial attention due 
to their broad host range, tolerance to a vast range 
of environmental conditions and promotion of 
vegetative growth including seed production of 
various economically important plants (Singh 
et al. 2000; Shende et al. 2006). Endophytes have 
become a valuable tool for agriculture due to 
their capability to colonize the internal tissues of 
the host and to contribute towards plant growth.

Over the last 40 years, nutrient use efficiency 
(NUE) in crop production has decreased consid-
erably (Hirel et al. 2007). Due to this and rapid 

depletion of mines mineral deposits (particularly 
Potassium and phosphorus) along with their in-
creasing costs have raised threat to current crop 
production and future food security (Tilman et al. 
2002; Cordell et al. 2009). Nutrient use efficiency 
in crop plants may significantly be increased by 
root-colonizing endophytes. These endophytes 
help the crop plants in two ways:
a. Direct mode of action through nitrogen fixa-

tion, phosphorus and micronutrient uptake, 
etc.

b. Indirect mode of action through antagonism 
against soil- and seed-borne pathogens, induc-
tion of plant resistance, etc.

Nowadays, a strongly growing field of land use 
is desert agriculture, but the problems caused by 
soil-borne pathogens limit the yield. However, 
endophytic biological control agents (BCAs) are 
the promising candidates for plant protection that 
can suppress these soil-borne pathogens. But for 
desert agriculture, only specific and drought re-
sistant strains of BCAs will prove beneficial (Ko-
berl et al. 2011). Khan et al. (2012) reported an 
endophyte, Paraconiothyrium sp. as a potential 
producer of phytotoxin. So, it can be exploited 
for weed control strategies.

Among the most important microbes ben-
eficial for agriculture are the different species of 
genus Trichoderma, being used worldwide as ac-
tive ingredients of biopesticides and biofertiliz-
ers (Harman et al. 2004). Specific species of this 
genus can act endophytically in the vascular sys-
tem by colonizing the root tissues thereby, estab-
lishing a physiological interaction with the host 
plant based on molecular crosstalk. This results 
in the promotion of plant growth and develop-
ment along with resistance to diseases, degrada-
tion of toxic compounds, promotion of water and 
nutrient uptake and finally brings about the pro-
duction of bioactive Trichoderma metabolites.

4.9  Endophytes as Nanoparticle 
Biosynthesizers

Endophytes can be used as potential biosynthe-
sizers for production of various economically 
and industrially important compounds. Various 
endophytes can be exploited for the extracellular 
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or intracellular synthesis of different indigenous 
or nonindigenous compounds. Pestalotia sp. 
isolated from the healthy leaves of Syzygium has 
been used for the extracellular synthesis of silver 
nanoparticles which exhibited good antimicro-
bial potential (Raheman et al. 2011). Similarly, 
Aspergillus clavatus, isolated from the sterilized 
stem tissue of Azadirachta indica, was also re-
ported to be capable of synthesizing extracellu-
lar silver nanoparticles (Verma et al. 2010). The 
same endophyte was found to produce diverse 
range of gold nanoparticles as well, especially 
nanotriangles in the size range from 20 to 35 nm. 
These nanotriangles possess special optical and 
physical properties which can be exploited for 
vital applications such as biomedicine, optics, 
electronics, catalysis and many more (Verma 
et al. 2010). There is a big thrust in the area of 
synthesizing different metal nanoparticles using 
biological systems these days because of their 
potential application in nanomedicines (Pan-
neerselvam et al. 2011). There are wide ap-
plications of nanoparticles in diverse fields as 
catalysts, sensors, medicines, etc. that largely 
depend on the different physical and optical 
properties of the particles. The synthesis of 
nanoparticles using biological systems provides 
new routes to develop nanoparticles with desired 
properties for making their exploitation possible 
in diverse fields (Pugazhenthiran et al. 2009). 
The nonpathogenic and ecofriendly behaviours 
of endophytes make them as good candidates for 
biosynthesizers.

4.10  Endophytes as Host Plant 
Growth Promoters

Endophytes might prove to be important biolog-
ical agents in near future and revolutionize the 
agriculture industry without harming the nature. 
By artificially inoculating specific endophytes in 
non-host plants, the property of microbes to im-
prove host plant growth potential can be trans-
ferred to new and economically important crops. 
It has been observed that seed bacterization of 
bhendi plant with some selected endophytic 

isolates promote plant growth (Vetrivelkalai 
et al. 2010). Another endophyte Piriformospora 
indica has great potential as plant growth-pro-
moting agent and is sometimes termed as plant 
probiotic. Phosphorous (P) is one of the most es-
sential mineral nutrients for proper plant growth 
and development. P. indica has important role 
in P transfer to the plant particularly under P-
deprived conditions (Kumar et al. 2011). Some 
endophytes are reported to have nitrogen fixa-
tion ability that can also promote the host plant 
growth (Hurek et al. 2003). Enterobacter sp. 
638, isolated from poplar plant, has been re-
ported as a plant growth-promoting gamma-pro-
teobacterium (Taghavi et al. 2010). Poplar plant 
is one of the potentially important biofuel feed 
stock plant. Combined genome, transcriptome 
and metabolome analysis revealed synergistic 
interaction between poplar and its growth-pro-
moting endophyte. Nitrogen fixation, P solubili-
zation, indole acetic acid (IAA) production and 
siderophore secretion are some of the common-
ly followed mechanisms through which endo-
phytes are able to promote the host plant growth. 
Improved plant growth, higher nutrient content, 
resistance to insect pests and herbivores, resis-
tance or tolerance to diseases, increased compet-
itiveness, enhanced tolerance to stressful factors 
such as heavy metals, low pH, high salinity, etc., 
are the other benefits from the endophytic inter-
action (Kumar et al. 2011). Endophytes can be 
used as biofertilizers for plant growth promotion 
(Pandya et al. 2010). The plant growth-promot-
ing potential of endophytes can also be exploited 
for the improved and sustainable production of 
important crops on marginal and nonagricultural 
soils (Table 4.2).

4.11  Endophytes as Host Plant 
Stress Relievers

Different kinds of abiotic factors such as drought, 
flood, high soil salinity, heat, cold, oxidative 
stress, heavy metal toxicity and nutrient defi-
ciency, etc. lead to stress in the plant resulting 
in lower or no yield. Plant growth-promoting 
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potential of endophytes can be exploited to over-
come the limitations of crop productivity caused 
by different abiotic stress factors and it may prove 
to be a promising alternative strategy (Table 4.3). 
For the sustainable existence of plants, endo-
phytes have done and are still doing a good job 
as symbionts (Singh et al. 2011). P. indica and 
Sebacina vermifera are common root endophytes 
found in wide variety of plant species. Both or-
ganisms have the potential to promote their host 
plant growth, and to induce resistance against 
soil-borne fungal pathogens (Ghahfarokhi et al. 
2010). Agricultural productivity under saline 
conditions can be improved by exploiting the 
potential of endophytic fungi as they have been 
reported to produce important stress-relieving 
phytohormones (Khan et al. 2012). The ability 
of fungal endophytes to confer stress tolerance 
to plants may provide a novel strategy for miti-
gating the impacts of global climate change on 
agricultural and native plant communities (Ro-
driguez et al. 2008).

4.12  Endophytes as a Source  
of Biofuel

Constantly increasing energy consumption, en-
ergy demand and environmental concerns are 
constantly heralding the need of an alternative 
biofuel resource. Many endophytes possess en-
zymes of interest that have the ability to degrade 
available carbon sources into compounds that can 
be used as biofuels (Suryanarayanan et al. 2012). 
Studies say that endophytes can be exploited for 
the synthesis of fuel-based compounds utilizing 
cellulose-based medium from host plant. Solid-
phase micro-extraction (SPME)-gas chromatog-
raphy/mass spectrometry (GC/MS) analysis of an 
endophytic fungus, Gliocladium roseum revealed 
the production of a series of volatile hydrocarbons 
and their derivatives under controlled conditions 
(Strobel et al. 2008). The hydrocarbons charac-
terized were named as myco-diesel as some of 
them had properties similar to diesel fuel. Some 
of the endophytes isolated from different species 

Table 4.2  Endophytes characterized for their plant growth promoting potential
Endophyte Host plant Plant growth-promoting activity Reference
Paecilomyces
Formosus

Cucumber Gibberellin synthesis Khan et al. 2012

Methylobacterium spp. Citrus sp. Siderophore secretion Vendan et al. 2010
Micrococcus luteus Ginseng sp. IAA synthesis
Lysinibacillus fusiformis Phosphate solubilisation
Stenotrophomonas
Maltophilia

Nitrogen fixation

Penicillium citrinum Ixeris repens Phytohormone synthesis Khan et al. 2008
Pantoea agglomerans Oryza sativa Nitrogen fixation Feng et al. 2006

Table 4.3  Important endophytes used as plant abiotic stress relievers
Endophyte Abiotic stress Host Reference
Fusarium culmorum Drought Oryza sativa Redman et al. 2011
Piriformospora indica Drought Brassica campestris Sun et al. 2010
Trichoderma hamatum Drought Theobroma cacao Bae et al. 2009
Curvularia protuberate Drought Oryza sativa Rodriguez et al. 2008
Curvularia protuberate Heat Lycopersicon esculentum
Fusarium culmorum Salinity Oryza sativa, Lycopersicon esculentum
Piriformospora indica Salinity Hordeum vulgare Waller et al. 2005
Neotyphodium Drought Festuca arizonica Morse et al. 2002
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of tropical plants may prove to be potential bio-
fuel sources as they contain high concentrations 
of methyl esters which are effective biofuel pre-
cursors (Santos et al. 2011).

4.13  Endophytes as Biocontrol 
Agents

Many plant endophytes are reported as potential 
biocontrol agents against plant pathogens. The 
biocontrol activity imposed by endophytes may 
be due to competition for space and nutrients, se-
cretion of chitinolytic enzymes, myco-parasitism 
and production of inhibitory compounds. Some 
root endophytic fungi like Piroformospora indica, 
Sebacina vermifera and Trichoderma species 
have been reported as potential biocontrol agents 
against plant pathogens such as Gaeumannomy-
ces graminis, causative agent of Take-all dis-
ease of wheat; Fusarium oxysporum, causative 
agent of fusarium wilt of lentil and many more 
(Ghahfarokhi et al. 2010; Dolatabadi et al. 2012). 
Shalini and Kotasthane (2007) reported strains of 
Trichoderma including Trichoderma harzianum, 
Trichoderma viride and Trichoderma aureoviri-
de as growth inhibitors of Rhizoctonia solani, a 
potent plant pathogen. Some endophytes, if not 
completely eliminate, reduce the severity of the 
host plant disease to an efficient extent. P. indica-
colonized host plants were reported to be affected 
less severely by Pseudocercosporella herpotri-
choides disease (Pandya et al. 2010). It has been 
reported that P. indica has the ability to improve 
the production of tomato by acting antagonisti-
cally against Verticillium dahliae (Fakhro et al. 
2010). The host plant growth promotion by P. 
indica was not only observed in soil but also in 
hydroponic cultures. Muscodor albus, an endo-
phytic fungal isolate from the plant Cinnamomum 
zeylanicum was reported to produce bioactive 
volatile organic compounds (VOCs). The mixture 
of VOCs produced by the isolate was found to be 
effective against various human and plant patho-
genic fungi and bacteria (Strobel et al. 2006). 
Some of the fungal endophytes isolated from 
different vegetable crops were reported to ex-
hibit anti-oomycete property (Kim et al. 2007). In 

dual culture tests, the fungal isolates were shown 
to inhibit the growth of various oomycete plant 
pathogens, viz. Pythium ultimum, Phytophthora 
infestans and Phytophthora capsici. So, endo-
phytes can be considered as potent anti-oomycete 
agents. More intensive research is required to op-
timize the application of endophytes as biocontrol 
agents so that the quality of crops in terms of taste 
and health should not be negatively affected.

4.13.1  Concluding Statement  
and Future Perspectives

In today’s world, man has become almost in-
adequate to cope up with the medical problems 
due to the emergence of new diseases, increased 
incidences of fungal infections and drug resis-
tance by microorganisms. All this speaks about 
the need for new and useful bioactive compounds 
to provide relief and assistance to human suffer-
ings. Endophytes are considered as a mine for 
bioprospecting and thereby, help in various as-
pects to overcome many problems. It is proposed 
that many interesting cases are yet to be discov-
ered even after the exploitation of number of new 
endophytes and the metabolites thereof reported 
since last century. Endophytes have not only ben-
efited animals, but have been exploited to protect 
various plants from a wide range of pathogens 
and insect pests, etc. Some among them function 
by antagonism, inducing host defenses and also 
help in improving plants health and nutrition.

Among the various endophytic microbes, 
fungi have particularly proved to be a promis-
ing and largely untapped reservoir of bioactive 
metabolites. The natural products have been 
optimized by evolutionary, environmental and 
ecological factors yielding useful and effective 
bioactive secondary metabolites.

Majority of the drugs that are now being used 
against infective organisms, agronomic pests, 
parasites of livestock and humans and diseases 
such as tuberculosis, cancer, malaria, diabetes, 
etc., are mainly composed of a diverse range of 
bioactive plant secondary metabolites.

To achieve a range of applications associ-
ated with plant–endophyte relationship, there is 
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a need for understanding the mechanisms behind 
the interaction of endophytes with their host plant 
so that the biotechnological potential of such a 
relationship can be fully elucidated. A deeper un-
derstanding at the molecular and genetic levels 
of this relationship may prove beneficial for in-
ducing and optimizing secondary metabolite pro-
duction in vitro to yield potential bioactive me-
tabolites. As a result of genetic engineering and 
metabolic regulation, the content and the yield of 
active ingredients in certain known strains can be 
accordingly increased for large-scale production. 
The present review has unlocked the myriad ben-
efits of endophytes which can be utilized in dif-
ferent ways for the improvement of plant growth, 
development and productivity. Endophytes, 
hence is an important and interesting complex 
occupying a unique niche worth for exploration.
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Abstract

This review covers substantially the cytotoxic compounds isolated from 
endophytic fungi from terrestrial and mangrove plants during 2009–2012. 
Endophytes living asymptomatically within plant tissues have been found 
in almost all plants studied to date. Many of the compounds reported here 
were originally isolated from plants, then from endophytic fungi, whereas 
some are exclusively isolated from endophytic fungi. The anticancer ac-
tivities in this review are from the published cytotoxicity against specific 
cancer cell lines. Development of these natural compounds is based on 
their cytotoxic activity profiles, chemical structures, and potential struc-
ture–activity relationship deduced from the biochemical and cytotoxic 
studies.

Keywords

Endophytic fungi · Cytotoxic compounds · Anticancer · Mangrove 
plants · Medicinal plants

5.1  Introduction

Based on the data reported by the World Health 
Organization’s Cancer Control Program, (http://
www.who.int/cancer), on a worldwide scale more 
than 11 million people are diagnosed with can-
cer every year. So, it is estimated that there will 
be 16 million new cases of cancer every year by 
2020. Cancer is a chronic disease that is caused 

by defective genome-surveillance and signal-
transduction mechanisms (Davoodi et al. 2012). 
It is characterized by out-of-control cell growth 
leading to genomic instability. The development 
of tumors is a multistep process involving various 
environmental and genetic factors (Li et al. 2011). 
Increasing insight into the genetics and molecular 
biology of cancer has resulted in the identifica-
tion of an increasing number of potential molecu-
lar targets for anticancer drug discovery and de-
velopment (Hanahan and Weinberg 2011).

Emerging evidences indicate that the antican-
cer activities of certain natural products and their 
chemically modified derivatives are due to their 
involvement in the induction of apoptosis, which 
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is regarded as the preferred way to manage can-
cer. Understanding the molecular mechanisms 
of actions of these compounds and their effects 
on cellular signaling processes as well as their 
structure–activity relationships is necessary for 
the development of new compounds with more 
favorable profiles in chemopreventive activities. 
Efficient and effective applications of natural 
products will improve the drug discovery process 
by reducing the side effects (Kuo et al. 2005).

To date, no fungal metabolite or its derivative 
has been approved as an anticancer drug; however, 
there are several compounds in clinical trials. For 
example, irofulven, a chemical derivative of illu-
din S, first isolated from the basidiomycetes Om-
phalotus illudens (formerly Clitocybe illudens) is 
undergoing phase I and II trials for various types 
of cancer and phase II trials in combination with 
approved chemotherapeutics (Greve et al. 2010). 
Another example is plinabulin (NPI-2358), a 
chemical derivative based on the diketopiperazine 
phenylahistin (also known as halimide), which 
was isolated from cultures of the marine fungus 
Aspergillus ustus (Kanoh et al. 1997). In combi-
nation with docetaxel, plinabulin is at present in 
phase II clinical studies against advanced non-
small cell lung cancer (Greve et al. 2010).

Endophytes are biodiverse microorganisms 
with inherent properties to colonize and survive 
in internal tissues of all plant species, creating 
a huge biodiversity with unknown novel natu-
ral products with the possibilities to become the 
frontiers of drug discovery. After the discovery 
of Taxol, a billion dollar anticancer drug, the re-
search on endophytic microorganisms has yielded 
several potential drug lead compounds with anti-
bacterial, antiviral, antioxidant, antineurodegen-
erative, immunosuppressant, anti-inflammatory, 
antidiabetic, and anticancer properties (Zhang 
et al. 1999; Strobel and Daisy 2003; Gunatilaka 
2006; Deshmukh and Verekar 2009; Kharwar 
et al. 2011; Deshmukh and Verekar 2012; Mishra 
et al. 2013). Endophytes play a major role in the 
physiological activities of host plants influenc-
ing enhancement of stress, insect, nematode, and 
disease resistance (Carroll 1988; Hallmann and 
Sikora 1996; Sturz and Nowak 2000; Azevedo 
and Araujo 2007).

The collection of plants for isolation of en-
dophytes should be done with a definite strat-
egy in mind. The biogeography of ecosystem 
along with the medicinal property of the plant 
selected should be taken into consideration for 
the collection program. Plants already known for 
production of notable drugs, used in traditional 
medicine, can be taken for the isolation of endo-
phytes. It is also important to know which sea-
son traditional healers are using for collection of 
these plants. These endophytes can be screened 
for several disease areas irrespective of what the 
traditional healer is using it for. For example, the 
Catharanthus roseus plant was initially used for 
treating diabetes, but the alkaloids isolated from 
this plant are in use for treating cancer. This will 
give us a broader aspect of the medicinal poten-
tial of these fungi.

In this review, we have attempted to cover me-
tabolites discovered from endophytic fungi iso-
lated from terrestrial plants and mangroves dur-
ing 2009–2012 and their potential as anticancer 
agents. Brief descriptions of the cytotoxic activ-
ity of these compounds against selected cancer 
cell lines are given. Many of these compounds 
are shown in Tables 5.1 and 5.2.

5.2  Compounds from Endophytic 
Fungi of Terrestrial Plants

Paclitaxel (Taxol) (1), a well-known and highly 
functionalized tetracyclic diterpenoid bioactive 
compound, was originally isolated from the bark 
of Taxus brevifolia (Wani et al. 1971). Taxol is 
found in extremely low amounts in the needles, 
bark, and roots of yews ( Taxus sp.). It is specifi-
cally targeted to treat prostate, ovarian, breast, 
and lung cancers (Rowinsky 1997). Taxol stabi-
lizes plus end dynamic instability of microtubules 
both in vitro and in vivo (Jordan et al. 1993, Yvon 
et al. 1999). The discovery of a paclitaxel-pro-
ducing endophytic fungus Taxomyces andreanae 
from the Pacific yew ( T. brevifolia) by Stierle 
et al. (1993) generated interest in the scientific 
community for the isolation of endophytic fungi, 
which produce not only Taxol but other active 
metabolites also. Over the last 19 years, there 
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have been numerous publications of fungi from 
yews (Stierle et al. 1993; Strobel et al. 1996; Yuan 
et al. 2006; Guo et al. 2006; Ruiz-Sanchez et al. 
2010) and other plant species (Kumaran et al. 
2008a, b, 2009a, b, 2011, Pandi et al. 2011).

To date, at least 20 genera of endophytic 
fungi ( Alternaria, Aspergillus, Botryodiplodia, 
Botrytis, Cladosporium, Ectostroma, Fusarium, 
Metarhizium, Monochaetia, Mucor, Nigrospora, 
Ozonium, Papulaspora, Periconia, Pestalotia, 
Pestalotiopsis, Phyllosticta, Pithomyces, Taxo-
myces, and Tubercularia) have been reported 
to produce paclitaxel and its analogues such 
as baccatin III (2) and 10-deacetylbaccatin III 
(3) (Table 5.1). The hosts of paclitaxel-produc-
ing fungi mainly include Taxus species (i.e., 
T. baccata, T. cuspidata, T. media, and T. yun-
nanensis) that belong to the family Taxaceae, 
and non-Taxus species such as Cardiospermum 
halicacabum (Sapindaceae), Citrus medica (Ru-
taceae), Cupressus sp. (Cupressaceae), Ginkgo 
biloba (Ginkgoaceae), Hibiscus rosa-sinensis 
(Malvaceae), Podocarpus sp. (Podocarpaceae), 
Taxodium distichum (Taxodiaceae), Termina-
lia arjuna (Combretaceae), Torreya grandifolia 
(Taxaceae), and Wollemia nobilis (Araucariace-
ae). Such a large number and wide host range of 
plants imply that both paclitaxel-producing fungi 
and their hosts have a broad biological diversity 
(Zhao et al. 2011).

Vinca alkaloids, vinblastine (4) and vincris-
tine (5), were isolated from the Madagascar peri-
winkle, C. roseus (Gueritte and Fahy 2005) and 
recent semisynthetic analogues of these agents, 
viz. vinolrelbine, vindesine, and vinflunine, have 
been reported (Cragg and Newman 2005; Ok-
ouneva et al. 2003; Simoens et al. 2008). These 
agents act through the inhibition of tubulin po-
lymerization and are used in combination with 
other cancer chemotherapeutics for the treatment 
of a variety of cancers including leukemias, lym-
phomas, advanced testicular cancer, breast can-
cer, lung cancer, and Kaposi’s sarcoma (Cragg 
and Newman 2009). These agents can also be 
isolated from endophytic fungi of C. roseus. Vin-
blastine was reported from Alternaria sp. associ-
ated with C. roseus (Guo et al. 1998). Later vin-
cristine was reported from Fusarium oxysporum 

and an unidentified endophytic fungus from C. 
roseus (Zhang et al. 2000; Yang et al. 2004).

Camptothecin (6) was initially isolated from 
the bark of Camptotheca acuminata (Nyssaceae) 
(Wall et al. 1966) followed by Nothapodytes 
foetida (Fulzele et al. 2001). Later on camptothe-
cin was reported from another endophytic fungus 
Entrophosphora infrequens of N. foetida (Puri 
et al. 2005). It was also reported from Neuros-
pora crassa, a seed endophyte of C. acuminata 
(Rehman et al. 2008), from Nodulisporium sp. 
isolated from N. foetida (Rehman et al. 2009), 
Botryosphaeria parva isolated from Nothapo-
dytes nimmoniana (Icacinaceae) (Gurudatt et al. 
2010), and Fusarium solani strains MTCC9667 
and MTCC9668 isolated from Apodytes dimidi-
ate (Shweta et al. 2010). Camptothecin acts 
through inhibition of topoisomerase I, an impor-
tant enzyme involved in the replication pathway 
of DNA during cell-cycle progression and, to 
date, remains the most important class of topoi-
somerase I inhibitors so far (Cragg and Newman 
2004).

Two of camptothecin analogues, 9-methoxy-
camptothecin (7) and 10-hydroxycamptothecin 
(8) were isolated from F. solani, an endophytic 
fungus of C. acuminata (Kusari et al. 2009a). 
10-hydroxycamptothecin was also isolated from 
an endophytic fungus Xylaria sp. M20, from C. 
acuminata (Liu et al. 2010) and an unidentified 
endophytic fungal strain XK001 from C. acu-
minata (Min and Wang 2009). F. solani strain 
MTCC9668 isolated from Apodytes dimidiate 
(Icacinaceae) from the Western Ghats, India pro-
duces 9-methoxycamptothecin and 10-hydroxyc-
amptothecin (Shweta et al. 2010).

Podophyllotoxin (9) is an important natural 
product which was originally isolated in 1950 
from the higher plant Podophyllum emodi (Leiter 
et al. 1950). Podophyllotoxin is currently used as a 
treatment for genital warts, but its greater value is 
its role as the precursor to three anticancer drugs, 
the topoisomerase I inhibitors etoposide (10), 
teniposide (11), and etoposide phosphate (12) 
(Puri et al. 2006; Eyberger et al. 2006). An alter-
native source of podophyllotoxin is an endophytic 
fungus Trametes hirsuta obtained from the dried 
rhizomes of Podophyllum hexandrum collected 
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from the northwestern Himalayan region of India 
(Puri et al. 2006). Simultaneously, two different 
strains of Phialocephala fortinii from rhizomes 
of Podophyllum peltatum yielded podophyllo-
toxin (Eyberger et al. 2006). Podophyllotoxin is 
also produced by an endophytic fungus F. oxyspo-
rum isolated from Juniperus recurva (Kour et al. 
2008). Anticancer prodrug deoxypodophyllotoxin 
(13) was isolated from an endophytic fungus As-
pergillus fumigatus isolated from Juniperus com-
munis L. Horstmann (Kusari et al. 2009b).

Hypericin (14), a naphthodianthrone deriva-
tive, originally isolated from the herb Hyperi-
cum perforatum (St. John’s Wort) has been used 
since ancient times to treat depression and other 
ailments (Brockmann et al. 1939; Nahrstedt and 
Butterweck 1997). Several in vitro studies have 
revealed that the multifaceted cytotoxic activity 
of hypericin is a result of photodynamic activity 
(Hadjur et al. 1996; Delaey et al. 2001; Kamu-
habwa et al. 2001). For the first time hypericin 
(14), along with emodin (15), was isolated from 
an endophytic fungus Thielavia subthermophila 
from H. perforatum from India (Kusari et al. 
2008) and exhibited photodynamic cytotoxicity 
against the human acute monocytic leukemia cell 
line (THP-1) in two different assays. THP-1 cells 
were exposed to varying concentrations of the 
fungal extract in the dark and after the extract had 
been irradiated with visible light for 20 min. In 
the resazurin-based assay, dark versus light cell 
viability was 92.7 versus 4.9 %, and in the ATP-
lite assay, dark versus light cell viability was 91.1 
versus 1.0 % (Kusari et al. 2009c).

Rohitukine (16), a chromane alkaloid, was 
first reported from Amoora rohituka (Harmon 
et al. 1979) and then from Dysoxylum binecta-
riferum (Naik et al. 1988), both from the family 
Meliaceae. Rohitukine exhibits both anti-inflam-
matory as well as immunomodulatory properties 
besides acting as an anticancer compound (Naik 
et al. 1988). Rohitukine is an important precur-
sor for the semisynthetic derivative, flavopiridol 
(17) (Carlson et al. 1996; Sedlacek et al. 1996). 
Flavopiridol inhibits several cyclin-dependent 
kinases (CDKs), a family of kinases which gov-
ern progression of cells through the cell cycle, 
and displays unique anticancer properties (Saus-

ville et al. 1999). In addition to directly inhibiting 
CDKs, flavopiridol is also known to selectively 
induce apoptotic cell death as well as exhibit-
ing some antiangiogenic properties (Takada and 
Aggarwal 2003). Rohitukine exhibits cytotoxic-
ity against SKOV3, T47D, MDAMB 273, NCI/
ADR-RES, and MCF-7 cell lines with IC50 value 
of 20, 50, 3, 2.8, and 15 μg/ml, respectively (Mo-
hanakumara et al. 2010). Recently, it has also 
been reported from an endophytic fungus Fusar-
ium proliferatum (MTCC 9690) from the inner 
bark tissue of D. binectariferum (Mohanakumara 
et al. 2012).

Annulosquamulin (18) and (3 S)-7-hydrox-
ymellein (19) were isolated from Annulohypoxy-
lon squamulosum BCRC 34022, an endophyte 
of Cinnamomum sp. Compounds 18 and 19 pos-
sessed moderate cytotoxicity against MCF-7, 
NCI-H460, and SF-268 cancer cell lines with 
IC50 values of 3.19, 3.38, 2.46, and 2.78, 3.17, 
2.38 µg/ml. The positive control Actinomycin 
D possessed cytotoxicity against MCF-7, NCI-
H460, and SF-268 cancer cell lines with IC50 val-
ues of 0.96, 0.56, and 0.52 µg/ml, respectively 
(Cheng et al. 2012).

Dicerandrol B (20) was isolated from an endo-
phytic isolate of Penicillium sp. (CR1642D), col-
lected from the Costa Rican rainforest. Diceran-
drol B exhibits moderate activity against Dox40, 
Farage, H929, HT, OPM2, and RPMI8226 in 
the presence of stromal cells with IC50 values of 
2.3, 1.3, 3.4, 1.3, 1.5, and 1.2 μM, respectively. 
The activity of dicerandrol B against cancer cell 
lines RPMI8226 and H929 is doubled or tripled 
in the presence of stromal cells (IC50 1.2 µM, but 
2.4 µM without stromal cells) (Cao et al. 2012).

Sclerotiorin (21) was isolated from an en-
dophytic fungus Cephalotheca faveolata, ob-
tained from the leaf petiole of Eugenia jambo-
lana. Sclerotiorin exhibited cytotoxicity against 
ACHN, Panc-1, Calu-1, HCT-116, and H460 
cell lines with IC50 value of 1.2, 1.6, 2.1, 0.63, 
and 1.6 µM, respectively, while it showed an 
IC50 > 10 µM in normal breast epithelium cells 
(MCF10A). It was also found that sclerotiorin in-
duced apoptosis in colon cancer (HCT116) cells 
via the activation of BAX and downregulation of 
Bcl-2, which lead to activation of cleaved cas-
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pase-3 thereby causing apoptosis of cancer cells 
(Giridharan et al. 2012).

Cercosporamide (22) was isolated from an 
endophytic fungus Phoma sp. ZJWCF006 in 
Arisaema erubescens. Cercosporamide exhib-
ited cytotoxic activity against HT-29, SMMC-
772, MCF-7, HL-60, MGC80–3, and P388 cell 
lines with IC50 values of 9.3, 27.87, 48.79, 37.57, 
27.83, and 30.37 μM, respectively. The positive 
control cisplatin was cytotoxic against HT-29, 
SMMC-772, MCF-7, HL-60, MGC80–3, and 
P388 cancer cell lines with IC50 values of 25, 
71.2, 73.6, 3.5, 12.3, and 2.8 µg/ml, respectively 
(Wang et al. 2012).

A polyketide compound, 5-hydroxyramulosin 
(23) was isolated from the endophytic fungus 
Phoma sp., from the plant Cinnamomum mollis-
simum. The compound was cytotoxic against mu-
rine leukemia cells with an IC50 of 2.10 μg/mL 
(Santiago et al. 2012).

5-methoxydihydrofusarubin B (24) and 5-hy-
droxydihydrofusarubin C (25), Javanicin (26) and 
3-O-methylfusarubin (27) were isolated from the 
endophytic fungus Fusarium sp. BCC14842, iso-
lated from bamboo leaves. 5-methoxydihydrofu-
sarubin B was cytotoxic against KB cells, MCF-7 
cells, NCIeH187 cells, and Vero cells with IC50 
values of 13.47, 28.26, 11.89, and > 50 µg/mL, 
respectively. 5-hydroxydihydrofusarubin C 
was cytotoxic against KB cells, MCF-7 cells, 
NCIeH187 cells, Vero cells with IC50 values of 
9.28, 8.50, 5.38, 12.77 µg/mL, respectively. Ja-
vanicin was cytotoxic against KB cells, MCF-7 
cells, NCIeH187 cells, Vero cells with IC50 val-
ues of 1.62, 3.40, 1.91, 6.98 µg/mL, respectively. 
3-O-methylfusarubin exhibited cytotoxic activity 
against KB cells, MCF-7 cells, NCIeH187 cells, 
Vero cells with IC50 values of 9.28, 8.50, 5.38, 
and 12.77 µg/mL, respectively (Kornsakulkarn 
et al. 2011).

Isopimarane diterpenes, 19-(2-acetamido-2-
deoxy-α-D-glucopyranosyloxy)isopimara-7,15-
dien-3β-ol (28), and 19-(α-D-glucopyranosyloxy) 
isopimara-7,15-dien-3-one (29) were isolated 
from the endophytic fungus Paraconiothyrium 
sp. MY-42 of a beech branch collected in Octo-
ber 2008 at Mt. Gassan, Yamagata, Japan. Com-
pounds (28) and (29) showed moderate cytotox-

icity against the human promyelocytic leukemia 
cell line HL60 with an IC50 value of 6.7 µM 
and 9.8 µM, respectively, while camptothecin 
showed an IC50 of 0.01 µM (Shiono et al. 2011).

Phomoarcherins B (30), C (31) were isolated 
from the endophytic fungus Phomopsis archeri 
of the stem of Vanilla albidia. Phomoarcherins B 
exhibited in vitro cytotoxic activity against KKU-
100, KKU-M139, KKU-M156, KKU-M213, 
KKU-M214, and KB cell lines with IC50 values 
of 8.0, 0.1, 2.0, 20, 5.0, and 9.4 μg/ml, respec-
tively. Phomoarcherins C exhibited in vitro cy-
totoxic activity against KKU-100, KKU-M139, 
KKU-M156, KKU-M213, and KKU-M214 cell 
lines with IC50 values 8.9, 8.9, 18.0, 15.4, and 
18.8 μg/ml, respectively (Hemtasin et al. 2011).

Cercosporin (32) was isolated from an endo-
phytic fungus, Mycosphaerella sp. strain F2140, 
associated with the plant Psychotria horizonta-
lis (Rubiaceae). Cercosporin showed an IC50 of 
4.68 µM against MCF7 cancer cell lines, whereas 
camptothecin showed an IC50 value of 0.01 µM 
(Moreno et al. 2011).

Pestaloquinols A (33) and B (34) were isolated 
from an endophytic fungus Pestalotiopsis sp. iso-
lated from Podocarpus macrophyllus. When both 
were tested for cytotoxicity against HeLa (cervi-
cal epithelium) cells, both showed IC50 values of 
8.8 μM (the positive controls VP-16 and D-24851 
showed IC50 values of 1.63 and 0.88 μM, respec-
tively (Ding et al. 2011).

LMA-P1 (35), Sch-642305 (36), and ben-
quoine (37) were isolated from the cultivation 
broth of Phomopsis sp. CMU-LMA was isolated 
from Alpinia malaccensis. LMA-P1 exhibited 
the highest cytotoxic activity against the colonic 
epithelial cancer cell line HCT-116 cells with an 
IC50 of 41 nM, benquoine and Sch-642305 had 
lower activity at 210 and 140 nM, respectively 
(Adelin et al. 2011).

Cytospolides B and E (38, 39) were isolated 
from the endophytic fungus Cytospora sp. isolat-
ed from Ilex canariensis. Cytospolides B and E 
displayed strong cytotoxicity against A-549 cell 
line with IC50 values of 5.15 and 7.09 μg/mL, re-
spectively (Lu et al. 2011).

Massarigenin D (40), Spiromassaritone (41), 
and Paecilospirone (42) were isolated from an 
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endophytic fungus Massrison sp. isolated from 
wild Rehmannia glutinosa. Spiromassaritone ex-
hibited cytotoxicity against L-02, HepG-2, MCF-
7, and A-549 cell lines with an IC50 value of 7.2, 
5.6, 6.8, and 9.8 µg/ml, respectively, while pae-
cilospirone exhibited cytotoxicity against L-02, 
HepG-2, MCF-7, and A-549 cell lines with an 
IC50 value of 12.4, 10.4, 7.6, and 6.8 µg/ml, re-
spectively. Massarigenin D exhibited cytotoxic-
ity against L-02, HepG-2, MCF-7, and A-549 
cell lines with an IC50 value of 19.6, 20.8, 11.2, 
and 14.4 µg/ml, respectively. Mitomycin, a posi-
tive control, exhibited cytotoxicity against L-02, 
HepG-2, MCF-7, and A-549 cell lines with an 
IC50 value of 13.6, 6.8, 3.6, and 3.2 µg/ml, re-
spectively (Sun et al. 2011).

Diaporthein B (43) and scopararane A (44) 
were isolated from the endophytic fungus Eu-
typella sp. BCC 13199 was isolated from 
Etlingera littoralis. Diaporthein B exhibited sig-
nificant cytotoxic activities against NCI-H187, 
MCF-7, KB, and Vero cell lines with an IC50 of 
0.15, 1.2, 3.2, and 2.8 µM, respectively. Scopara-
rane A exhibited significant cytotoxic activities 
against NCI-H187, MCF-7, KB, and Vero cell 
lines with an IC50 value of 0.024, 5.7, 9.3, and 
2.6 µM, respectively (Isaka et al. 2011).

Roritoxin E (45) was isolated from an endo-
phytic fungus Myrothecium roridum IFB-E091 
residing inside Artemisia annua root. Roritoxin 
E exhibited cytotoxicity against the gastric carci-
noma SGC-7901 and hepatocarcinoma SMMC-
7721 cell lines, with IC50 values of 0.26 and 
10.54 µg/mL, respectively. 5-fluorouracil co-
assayed as a positive control had an IC50 value 
of 6.66 µg/mL against SGC-7901 cells, and it 
demonstrated only a 9.98 % growth inhibition 
against SMMC-7721 cells at 10 µg/mL (Shen 
et al. 2010).

Beauvercin (46) was isolated from F. oxys-
porum, isolated from the bark of Cinnamomum 
kanehirae, an endemic plant of Taiwan. Beauv-
ericin showed cytotoxicity against PC-3, Panc-
1, and A549 with IC50 values of 49.5, 47.2, and 
10.4 µM, respectively (Wang et al. 2011).

Chaetoglobosin V (47), W (48), A (49), Fex 
(50), C (51), F (52), E (53), and G (54) were iso-
lated from an endophytic fungus Chaetomium 

globosum IFB-E041, isolated from A. annulata. 
Compound 47–49 and 51–54 showed moderate 
cytotoxic activity against KB cell lines with IC50 
values in the range of 20–30 µg/ml. Compound 
50 and 52–54 exhibited considerable cytotoxic 
activity against the K562 cell lines with IC50 val-
ues of 19.25, 18.89, 20.90, and 25.40 µg/ml, re-
spectively. Chaetoglobosin V displayed moderate 
cytotoxic activity against MCF-7 cell lines with 
IC50 values of 27.86 µg/ml and chaetoglobosin 
W exhibited moderate cytotoxic activity against 
HepG2 cell lines with IC50 values of 27.87 µg/
ml. Doxorubicin hydrochloride, a positive con-
trol, exhibited cytotoxic activities against four 
human cancer cell lines, i.e., KB, K562, MCF-
7, and HepG2 with IC50 values of 0.12, 0.68, 
0.78, and 0.76 µg/mL, respectively (Zhang et al. 
2010a).

Chaetomugilin D (55), chaetomugilin A (56), 
chaetoglobosin A (49), and C (51) were isolated 
from an endophytic fungus C. globosum, isolated 
from G. biloba. Compounds 55, 56, 49, and 51 
displayed significant growth inhibitory activity 
against the brine shrimp ( Artemia salina) and 
toxicity at a concentration of 10 µg/ml, with 
mortality rates (%) of 75.2, 78.3, 83.4, and 75.3, 
respectively (Qin et al. 2009).

Botryorhodines A (57) and B (58) were iso-
lated from an endophytic fungus Botryosphae-
ria rhodina, isolated from Bidens pilosa. Com-
pounds 57 and 58 exhibited potent antiprolifera-
tive activity against HUVEC cell line (GI50 value 
1.67 and 0.07 µM) and K-562 (GI50 of 0.84 and 
0.003 µM). Botryorhodine A and B show moder-
ate to weak cytotoxic activities against HeLa cell 
lines with a CC50 of 96.97 and 36.41 µM, respec-
tively (Abdou et al. 2010).

Aphidicolin (59) and (22E,24R)-ergosta-
4,6,8(14),22-tetraen-3-one (60) were isolated 
from the endophytic fungus Nigrospora sphaeri-
ca (SS67) and Phoma betae isolated from plant 
Smallanthus sonchifolius (Asteraceae). Aphidi-
colin exhibited cytotoxicity against HCT-8, 
MDA-MB435, SF295, and HL-60 cell lines with 
IC50 values of 0.05, 0.20, 0.16, and 0.09 μg/ml, 
respectively. Compound 60 exhibited cytotoxic-
ity against HCT-8, MDA-MB435, SF295, and 
HL-60 cell lines with IC50 values of 6.24, 14.11, 
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17.03, and 5.29 μg/ml, respectively (Gallo et al. 
2009). (22E, 24R)-8,14-epoxyergosta-4,22-di-
ene-3,6-dione (61) was isolated from an endo-
phytic fungus Papulaspora immerse, isolated 
from S. sonchifolius. Compound 61 showed the 
highest cytotoxic activity against human tumor 
cell lines MDA-MB435, HCT-8, SF295, and 
HL-60 with IC50 values of 3.3, 14.7, 5.0, and 
1.6 µM, respectively (Gallo et al. 2010).

Three eremophilane-type sesquiterpenes (62–
64) were isolated from the endophyte Xylaria sp. 
BCC 21097 associated with Licuala spinosa. The 
three compounds, eremophilanolide 62, 63, and 
64 exhibited moderate cytotoxic activity with 
IC50 values of 3.8–21 µM against cancer cell lines 
KB, MCF-7, and NCI-H187 (Isaka et al. 2010).

Chloropupukeananin (65), chloropestolide A 
(66), chloropupukeanolide A (67), pestaloficiol 
L (68) were isolated from the endophytic fungus 
Pestalotiopsis fici, isolated from the branches of 
Camellia sinensis (Liu 2011). Chloropupukea-
nanin displayed cytotoxic effect against HeLa 
and HT29 cells, showing IC50 values of 1.4 and 
6.7 μM, respectively (Liu et al. 2008). Chlo-
ropestolide A showed significant cytotoxicity 
against HeLa and HT29 cells, with IC50 values of 
0.7 and 4.2 μM, respectively (Liu et al. 2009a). 
Chloropupukeanolide A showed significant cy-
totoxicity against the human tumor cell lines, 
MDA-MB-231, HeLa, and MCF-7, with IC50 
values of 16.9, 15.5, and 15.9 μM, respectively 
(Liu et al. 2010). Pestaloficiol L displayed cy-
totoxic activity against HeLa and MCF-7 cells, 
with IC50 values of 8.7 and 17.4 μM against posi-
tive control 5-fluorouracil with IC50 values of 
10.0 and 15.0 μM, respectively (Liu et al. 2009b).

Ergoflavin (69) has been isolated from a leaf 
ascomycetous endophyte of Mimosops elengi 
designated PM0651480. Ergoflavin exhib-
ited cytotoxicity against ACHN, H460, Panc1, 
HCT116, and Calu1 cancer cell lines, with IC50 
values of 1.2, 4.0, 2.4, 8.0, and 1.5 µM, respec-
tively. Flavopiridol, a positive control, exhib-
ited cytotoxicity against ACHN, H460, Panc-1, 
HCT116, and Calu1 cell lines, with IC50 value of 
0.84, 0.38, 0.23, 0.25, and 0.41 µM, respectively 
(Deshmukh et al. 2009).

Dothideopyrone D (70) was isolated from the 
endophytic fungus Dothideomycete sp. LRUB20, 
isolated from Leea rubra (Family Leeaceae). 
Dothideopyrone D exhibited cytotoxic activity 
against HeLa, HuCCA-1, HepG2, T47D, MDA–
MB231, S102, A549, HL60, and MOLT3 cancer 
cell lines with IC50 of 23, 19, 21, 21, 20, 24, 25, 
16, and 13.8 µg/ml, respectively (Chomcheon 
et al. 2009).

Spiropreussione A (71) was isolated from an 
endophytic fungus Preussia sp., isolated from 
the stem of Aquilaria sinensis. Spiropreussione 
A showed cytotoxicity toward A2780 and BEL-
7404 cells with IC50 values of 2.4 and 3.0 µM, re-
spectively. It was inactive (IC50 > 10 μM) against 
HCT-8, BGC-823, and A-549 human cancer cell 
lines (Chen et al. 2009).

Photinides A–F (72–77) were isolated from 
an endophytic fungus Pestalotiopsis photiniae, 
isolated from Roystonea regia. Compounds 
72–77 showed modest but selective cytotoxicity 
against MDA-MB-2311, with inhibitory rates in 
the range of 23.1–24.6 % when tested at 10 μg/
mL, whereas none of these compounds displayed 
cytotoxicity against HeLa cells at the same con-
centration (Ding et al. 2009).

Eutypellin A (78) was isolated from the endo-
phytic fungus Eutypella sp. BCC 13199, an endo-
phyte of E. littoralis. Eutypellin A is a γ-lactone 
that exhibited cytotoxic activity against NCI-
H187, MCF-7, KB, and nonmalignant Vero cells 
with IC50 values of 12, 84, 38, and 88 µM, re-
spectively. Ellipticine, a positive control, exhibit-
ed cytotoxic activity against NCI-H187, KB, and 
nonmalignant Vero cells with IC50 values of 3.6, 
2.5, and 5.5 µM, respectively (Isaka et al. 2009a).

9-deacetoxyfumigaclavine C (79) was isolat-
ed from an endophyte A. fumigatus, which was 
obtained from stem of Cynodon dactylon. It ex-
hibited potent cytotoxicity against human leuke-
mia cells (K562) with an IC50 value of 3.1 µM, 
while doxorubicin hydrochloride, a drug which 
is currently used for the treatment of leukemia at 
1.2 µM (Ge et al. 2009).

Phomopsolide B (80) was isolated from the 
endophytic fungal strain Diaporthe sp. XZ-07 
of C. acuminata. Phomopsolide B significantly 
inhibited the growth of human-tumor HeLa cells 
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with an IC50 of 5.7 µg/mL and IC50 value of the 
positive control Cisplatin was 3.5 µg/ml (Yuan 
et al. 2009).

Cochliodinol (81) and isocochliodinol (82) 
were isolated from an endophytic fungus Chaeto-
mium sp. of Salvia officinalis. These compounds 
were tested for cytotoxicity against L5178Y 
mouse lymphoma cells. Cochliodinol was an 
order of magnitude more potent than its isomer, 
with an EC50 of 7.0 mg/mL, compared to 71.5 mg/
mL for isocochliodinol (Debbab et al. 2009).

Preussomerin EG1 (83), palmarumycin CP2 
(84), and CJ-12,371 (85) were isolated from 
the endophytic fungus Edenia sp., isolated from 
leaves of Petrea volubilis (Martinez-Luis et al. 
2008). Compounds 83–85 showed moderate ac-
tivity against MCF-7 cancer cell lines with IC50 
value of 23.5, 25.8, and 18.3 μM (Martinez-Luis 
et al. 2009).

Cytochalasin H (86), cytochalasin J (87), ep-
oxycytochalasin H (88), cytochalasin Z10 (89), 
and Z11 (90) were isolated from an endophytic 
fungi Endothia gyrosa IFB-E023, from the plant 
Vatica mangachapo (Dipterocarpaceae). Metab-
olites 86–90 were demonstrated to be substan-
tially cytotoxic to the human leukemia K562 cell 
line with IC50 values of 10.1, 1.5, 24.5, 28.3, and 
24.4 µM, respectively, which are comparable to 
that of 5-fluorouracil (33.0 µM), co-assayed as 
the positive reference (Xu et al. 2009a).

5.3  Compounds from Endophytic 
Fungi of Mangroves

Anthracenedione derivative, 1403P-3 (91) was 
isolated from the mangrove endophytic fungus 
No. 1403. 1403P-3 exihibited cytotoxicity against 
human epidermoid carcinoma drug-sensitive pa-
rental KB cells and multidrug-resistant KBv200 
cells with IC50 values of 19.66 and 19.27 µM, re-
spectively (Zhang et al. 2007). This compound 
also exhibited cytotoxicity against human breast 
cancer cells MCF-7 and MDA-MB-435 with IC50 
values of 9.7 and 7.6 μM, respectively. 1403P-3 
induced breast cancer cell apoptosis by blocking 
Akt activation (Yuan et al. 2011).

Bianthraquinone derivatives, alterporriol K 
(92) and L (93) were isolated from the endophytic 
fungus Alternaria sp. ZJ9–6B, isolated from the 
mangrove Aegiceras corniculatum. Alterporriol 
K exhibited cytotoxicity against MDA-MB-435 
and MCF-7 cells with IC50 values of 26.97 and 
29.11 μM, respectively, and alterporriol L ex-
hibited cytotoxicity against MDA-MB-435 
and MCF-7 cells with IC50 values of 13.11 and 
20.04 μM, respectively (Huang et al. 2011).

Bostrycin (94) was isolated from the man-
grove endophytic fungus No. 1403. In the yeast 
Saccharomyces cerevisiae as a model, bostry-
cin inhibits cell proliferation by blocking the 
cell cycle at G1 phase and ultimately leads to 
cell death in a time- and dose-dependent man-
ner. Bostrycin-induced lethal cytotoxicity is ac-
companied with increased levels of intracellular 
ROS and hallmarks of apoptosis such as chro-
matin condensation, DNA fragmentation, and 
externalization of phosphatidylserine. Bostry-
cin decreases mitochondrial membrane electric 
potential and causes mitochondrial destruction 
during the progression of cell death. Bostrycin-
induced cell death was promoted in YCA1 null 
yeast strain but was partially rescued in AIF1 
null mutant both in fermentative and respiratory 
media, strongly indicating that bostrycin induces 
apoptosis in yeast cells through a mitochondria-
mediated but caspase-independent pathway (Xu 
et al. 2010). Bostrycin (94) and deoxybostrycin 
(95) were isolated from the marine endophytic 
fungus Nigrospora sp. (No. 1403) resident of 
Kandelia candel wood. Bostrycin exhibited cy-
totoxicity against A549, Hep-2, Hep G2, KB, 
MCF-7, and Adr with MCF-7 with IC50 values 
of 2.64, 5.39, 5.90, 4.19, 6.13, and 6.68 µM/ml, 
respectively. Deoxybostrycin was also cytotoxic 
against all the cell lines tested, with IC50 values 
of 2.44, 3.15, 4.41, 3.15, 4.76, and 5.46 µM/ml, 
respectively (Xia et al. 2011).

Talaperoxides B (96) and D (97) have been 
isolated from a mangrove endophytic fungus, 
Talaromyces flavus. Talaperoxide B exhibited in 
vitro cytotoxic activity against MCF-7, MDA-
MB-435, HepG2, HeLa, and PC-3 cells lines 
with IC50 values of 1.33, 2.78, 1.29, 1.73, and 
0.89 µg/mL, respectively. Talaperoxides D ex-
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hibited in vitro cytotoxic activity against MCF-
7, MDA-MB-435, HepG2, HeLa, and PC-3 cells 
lines with IC50 values of 1.92, 0.91, 0.90, 1.31, 
and 0.70 µg/mL, respectively (Li et al. 2011).

An anthraquinone derivative, 6, 8-dime-
thoxy-1-methyl-2-(3-oxobutyl) anthrakunthone 
(98) was isolated from the marine mangrove 
endophytic fungus Fusarium sp. ZZF60 from 
the South China Sea. It showed cytotoxicity to-
ward Hep2 and HepG2 with an IC50 of 16 and 
23 µM/L, respectively (Huang et al. 2010a).

Mycoepoxydiene (99), a polyketide was iso-
lated from a mangrove endophytic fungus No. 
1893 (Chen et al. 2005) and showed antitumour 
activity with an IC50 of 5.5 µg/mL against HeLa 
cell lines (Chen et al. 2006). Mycoepoxydiene 
inhibited the growth of HeLa cells by inducing 
apoptosis accompanied with cytoskeletal rear-
rangement and cell-cycle arrest at G2/M phase. 
The cytoskeleton reorganization in actively grow-
ing HeLa cells is by promoting formation of actin 
stress fiber and inhibiting polymerization of tu-
bulin. Mycoepoxydiene induced G2/M arrest by 
increasing p21 and cyclin B1 expression and de-
creasing the expression of cdc2, GADD45, wee1, 
myt1, chk1, and chk2. Apoptosis in HeLa cells 
was induced by decrease of the Bcl-2 level and 
increase of the Bad and Bak levels resulting in 
release of cytochrome C from mitochondria that 
subsequently activated caspases and the cleavage 
of PARP. Additionally, mycoepoxydiene also ac-
tivated p38, MAPK, and JNK (Wang et al. 2010).

A naphtho-γ-pyrone, 5-hydroxy-6,8-dime-
thoxy-2-benzyl-4 H-naphtho[2,3-b]-pyran-4-one 
(100) was isolated from the mangrove endophyt-
ic fungus Phomopsis ZSU-H26, isolated from the 
stem of the Excoecaria agallocha. It exhibited 
cytotoxicity against Hep2 and HepG2 cells with 
an IC50 of 10 and 8 µg/mL, respectively (Huang 
et al. 2010b).

Two xanthone derivatives 1,7-dihydroxy-
2-methoxy-3-(3-methylbut-2-enyl)-9 H-xan-
then-9-one (101) and 1-hydroxy-4,7-dimethoxy-
6-(3-oxobutyl)-9 H-xanthen-9-one (102) were 
isolated from the mangrove endophytic fungus 
(No. ZH19). Compounds 101 and 102 inhibited 
KB cells with an IC50 value of 20 and 35 µM/mL 

and KBv200 cells with an IC50 value of 30 and 
41 µM/mL, respectively (Huang et al. 2010c).

Merulin A (103) and C (104) were isolated 
from an endophytic fungus of Xylocarpus gra-
natum. Merulin A and C showed cytotoxicity 
against human breast cancer (BT474) cell lines 
with IC50 values of 4.98 and 1.57 μg/mL and also 
against colon cancer (SW620) cell lines with 
IC50 values of 4.84 and 4.11 μg/mL, respectively 
(Chokpaiboon et al. 2010).

7-epiaustdiol (105), 8-O-methylepiaustdiol 
(106), stemphyperylenol (107), skyrin (108), 
secalonic acid A (109), norlichexanthone (110), 
and emodin (15) were isolated from the man-
grove endophytic fungus Talaromyces sp. ZH-
154, from the stem bark of K. candel. Compounds 
105–110 and 15 exhibited cytotoxic activity 
against KB cells with IC50 values in the range of 
0.63–20.38 µg/ml and against KBv200 cells with 
IC50 values in the range of 1.05–44.35 µg/ml (Liu 
et al. 2010).

A pyrrolyl 4-quinolinone alkaloid, penicino-
line (111) was isolated from Penicillium sp., 
isolated from the bark of the mangrove plant 
Acanthus ilicifolius collected from the South 
China Sea. It exhibited potent in vitro cytotoxic-
ity against 95-D and HepG2 cell lines with IC50 
values of 0.57 and 6.5 µg/mL, respectively (Shao 
et al. 2010a). Anhydrofusarubin (112) was iso-
lated from the mangrove endophytic fungus Fu-
sarium sp. (No. b77). It showed strong inhibitory 
effects on the growth of HepG2 and Hep2 cells, 
with IC50 values of 1.0 and 2.5 µg/mL, respec-
tively (Shao et al. 2010b).

9,10-anthracenedione (113) was isolated from 
the mangrove endophytic fungi Halorosellinia 
sp. and Guignardia sp. It displayed strong cy-
totoxicity against KB and KBv200 cells with 
an IC50 of 3.17 and 3.21 µM, respectively. The 
mechanism involved in the apoptosis induced by 
compound 113 is probably related to mitochon-
drial dysfunction (Zhang et al. 2010c). 3R,5R-
sonnerlactone (114) and 3R,5 S-sonnerlactone 
(115) were isolated from the mangrove endo-
phytic fungus Zh6-B1. Compounds 114 and 115 
inhibited the multidrug-resistant human oral floor 
carcinoma cells KV/MDR growth by 42.4 % and 
41.6 %, respectively at 100 μM (Li et al. 2010b). 
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A new diimide derivative named (−)-byssoch-
lamic acid bisdiimide (116) was isolated from the 
mixed culture of two mangrove fungi (strain no. 
K38 and E33) from the South China Sea coast. 
It exhibited weak cytotoxicity against Hep2 and 
HepG2 cells with an IC50 of 45 and 51 µg/mL, 
respectively (Li et al. 2010a).

Expansols A (117) and B (118) were isolated 
from Penicillium expansum 091006 of mangrove 
plant E. agallocha. Expansol A exhibited moder-
ate cytotoxicity against the HL-60 cell line with 
an IC50 value of 15.7 μM, and expansol B inhib-
ited the proliferation of A549 and HL-60 cells 
with IC50 values of 1.9 and 5.4 μM, respectively 
(Lu et al. 2010). SZ-685 C (119), an anthracy-
cline analogue, was isolated from the mangrove 
endophytic fungus No. 1403 collected from the 
South China Sea (She et al. 2008). SZ-685 C sup-
pressed the proliferation of six cancer cell lines 
derived from human breast cancer, prostate can-
cer, glioma, and hepatoma (IC50 values ranged 
from 3.0 to 9.6 µM) and the growth of breast 
cancer xenografts in mice. SZ-685 C had a direct 
apoptosis-inducing effect through both extrinsic 
and intrinsic apoptotic pathways, by activation 
of caspase-8 and 9 as well as effector caspase-3 
and poly (ADP-ribose) polymerase. Phosphory-
lation of Akt and its downstream effectors, fork-
head box protein O1 and forkhead box protein 
O3a were downregulated in SZ-685 C-treated 
cancer cells (Xie et al. 2010). A polyketide, 
2-(7’-hydroxyoxooctyl)-3-hydroxy-5-methoxy-
benzeneacetic acid Et ester (120) was isolated 
from the mangrove endophytic fungus Phomopsis 
sp. ZSU-H76 obtained from the South China Sea. 
It exhibited cytotoxicity against Hep2 and HepG2 
cells with IC50 values of 25 and 30 µg/mL, re-
spectively (Huang et al. 2009a).

Ophioglonin (121) and ophioglonin-7-O-β-
D-glucopyranoside (122) were isolated from the 
mangrove endophytic fungus ZSU-H19 from the 
South China Sea. Ophioglonin and ophioglonin-
7-O-β-D-glucopyranoside showed weak inhibi-
tory activity on the KB cell line with IC50 val-
ues of 3.0 × 10−2 and 1.0 × 10−2 g/L, respectively 
(Huang et al. 2009b). Secalonic acid D (123) was 
isolated from the mangrove endophytic fungus, 
Paecilomyces sp. (tree 1–7). It showed cytotoxic-

ity toward KB cells with an IC50 < 1 µg/ml and 
inhibited human topoisomerase I with an IC50 of 
0.16 µM/mL (Guo et al. 2007). Secalonic acid D 
was also isolated from the mangrove endophytic 
fungus No. ZSU44. It showed potent cytotoxic-
ity to HL60 and K562 cells, and the IC50 values 
were 0.38 and 0.43 µM/L, respectively. Annexin 
V-FITC/PI assay and western blot indicated that 
secalonic acid D induced apoptosis in HL60 and 
K562 cells. In addition, secalonic acid D also 
induced cell-cycle arrest of G1 phase related to 
down regulation of c-Myc. The downregulation 
of c-Myc and cell-cycle arrest of G1 phase were 
caused not by formation of G-quadruplex struc-
tures but by activation of GSK-3β followed by 
degradation of β-catenin (Zhang et al. 2009). Cy-
totoxic cytochalasins namely, cytochalasin Z16 
(124), Z17 (125), Z19 (126), and rosellichalasin 
(127) were isolated from Aspergillus flavipes, an 
endophytic fungus associated with A. ilicifolius. 
Compounds 124–127 showed cytotoxic activities 
against A-549 cell lines with IC50 values of 19.5, 
5.6, 17.4, and 7.9 µM (Lin et al. 2009).

Pestalotiopsone F (128) was isolated from 
the mangrove endophytic fungus Pestalotiopsis 
sp., associated to Chinese mangrove plant Rhi-
zophora mucronata. It exhibited relatively im-
pressive cytotoxicity against the murine cancer 
cell line L5178Y with an EC50 value of 8.93 μg/
mL (Xu et al. 2009b). (3R*,4S*)-6,8-dihydroxy-
3,4,7-trimethylisocoumarin (129) was isolated 
from the mangrove endophytic fungus Penicil-
lium sp. 091402. It exhibited moderate cytotox-
icity against K562 cell lines with an IC50 value 
of 18.9 µg/ml (Han et al. 2009a). S-curvularin 
(130) was isolated from the mangrove endo-
phytic fungus Penicillium sp. HK13–8, obtained 
from Rhizophora stylosa. S-curvularin exhibited 
significant cytotoxicity against HL-60 cells with 
an IC50 value of 2.56 µM (Han et al. 2009b).

Two cytotoxic compounds hypothemycin 
(131) and 4-O-demethylhypothemycin (132) 
were isolated from the mangrove fungus, Aigial-
us parvus BCC 5311. Hypothemycin exhibited 
cytotoxicity with an IC50 of 2.0 and 2.1 µg/mL 
against NCI-H187 and Vero cell lines, respec-
tively. 4-O-demethylhypothemycin exhibited cy-
totoxicity with an IC50 of 2.6, 3.6, and 0.77 µg/
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mL against BC1, NCI-H187, and Vero cell lines, 
respectively (Isaka et al. 2009b). Secalonic acid 
A (109), penicillixanthone A (133), and paeci-
lin A (134) were isolated from mangrove endo-
phytic fungus Paecilomyces sp. (tree 1–7) from 
the Taiwan Strait. Interestingly, secalonic acid A 
inhibited KB and KBv cells at IC50 values of less 
than 1.57 nmol/mL, whereas penicillixanthone A 
inhibited KB and KBv cells at IC50 values of less 
than 1.22 nmol/mL. Paecilin A inhibited KB and 
KBv cells at IC50 values of 40, 50 nmol/mL (Wen 
et al. 2009), respectively. A new isoflavone, 5-O-
methyl-2’ -methoxy-3’ -methylalpinumisoflavone 
(135) was isolated from the mangrove endophytic 
fungus, Fusarium sp. (ZZF41). Compound 135 
inhibited Hep-2 and HepG2 cells with IC50 values 
of 4 and 11 µM, respectively (Huang et al. 2010d).

5.4  Outlook

It is evident from the extensive data quoted here 
by the authors on anticancer compounds that en-
dophytes are a very good source for the discovery 
of novel molecules. The existence of endophytes 
has been known for more than 100 years (Free-
man 1904); however, they have been studied for 
their potential as novel sources of effective new 
drugs for only the last two decades. Endophytes 
represent a huge diversity of microbial communi-
ty that have developed in special and sequestered 
environments, and their diversity in specialized 
habitat make them an exciting field of study in 
the search for new medicines. To fulfil this objec-
tive, all the 12 hot spots of plant diversity should 
be sampled for isolating endophytes which may 
help in exploring the chemical diversity. The 
medicinal values of the plants should be kept in 
mind while selecting the plants. The endophytes 
from the same medicinal plant should be investi-
gated from different parts of the globe for bioac-
tive metabolites and may be correlated with the 
activity (Owen and Hundley 2004). Taxonomic 
identification of the plants should be taken into 
account so as to correlate the metabolites of host 
plant and the metabolites of endophytes exist-
ing in the same plant. Endophytic fungi should 
be screened for their secondary metabolite spec-

trum under different growth conditions so as to 
induce the synthesis of several new metabolites 
that can be useful in different therapeutic in-
dications (Bode et al. 2002). The synthesis of 
metabolites produced by these fungi should be 
correlated with the genes present in the plants/ 
endophytes along with the biosynthetic pathway. 
Simultaneous metabolite profiling of plants and 
endophytes will help in understanding the origin 
of compounds and not hypothesis.

Mangroves can be another source of endo-
phytic fungi. They are a group of woody plants 
growing in coasts, estuaries, intertidal zones of 
tropical and subtropical climates and constitute 
the second most important ecosystem among 
the marine ecosystems. Mangroves are adapted 
to anaerobic conditions of both salt- and fresh-
water environment. Although there are several 
studies regarding different ecological groups 
such as epiphytes, saprophytes, superficial 
biotrophs, and pathogens associated with man-
groves (Goh and Yipp 1996), little is reported on 
endophytes of mangroves (Suryanarayanan and 
Johnson 2005).

Other possible areas might include endophytes 
from plants growing in Antarctica, high alpine re-
gions, desert areas, wetlands, marine weeds, etc. 
as they are struggling to survive in harsh condi-
tions. The less explored endophytes are fungi as-
sociated with lichens, mosses, bryophytes, and 
algae along with tropical endemic plants.

The Indian mycoflora is explored for diversity 
but less explored for bioactive metabolites. The 
reports are very scanty (Puri et al. 2005; Kusari 
et al. 2008; Kharwar et al. 2009; Deshmukh et al. 
2009; Periyasamy et al. 2012). There is a great 
need of integration of mycologists, chemists, 
pharmacologists, and toxicologists to form teams 
and explore these fungi for pharmaceutical uses. 
These fungi can also be a good source of industri-
al enzymes (Suryanarayanan et al. 2012) and also 
to get nanoparticles (Verma et al. 2010; Raheman 
et al. 2011). So far no anticancer drugs are devel-
oped from fungi but endophytes are proven as al-
ternative source of anticancer drugs which were 
originally produced by plants. This will help us 
in getting these drugs by fermentation in place of 
plant tissue culture or by cutting the plants.
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As most of the plant diversity is found in 
tropical countries, there will be a great need of 
fungal culture collections from such plants. The 
collection will help in getting bioactive metabo-
lites; some of which can be leads for chemical 

modification for various pharmaceutical applica-
tions and similarly for agricultural applications. 
Collections of fungi will be valuable to obtain se-
lective enzymes for biotransformation and novel 
products such as chitosans.
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Abstract

Endophytic fungi were isolated from the medicinal plants Nothapodyte foeti-
da and Hypericum mysorense, collected from the cold peaks of the Western 
Ghats of India, which is considered as one among ten important biodiver-
sity hotspots of the world. The diversity of foliar endophytic biota in both 
plants was assessed using various indices. Endophytes were screened for the 
antimicrobial and free radical-scavenging activity. Ethyl acetate extracts of 
the culture broths of two isolates Bionectria ochroleuca NOTL33 from N. 
foetida and Chaetomium globosum HYML55 from H. mysorense were fur-
ther characterized for their composition and minimum inhibitory concentra-
tions (MIC) based on their significant activities during primary screening. 
MIC of both extracts ranged from 78 to 625 µg/ml, with the exception of 
Pseudomonas aeruginosa (5 mg/ml). 1,1-diphenyl-2-picrylhydrazyl (DPPH) 
and 2, 2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) free radi-
cal quenching by the extracts were dose dependent. 2-heptanone, furfural, 
methyl furfural, benzyl pentyl ketone, benzyl decanoate, amyl isovalerate 
and palmitic acid were identified in NOTL33 extract by gas chromatogra-
phy–mass spectrometry (GC-MS) analysis. A yellow amorphous powder 
(HYML 8A) was purified from HYML55 extract and further characterized 
for MIC and minimum cidal concentrations against the test bacteria. The 
yield of the compound in different media was estimated.
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6.1  Introduction

Plants have served as source for the antimicrobial 
chemicals for millennia. But, the exhaustive ex-
traction procedures have threatened the diver-
sity of the medicinal plants, which has diverted 
the search for bioactive metabolites to the endo-
phytic fungi. Endophytes are microorganisms, 
which spend the whole or part of their life cycle 
inside the healthy tissues of the host plants, typi-
cally causing no apparent symptoms of diseases 
(Zhao et al. 2010). A myriad of metabolites be-
longing to different chemical categories such 
as alkaloids, steroids, terpenoids, isocoumarin 
derivatives, quinones, flavonoids, cytochala-
sines, furandiones, phenylpropanoids, lignans, 
peptides, phenol, phenolic acids, aliphatic com-
pounds and chlorinated metabolites (Verma 
et al. 2009) have been reported from endophytes, 
which are known for their antibiotic, antiviral, 
volatile antibiotic, anticancer, antioxidant, in-
secticidal, antidiabetic and immunosuppressive 
properties. Surprisingly, over 100 anticancer 
compounds are reported only from fungal endo-
phytes after 1993 (Kharwar et al. 2011). Hence, 
the endophytes are currently considered to be 
a wellspring of novel secondary metabolites 
offering the potential for medical, agricultural 
and/or industrial exploitation (Strobel and 
Daisy 2003).

Nothapodytes foetida (Wt.) Sleumer ( Mappia 
foetida Miers), Icacinaceae, is a medium size tree, 
grows wild in the forests of the Western Ghats. The 
tree is a major source of important antineoplastic 
alkaloids such as camptothecin, 9-methoxycamp-
tothecin (Govindachari and Viswanathan 1972), 
9-methoxy-20-O-acetylcamptothecin (Srinivas 
and Das 2003) exhibiting antimicrobial (Kumar 
et al. 2002), antiviral (Liu et al. 2010) and antican-
cer properties. Hypericum mysorense, a perennial 
shrub growing luxuriantly in the cold peaks of the 
Western Ghats is known to produce many xan-
thone derivatives (Gunatilaka et al. 1982) having 
antiviral and antioxidant activities (Vijayan et al. 
2004). The Western Ghats of India are considered 
as one among ten important biodiversity hotspots 
of the world. Endophytic fungi from medicinal 
plants and biodiversity hotspots are expected to 

yield a diverse and unexplored biota with signifi-
cant bioactivities. Therefore, in the present study, 
diversity and bioactivities of endophytes from 
N. foetida and H.mysorense were investigated.

6.2  Materials and Methods

6.2.1  Sample Collection  
and Processing

Leaves from average sized N. foetida trees were 
collected from Aloor region of Hassan, Karna-
taka, India. H. mysorense plants were collected 
from Talacauvery region, Madikeri district, Kar-
nataka, India. The samples were carried to the 
laboratory in sterile polypropylene bags and pro-
cessed within 24 h of collection.

6.2.2  Isolation of Endophytic Fungi

The samples were washed with distilled water 
and surface sterilized using the following im-
mersion sequences: 0.1 % HgCl2 solution for 
1 min, thorough sterile water wash, 90 % ethanol 
for 2 min and sterile water wash. The samples 
were then cut into pieces of approximately 
0.5 cm2 using a sterile scalpel and the leaf discs 
were then placed onto sterile water agar (pH 4.8) 
and incubated at an ambient temperature in the 
dark. The plates were frequently observed for the 
emergence of the fungal hyphae through the cut 
ends of the tissues and the emerging hyphal tis-
sues were transferred onto potato dextrose agar 
(PDA; Himedia, India). The cultures were then 
maintained on PDA slants at 4 °C for the further 
studies (Lu et al. 2012).

6.2.3  Identification of the Fungal 
Isolates and Diversity Study

The endophytic fungal isolates were identi-
fied based on the morphological features using 
the standard mycological manuals (Fig. 6.1; 
Ellis 1971; Ellis 1976; Gilman 1957). The lead 
isolates were identified based on sequencing 
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of ITS1, 5.8S rRNA and ITS2 regions. The 
primers used were ITS1 (forward): 5′-TCCG-
TAGGTGAACCTGCG-3′ and ITS4 (reverse): 
5′-TCCTCCGCTTATTGATATG-3′. The reaction 
volume was 25 µl, with 12.5 µl 2× PCR master 
mix (Genei, Bangalore), 1 µl each of forward 
and reverse primers and template DNA, 9.5 µl 
water. The amplification conditions were initial 
denaturation at 95 °C for 5 min, followed by 30 
cycles of 95 °C for 1 min, 55 °C for 1 min, 72 °C 
for 1 min and final extension at 72 °C for 5 min.

The diversity was studied using the various 
diversity indices.

6.2.4  Fermentation

The agar discs (6 mm diameter) with actively 
growing hyphae of test organisms were trans-
ferred to 45 ml fermentation medium (Potato 
dextrose broth (Himedia, India) 20 g/l, Soytone 
(Himedia, India) 5 g/l) in wide-mouth tissue cul-
ture bottles of 200 ml capacity. Each bottle was 

inoculated with three agar blocks. The flasks 
were kept undisturbed for 20 days at ambient 
(28 °C) temperature.

6.2.5  Extraction

After incubation, the fermentation broth was 
filtered through four layers of destarched and 
sterilized cheese cloth. The mycelial mass was 
finely ground in a mixer grinder. The filtrate and 
the mycelial slurry were extracted thrice with 
equal volume of ethyl acetate (SD Fine chemicals, 
India). The fractions were pooled together, mois-
ture removed using sodium sulphate and the sol-
vent evaporated using a vacuum rotary evaporator. 
The residue was dissolved in minimal amount of 
ethyl acetate and stored at −20 °C till further use.

Fig. 6.1  The colony mor-
phology and microscopic 
features of the endo-
phytic isolates Bionectria 
ochroleuca NOTL33 
(a, b) and Chaetomium 
globosum HYML55 
(c, d), respectively
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6.2.6  Evaluation of Antimicrobial 
Activity

6.2.6.1  Test Strains
The microbial strains used in the study were 
obtained from microbial type culture collection 
(MTCC) of Institute of Microbial Technol-
ogy (IMTECH), Chandigarh. The bacterial 
cultures used were Pseudomonas aeruginosa 
(MTCC 7093), Escherichia coli (MTCC 40), 
Enterobacter aerogenes (MTCC 111), Klebsiella 
pneumoniae (MTCC 661), Shigella flexneri 
(MTCC 1457), Bacillus subtilis (MTCC 121), 
Salmonella enterica ser. Typhi (MTCC 733), 
Staphylococcus aureus (MTCC 7443), methy-
cillin-resistant S. aureus (clinical isolate) and 
Streptococcus pyogens (MTCC 1925). The 
dermatophytes used were Candida albicans 
(MTCC 183), Microsporum gypseum (MTCC 
2830), Microsporum canis (MTCC 2831) and 
Trichophyton rubrum (MTCC 296). The fungal 
strains used were Aspergillus nidulans (MTCC 
803), Aspergillus terreus (MTCC 2580), As-
pergillus flaviceps (MTCC 1990), Aspergillus 
fumigatus (MTCC 3008), Aspergillus clavatus 
(MTCC 1323), Aspergillus parasiticus (MTCC 
2797) and Penicillium citrinum (MTCC 1784).

6.2.6.2  Disc Diffusion Assay
The antimicrobial assay was carried out using 
paper disc diffusion method (Bauer et al. 1966). 
Briefly, sterile filter paper discs (6 mm diameter, 
Hi Media, India) impregnated with ethyl acetate 
extracts (40 µl or 400 µg per disc) were placed 
on the pre-seeded petri plates. The discs loaded 
with solvent alone (40 µl) were used as the nega-
tive control. Chloramphenicol discs (HiMedia, 
30 µg per disc) were used as the positive control 
for bacteria and nystatin discs served as positive 
controls for dermatophytes. After incubation for 
18 h, inhibition zones around the discs were mea-
sured using the zone scale (HiMedia, India) and 
the mean of the triplicate readings were recorded.

6.2.6.3  Minimum Inhibitory 
Concentration (MIC)  
and Minimum Microbicidal 
Concentration (MMC)

The minimum inhibitory concentration was de-
termined by broth micro-dilution method (Eloff 
1998) with slight modifications. The assay was 
carried out in 96-well microtitre plates. The assay 
mixture consisted of 90 μl of standardized inocu-
lum and 10 μl extract of various concentrations 
in methanol to yield a twofold decrease in the 
concentration from 5 to 0.0195 mg/ml. The plates 
were incubated for 24 h at 35 ± 1 °C and triphenyl 
tetrazolium chloride (TTC) was used as microbi-
al growth indicator. The assay was carried out in 
triplicates, with streptomycin (for bacteria) and 
nystatin (for dermatophytes) dilutions as positive 
controls and broth with only methanol as a nega-
tive control (growth controls). The least concen-
tration with no visible growth indicated the MIC. 
The broth from the well of MIC and above con-
centrations was streaked onto the agar medium 
to test the cell viability. The least concentration 
with no viable cells represents the minimum mi-
crobicidal concentration.

6.2.6.4  Test for Volatile Antimicrobials
The ability of endophytic Bionectria ochroleuca 
(NOTL33) to produce volatile antifungal chemi-
cals was determined according to Ting et al. 
(2011). Briefly, the endophyte was point inocu-
lated and incubated for 5 days. The test fungal 
strains were point inoculated on PDA plates. 
The lids of the plates were removed and the pre-
incubated endophytic plates were inverted over 
the test fungi and sealed airtight with parafilm. 
The point inoculated test fungi alone served as 
the control. The percentage inhibition of growth 
diameter of test fungi over the control was calcu-
lated using the formula:

where D is diameter of colony.
The experiment was repeated thrice and the 

mean inhibition was expressed. The significance 

( )
( )control test control

Growth inhibition %

= / 100D D D - × 
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inhibition was calculated by one tailed paired 
t-test (using Microsoft-Excel function) between 
control and experimental pairs.

6.2.7  Free Radical-Scavenging Activity

6.2.7.1  DPPH Radical-Scavenging 
Activity

The free radical-scavenging activity of the extract 
was measured by using stable 1,1-diphenyl-
2-picrylhydrazyl (DPPH) (Sigma, Germany) free 
radicals in 96-well microtitre plates (Flat bottom, 
Tarsons, India) with modifications (Predes 2011). 
The activity of the extract was compared with 
that of quercetin (Himedia, India). In brief, 100 μl 
aliquots of different concentrations of the extract 
(twofold dilutions from 5000 µg/ml to 39.06 µg/
ml in methanol) were mixed with 100 μl of DPPH 
solution (40 µmol/l) and incubated for 30 min at 
25 °C. An appropriate control was maintained by 
adding 100 μl of DPPH to 100 μl methanol. The de-
crease in absorbance ( A) was measured at 517 nm.

The data was presented as mean of triplicate. 
The concentration required for 50 % reduction of 
DPPH radical (IC50) was determined graphically.

6.2.7.2  ABTS Radical-Scavenging 
Activity

The free radical-scavenging activity of the 
crude extracts was also determined by using 2, 
2’-azinobis-3-ethylbenzothiazoline-6-sulfonic 
acid (ABTS) stable cationic free radicals (Osman 
et al. 2011). The assay was carried out in a 96-
well flat bottom microtiter plate (Tarsons, India). 
The ABTS free radical solution was prepared by 
mixing 3.75 mM ABTS diammonium salt with 
1.225 mM potassium persulphate solution. After 
the incubation of the mixture overnight at 30 °C 
for completion of the reaction, the ABTS cationic 
free radical solution was adjusted for the absor-
bance of 0.6 ± 0.05 as measured in the microtiter 
plate at 734 nm. 200 μl of the standardized ABTS 

( )
( )control sample control

DPPH scavenging activity %

= / ×100A A A - 

solution was mixed with various concentra-
tions of the extract in 10 μl aliquots (5 mg/ml to 
0.039 mg/ml in two-fold dilutions in methanol) 
and the absorbance ( A) was read at 734 nm for 
every 5 min up to 60 min. The ABTS-quenching 
activity was calculated by the formula:

The data were presented as mean of triplicate. 
The concentration required for 50 % reduction of 
ABTS radical (IC50) was determined graphically.

6.2.8  GC-MS Analysis of NOTL33 
Extract

Shimadzu table top gas chromatography–mass 
spectrometry (GC-MS; GC 17A ver. 3) equipped 
with DB-1 capillary column (30 m, ID = 0.25 mm, 
film thickness = 0.15 mm) was used for the 
analysis of NOTL33 ethyl acetate extracts. The 
conditions during the analysis were as follows: 
initial injection temperature was 250 °C, inter-
face temperature was 230 °C, oven temperature 
was raised from 60 to 250 °C over a period of 
5–30 min. Control mode was kept as split with 
the split ratio and column inlet pressure 64.5 kPa. 
The column flow of nitrogen carrier gas was set at 
a linear velocity of 45.9 cm/s with a flow rate of 
1.3 ml/min (total flow 38.9 ml/min). Mass spec-
trometer (GCMS-QP5050A) detector with scan 
acquisition mode was set at m/z from 40 to 500 
with scan speed of 1,000 over 30 min time, inter-
face temperature 230 °C, detector gain 1.3 kV. The 
mass peaks were interpreted tentatively based on 
the mass peak split pattern in the mass spectrum.

6.2.9  Purification of the Active 
Compound

HYML55 extract (500 mg) was loaded onto a 
silica gel column and fractionated by using the 
solvents of increasing polarity. Fractions with 

( )
( )control sample control

ABTS scavenging activity %

= / ×100A A A - 
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similar UV–visible absorption spectra were 
pooled together and the antimicrobial activity of 
individual fractions was noted. The fraction with 
desired activity was dried by evaporation and 
further purified by solvent–solvent extraction.

6.2.10  Effect of the Media  
on the Production  
of the Active Compound

HYML55 was grown in yeast extract sucrose 
broth (YESB), potato dextrose broth (PDB), 
Sabaraud’s dextrose broth (SDB) and M1D broth 
(40 ml each in triplicates). They were ferment-
ed for 20 days and individually extracted using 
ethyl acetate, evaporated under vacuum and the 
active compound in the extract was quantified 
by high performance liquid chromatography 
(HPLC) using a purified compound as the ref-
erence. HPLC was performed using analytical 
HPLC system (Agilent Technologies assembled 
1100 and 1200 series) equipped with quater-
nary pump and UV–Visible detector. Reversed 
phase chromatographic analyses were carried 
out in isocratic conditions using RP-C18 column 
(4.6 mm  ×  250 mm) packed with 5 μm diameter 
particles. The separation conditions were as fol-
lows: The mobile phase was water–acetonitrile–
acetic acid (80:20:3, v/v/v) filtered through a 
membrane filter (0.45 μm) and degassed by ul-
trasonication; flow rate 0.8 ml/min; injection vol-
ume 10 μl and detection was done at 280 nm. The 
reference compound was injected at 1,000 ppm 
and the residues at 500 ppm each.

6.3  Results

The isolation frequency for the foliar endo-
phytes was 79.56 % in N. foetida and 96 % in 
H. mysorense. The major genera isolated were 
Gliocladium, Phomopsis, Xylaria, Aspergil-
lus, Penicillium, Phoma, Cylindrotrichum, 
Monodictys, Chaetomium, Helminthosporium, 
Pestalotiopsis, Fusarium, Cladosporium, Col-
letotrichum, Curvularia, Trichoderma, Lasiodi-
plodia, Xylaria, Verticillium, Nectria, Bionectria, 

Botryosphaerea and Mycelia sterilia including 
some unidentified genera. The diversity indices 
are given in Table 6.1. The isolates were screened 
for the antimicrobial and free radical-scavenging 
activities (data not shown). Based on the screen-
ing, two endophytic isolates, B. ochroleuca 
(NOTL33 anamorph: Gliocladium roseum) from 
N. foetida and Chaetomium globosum HYML55 
from H. mysorense were selected for further char-
acterization. Both isolates were identified based 
on rDNA sequencing. The rDNA sequences for 
B. ochroleuca (JQ794833.1) and C. globosum 
(JX500352.1) were submitted to Genbank.

6.3.1  Antimicrobial Activity

Ethyl acetate extracts from NOTL33 and 
HYML55 inhibited the tested bacteria and fungi. 
Antibacterial activity was of broad spectrum as 
the extracts inhibited both Gram-negative and 
Gram-positive bacteria. The diameter of inhibi-
tion zones of the extracts and standard antibiot-
ics were compared (Table 6.2). The insignificant 
t-statistics ( P ≥ 0.05) suggests that the activity of 
NOTL33 and HYML55 extracts were compa-
rable with that of the standard antibiotics used. 
The MIC and MMC of the extracts are given in 
Table 6.3. The MIC of the extracts ranged from 78 
to 625 µg/ml with the exception of P. aeruginosa 
against which MIC was in the range of 2.5–5 mg/
ml. Streptomycin was used as the positive con-
trol. The MIC and MMC of the antibiotic was 
much lower than the extracts. However, the an-
tibiotic was only bacteriostatic for P. aeruginosa 
and growth was resumed on fresh agar, even at 
the highest concentration tested.

6.3.2  Test for Volatile Antimicrobials

The volatile compounds from the endophyte B. 
ochroleuca NOTL33 significantly inhibited the 
growth of A. terreus (MTCC 2580), A. parasiti-
cus (MTCC 2792) and F. oxysporum (Fig. 6.2). 
The inhibition of growth was 57.13 % ( P ≤ 0.01) 
for A. terreus, 72.75 % ( P ≤ 0.05) for A. parasiti-
cus and 44.03 % ( P ≤ 0.01) for F. oxysporum.
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6.3.3  Free Radical-Scavenging Activity

B. ochroleuca NOTL33 and C. globosum 
HYML55 extracts effectively scavenged both 
DPPH and ABTS free radicals. The kinetics and 
dose dependency of the free radical scavenging 
was studied (Fig. 6.3). Free radical-scavenging 
activity of extracts was dose dependent. A maxi-

mum of 46.17 and 98.65 % of DPPH free radicals 
were quenched by NOTL33 and HYML55, re-
spectively, at 5 mg/ml concentration. The ABTS 
cation radical was quenched up to 54.13 % 
by HYML55 and 72.16 % by NOTL33. Total 
antioxidant capacity of HYML55 and NOTL33 
was 13.62 mg and 18.17 mg per gram of the ex-
tracts, respectively, based on ascorbic acid stan-

Table 6.1  Diversity of endophytes from N. foetida and H. mysorense
Sl. No. Diversity indices N. foetida H. mysorense
1. Simpson index 0.04187 0.07658
2. Simpson’s diversity index 0.9581 0.9234
3. Reciprocal Simpson index 23.88 13.06
4. Shannon–Weiner index (log) 3.952 3.635
5. Species richness 18 16
Comparative indices
6. Sorenson’s similarity index 0.529
7. Jaccard coefficient 0.36
8. Jaccard distance 0.64

Table 6.2  Antibacterial and antidermatophytic activity of ethyl acetate extracts of endophytic Bionectria ochroleuca 
NOTL33 and Chaetomium globosum HYML55
Test organisms Diameter of inhibition zonesa (in mm)

Bionectria ochroleuca NOTL33 Chaetomium globosum HYML55
Escherichia coli (MTCC 40) 31.5 ± 0.70 ND
Enterobacter aerogens (MTCC 111) 21.0 ± 2.82 22.0 ± 0.0
Bacillus subtilis (MTCC 121) 30.5 ± 0.70 21.5 ± 0.70
Klebsiella pneumonia (MTCC 661) 25.0 ± 0.00 ND
Shigella flexneri (MTCC 1457) 34.0 ± 0.00 22.5 ± 0.70
Salmonella enterica ser. Typhi 

(MTCC 733)
23.34 ± 1.15 23.0 ± 0.00

Staphylococcus aureus (MTCC 7443) 15.34 ± 0.57 ND
Pseudomonas aeruginosa (MTCC 

7083)
NA 23.0 ± 1.41

Methicillin resistant Staphylococcus 
aureus

19.0 ± 0.00 ND

Streptococcus pyogens (MTCC 1925) ND 20.5 ± 0.70
Candida albicans (MTCC 183) ND 16.5 ± 0.07
Microsporum canis (MTCC 2831) ND 29.5 ± 0.70
Microsporum gypseum (MTCC 2830) ND 25.5 ± 0.70
Aspergillus nidulans (MTCC 803) 25.5 ± 0.70 ND
A. terreus (MTCC 2580) 25.0 ± 0.00 ND
A. flaviceps (MTCC 1990) 39.0 ± 1.41 ND
A. fumigatus (MTCC 3008) 19.5 ± 0.70 ND
A. clavatus (MTCC 1323) 39.5 ± 0.70 ND
Penicillium citrinum (MTCC 1784) 33.0 ± 0.00 ND
A. parasiticus (MTCC 2797) 20.0 ± 0.00 ND
a Mean value ± SD (in mm) of triplicate values, including the diameter of the disc (6 mm)
ND not done, NA no activity
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dard curve ( R2 = 0.9901). A strong correlation 
was seen between the DPPH and ABTS quench-
ing activity of HYML55 ( R2 = 0.94472) and 
NOTL33 ( R2 = 0.99327) as determined by linear 
correlation analysis.

6.3.4  GC-MS Analysis

Since the NOTL33 extract produced volatile an-
timicrobials, the ethyl acetate extract of the same 
was subjected to GC-MS analysis. By the mass 

peak fragmentation pattern, eight compounds 
were tentatively identified (Table 6.4).

6.3.5  Compound Isolation and Effect 
of Media on the Production  
of the Active Compound

In total, nine different fractions were obtained 
after fractionation, out of which only the eighth 
fraction had the antimicrobial activity. The evap-
oration of which followed by crystallization using 
hexane yielded a yellow amorphous powder with 
significant antibacterial activity. The residue was 
purified by repeated recrystallization in hexane. 
The purity was confirmed by HPLC as 88 %. The 
MIC of the pure compound (HYML55–8A) is 
given in Table 6.5. The yield of the compound 
and the biomass in different media are given in 
Fig. 6.4.

6.4  Discussion

Plants growing in unique geographical areas and 
those with known medicinal properties are partic-
ularly selected for the endophytic isolation (Qadri 
et al. 2013). Previous studies showed that the 
endophytic fungi were phylogenetically distinct 
from that of free living forms (Syed et al. 2009) 

Fig. 6.2  Inhibition of growth of test fungi over con-
trol by volatile compounds produced by Bionectria 
ochroleuca NOTL33

 

Table 6.3  Minimum inhibitory concentration (MIC) and minimum microbicidal concentration (MMC) of ethyl ace-
tate extracts of Bionectria ochroleuca NOTL33 and Chaetomium globosum HYML55
Test organisms NOTL 33, ( Bionectria sp.) HYML55, ( Chaetomium sp.)

MIC in mg/ml MMC in mg/ml MIC in mg/ml MMC in mg/ml
Shigella flexneri 

(MTCC 1457)
0.078125 0.15625 0.078125 0.15625

Salmonella enterica 
ser. Typhi (MTCC 
733)

0.31250 0.625 0.15625 0.3125

Staphylococcus aureus 
(MTCC 7443)

0.15625 0.3125 0.15625 0.3125

Pseudomonas aerugi-
nosa (MTCC 7083)

5.0 – 2.5 5.0

Candida albicans 
(MTCC 183)

0.15625 0.3125 0.15625 0.31250

Microsporum canis 
(MTCC 2831)

0.31250 0.625 0.078125 0.15625

Microsporum gypseum 
(MTCC 2830)

0.6250 0.625 0.15625 0.31250
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and they represent unique biotopes due to them 
occupying unique niches. Since, the metabolites 
that microorganisms produce seem to be char-
acteristic of certain biotopes (Strobel and Daisy 
2003), this study was aimed at the isolation and 
screening of the endophytic fungi from two 
medicinally important plants N. foetida and H. 
mysorense growing in the Western Ghats of Kar-
nataka, India, which is an important biodiversity 
hotspot.

Isolation frequency and diversity indices 
(Table 6.1) reflect that the selected plants com-
prised diverse endophytic biota. Higher humidity 
and cold temperature of the Western Ghats may 
be the reason for this observation. Simpson’s di-
versity index and species richness quantifies the 
endophytic diversity as more in N. foetida than 
H. mysorense. Relatively higher Shannon–Weiner 
index of N. foetida than H. mysorense suggests 
that the former harbours richer and evenly distrib-
uted endophytic biota than the latter. Larger sur-

face area of N. foetida leaves than H. mysorense 
offering maximum endophytic fungal infestations 
may be the reason for this observation (Gond 
et al. 2012). Sorenson’s similarity index indicated 
a similarity of 0.529 between two host plants.

Endophytic association in plants may be verti-
cal or horizontal. The horizontal transmission of 
the endophyte is widespread in nature. Most of 
the foliar endophytes growing between the cells 
of the leaf are of this category (Syed et al. 2009). 
The genera Gliocladium, Phomopsis, Xylaria, As-
pergillus, Penicillium, Phoma, Cylindrotrichum, 
Monodictys, Chaetomium, Helminthosporium, 
Pestalotiopsis, Fusarium, Cladosporium, 
Colletotrichum, Curvularia, Trichoderma, 
Lasiodiplodia, Xylaria, Verticillium, Nectria, 
Bionectria, Botryosphaerea and Mycelia ster-
ilia isolated in the present study were previous-
ly reported as endophytes (Rubini et al. 2005). 
Chaetomium sp. and Bionectria sp. have pre-
viously been reported as foliar endophytes. 

Table 6.4  GC-MS analysis of the NOTL 33 ethyl acetate extract
Peak  
numbers

Retention time (min) Area (%) Mass Major mass peaks Identified 
molecule

1 11.972 7.66 114 71, 57, 43 Heptanone
2 15.865 2.13 96 96, 95, 67, 42 Furfural
3 16.597 14.77 172 115, 85, 57, 43 Amyl-isovalerate
4 19.765 0.38 168 168, 151, 125, 111, 97, 83, 69, 55, 41 Decanoic acid
5 22.030 18.17 110 110, 109, 95, 81 Methyl furfural
6 22.775 1.51 262 262, 261, 219, 191, 163, 135, 91, 41 Benzyl decanoate
7 23.119 16.86 256 256, 239, 211, 57, 43 Palmitic acid
8 27.646 1.19 190 190, 119, 91, 64, 57, 43, 38 Benzyl pentyl 

ketone

6 Diversity and Bioactivity of Endophytic Fungi from Nothapodyte foetida (Wt.) …

Fig. 6.3 Dose dependent radical DPPH (a) and ABTS (b) radical scavenging activity of Chaetomium globosum 
HYML55 and Bionectria ochroleuca NOTL33
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C. globosum was isolated as a foliar endophyte 
from Glinus lotoides (El-Zayat 2008), Viguiera 
robusta (Borges et al. 2011) and many others. B. 
ochroleuca was reported as an endophyte from 
Dendrobium sp. (Chen et al. 2011). Nevertheles, 
this study is the first report on Chaetomium sp. 
in H. mysorense and B. ochroleuca in N. foetida.

B. ochroleuca NOTL33 (Anamorph: 
Gliocladium roseum) from N. foetida exhibited 
remarkable antimicrobial property through pro-
duction of antimicrobial volatile compounds. 
Stinson et al. (2003) reported the volatile an-
timicrobial compounds from an endophytic 
Gliocladium sp. from Eucryphia cordifolia, 
which inhibited the growth of Aspergillus 
ochraceous by 65.3 %, but failed to inhibit 
F. oxysporum. B. ochroleuca NOTL33 volatile 
compounds showed better activity by inhibit-
ing A. parasiticus and F. oxysporum by 72.75 
and 44.03 %, respectively. Antibacterial activity 
of ethyl acetate extract was broad spectrum as it 
inhibited both Gram-positive and Gram-negative 
bacteria tested. However, the extract failed to 
inhibit Pseudomonas. Liouane et al. (2010) 
reported the broad-spectrum antibacterial and 
antifungal activity of Gliocladium extract, where 
P. aeruginosa was inhibited but failed to inhibit 
C. albicans. Antifungal activity of the tested ex-
tract was significant against both filamentous 
fungi and dermatophytes including C. albicans. 
The GC-MS analysis of the ethyl acetate extract 
of B. ochroleuca revealed the presence of many 
active compounds. The antimicrobial activity of 
heptanone and its derivatives such as (Mendonça 
et al. 2009) furfural (Rossmoore 2001) and deca-
noic acid (Isaacs 2001) are well documented. 
Amyl isovalerate was reported as one of the 
major components of many plant essential oils 
with antimicrobial property (Morris et al. 1979). 
Because of the diversity and complexity of the 
natural mixtures of bioactive compounds in the 
crude plant extract and fungal cultures, it is rather 

difficult to characterize every compound present 
and elucidate its structure in a single study.

Chaetomium sp. isolated from H. mysorense 
showed significant antibacterial and antiderma-
tophytic activity. The MIC values ranged from 78 
to 156 µg/ml against the tested bacteria. The an-
tibacterial and antifungal activity of endophytic 
Chaetomium sp. have been reported earlier and 
attributed to the presence of bioactive metabo-
lites such as musanahol (Marwah et al. 2007), 
chaetomugilin A, chaetoglobosins A and C, chae-
tomugilin D (Qin et al. 2009). Previous studies 
on other Chaetomium isolates exhibited similar 
MIC values of 80 µg/ml–1.25 mg/ml (Huang 
et al. 2007). Pure antibacterial compound purified 
from HYML55 was effective against bacterial 
pathogens with significant MIC values from 7.8 
to15.625 μg/ml. The yield was high when grown 
in YESB compared to others. Previous reports 
also substantiate the higher yield of bioactive 
compounds in YESB (Tong et al. 2011).

In living organisms, the oxidative stress cre-
ated by reactive oxygen species (ROS) result-
ing from metabolism, in the form of superoxide 
anion (O2−), hydroxyl radical (OH), hydrogen 
peroxide (H2O2) and nitric oxide (NO) leads to 
conditions such as cancer, stroke, myocardial 
infarctions, diabetes, sepsis and hemorrhagic 
shock, neurodegenerative diseases by inducing 
biomolecular oxidations (Cavas and Yurdakoc 
2005; Chew et al. 2008). Therefore, food and 
pharmaceutical industries need effective free 
radical-scavenging molecules. NOTL33 and 
HYML55 extracts exhibited free radical-scav-
enging activity comparable with that of BHA. 
The free radical-scavenging activity of the endo-
phytic extracts could be attributed to the presence 
of phenolic compounds (Huang et al. 2007).

This study is the first report on the diversity of 
endophytes from H. mysorense and endophytic 
occurrence of B. ochroleuca in N. foetida. The 
study shows that the medicinal plants from the 
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Organism MIC (µg/ml)
Staphylococcus aureus 15.625
Shigella flexneri 7.8125
Salmonella typhi 7.8125
Pseudomonas aeruginosa > 500

Table 6.5  Minimum 
inhibitory concentration 
of purified compound 
HYML55–8A
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Western Ghats are a rich source of endophytic 
fungi, the careful evaluation of which may lead 
to the discovery of novel fungal strains as well 
as novel natural compounds with bioactive po-
tential. Two endophytic isolates studied here ex-
hibited significant antimicrobial and antiradical 
activity proving them to be a potential source for 
bioactive compounds. However, further investi-
gation is essential for the purification and char-
acterization of the active metabolites from these 
two endophytic fungal isolates, which may lead 
to the discovery of novel bioactive molecules of 
industrial and pharmaceutical importance.
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Abstract

Diversity of arbuscular mycorrhizal fungi (AMF) was investigated from 
natural and cultivated sites of Flemingia vestita (Fabaceae). Sampling was 
done at monthly intervals for two crop cycles. Root samples were evalu-
ated for AMF colonization in the form of arbuscules, vesicles and hyphae. 
AMF colonization and spore density was higher in natural site as com-
pared to cultivated site. A total of 68 AMF species were isolated belonging 
to six genera: Acaulospora, Ambispora, Gigaspora, Glomus, Pacispora 
and Scutellospora. Trap cultures of AMF were also established with four 
different host plants ( Oryza sativa L., Paspalum notatum Flüggé, Trifo-
lium ripens L. and Zea mays L.) using rhizosphere soils from natural and 
cultivated sites. A total of 33 AMF species were isolated from trap cul-
tures, out of which three species were not detected in F. vestita rhizosphere 
soil. Thus, trap cultures allow development and sporulation of AMF spe-
cies which otherwise were not recovered from field soil.

7.1  Introduction

Arbuscular mycorrhizal fungi (AMF) are obli-
gate biotrophic symbionts associated with roots 
of over 80 % terrestrial plant species (Smith and 
Read 1997). AMF benefit from this association 
by obtaining carbon compounds which are nec-

essary for their growth and in return, they have 
diverse, beneficial impacts on plants and soils 
(Brundrett et al. 1999; Li et al. 2006). AMF in-
creases resistance to environmental stresses, 
enhances plant nutrient acquisition, water rela-
tions, disease resistance and improves soil qual-
ity (Smith and Read 2008). Soil microorganisms 
that form mutually beneficial relationships with 
plant roots have become a target of increasing 
interest in agricultural research and development 
because they offer a biological alternative to pro-
mote plant growth and reduce chemical inputs in 

Keywords
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sustainable cropping systems (Hart and Trevors 
2005).

Distribution and diversity of AMF species 
is influenced by the individual plant species 
and plant communities in natural and farming 
systems through differential effects on hyphal 
growth and sporulation (Eom et al. 2000; Jefwa 
et al. 2006). It is also highly influenced by sev-
eral environmental factors including climatic 
conditions, soil physicochemical status, age and 
variety of host plant. AMF species richness re-
duces in agricultural systems compared to plant 
species-rich natural sites (Börstler 2010).

In all parts of Meghalaya, many plants have 
been investigated for their botanical aspects and 
medicinal values. However, mycorrhizal investi-
gations have been rarely conducted. Flemingia 
vestita Benth. ex Baker is an indigenous plant of 
Meghalaya. It is a weak climber that produces an 
edible root tuber, which is somewhat juicy, sweet 
and nut-like in flavour and is eaten raw and has 
a high local market value. In addition, its root-
tuber peel is used as curative against worm infec-
tion in traditional medicine among the natives of 
Meghalaya. Anthelmintic efficacy of this plant-
derived material has provided evidences that 
support and authenticate the usage of the tuber-
ous root of this plant as vermifuge and vermicide 
(Das et al. 2004). Data on the occurrence and 
diversity of AMF association in F. vestita are vir-
tually, non-existent. Thus, the present study was 
aimed to investigate AMF diversity in field and 
trap cultures from rhizosphere soils of F. vestita.

7.2  Materials and Methods

7.2.1  Site Description and Field 
Sampling

Sampling was done at monthly intervals for two 
crop cycle (March to December, 2008 and 2009) 
from natural (MF) and cultivated sites (TF) in 
East Khasi Hills, Meghalaya, northeast India. 
Rhizosphere soils and root samples of F. vestita 
were collected with ten replicates per site, kept 
in a sterilized plastic bag and transported to the 
laboratory for analysis.

7.2.2  Analysis of AMF Colonization

Roots were washed thoroughly in tap water and 
cut into approximately 1 cm segments. The roots 
were then cleared in 10 % (w/v) KOH by heating 
at 90 °C for 1 h. It was then washed and stained 
with Trypan blue (Phillips and Hayman 1970). 
The stained root samples were mounted on mi-
croscope slides and examined for AMF structure 
under light microscope. The colonization of root 
length with arbuscules (RLA), vesicles (RLV) 
and hyphae (RLH) per sample were quantified by 
the magnified intersection method of McGonigle 
et al. (1990) and expressed it in percentage.

7.2.3  AMF Spore Isolation, 
Enumeration and Identification

AMF spores were extracted by wet sieving and 
decanting method of Gerdemann and Nicolson 
(1963). Suspension of 25 g soil sample in water 
was decanted through a series of 710–737 µm 
sieves. The residues in the sieves were washed 
into the beaker and the sievates were dispersed 
in water and filtered through filter papers and 
the spores were counted using a dissection mi-
croscope at 40× magnification. Sporocarps 
and spore clusters were considered as one unit. 
AMF spores were picked up using a needle and 
mounted in polyvinyl alcohol-lactic acid-glyc-
erol (PVLG) with Meltzer’s reagent on a glass 
slide for identification based on morphological 
descriptions published by International Culture 
Collection of Vesicular and Arbuscular Mycor-
rhizal Fungi (http://invam.caf.wvu.edu), AMF 
phylogeny (www.amf-phylogeny.com), Oehl and 
Sieverding (2004) and Goto et al. (2008).

7.2.4  Trap Culture Setup

Trap cultures of AMF were established with 
four different host plants ( Oryza sativa L., Pas-
palum notatum Flüggé, Trifolium ripens L. and 
Zea mays L.). Field soils and root fragments of 
F. vestita from MF and TF served as inocula for 
AMF trap cultures. Approximately, 40–50 seeds 
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of each plant species were evenly sown on 25 cm 
diameter plastic pots containing 1.5 kg of inoc-
ulum and autoclaved coarse sand (1:1 v/v) and 
monitored in greenhouse condition. It was wa-
tered whenever required. After 5 months, trap 
plants were checked out for AMF colonization, 
spores density and species composition.

7.2.5  Statistical Analysis

Spore density and species richness were ex-
pressed as number of AMF spores and numbers 
of AMF species in 25 g soil samples, respectively. 
Relative abundance, isolation frequency, Shan-
non-Wiener index of diversity (H′) and Simp-
son’s index of dominance (D) were calculated 
(Dandan and Zhiwei 2007). Data were statisti-
cally analysed using one-way analysis of vari-
ance (ANOVA). Pearson correlation coefficient 
was employed to determine the relationships 
between mycorrhizal structural colonization and 
soil physicochemical properties. Standard errors 
of means were calculated.

7.3  Results and Discussion

The roots of F. vestita were colonized by AMF 
throughout the crop cycle in both sites. AMF 
colonization in the form of arbuscules, vesicles 
and hyphae, and occasionally, intraradical spores 
were observed. The monthly variation in total 

AMF colonization is given in Fig. 7.1. Total 
AMF colonization ranged from 27.13 to 98.03 % 
in natural site and 11.38 to 96.76 % in cultivated 
site. No tillage condition in natural site could 
have stimulated mycorrhizal activity in soil of F. 
vestita. This finding is also in accordance with 
Dodd et al. (2000). Low colonization in cultivat-
ed site could be due to the agricultural practices 
such as uses of agricultural machineries and con-
ventional tillage which might have reduced the 
hyphal network in the soil.

High AMF spore density was observed in rhi-
zosphere soil of F. vestita in both study sites. The 
spore numbers ranged from 574 to 3,074 in 25 g 
soil sample in natural site, while in cultivated 
site, it ranged from 552 to 1,854 in 25 g soil sam-
ple. The rhizosphere soils of F. vestita revealed 
that natural site had higher number of AMF spe-
cies as compared to the cultivated site. A total of 
68 AMF species belonging to six genera ( Glo-
mus, Acaulospora, Scutellospora, Gigaspora, 
Ambispora and Pacispora) were isolated from 
F. vestita rhizosphere soils (Table 7.1). Some of 
the isolated AMF species are given in Fig. 7.2. 
In this investigation, Glomus was the most wide-
ly distributed AMF species and it is considered 
as cosmopolitan AMF species in many ecosys-
tems (Sýkorová et al. 2007). It was followed by 
Acaulospora, Scutellospora and Gigaspora in 
both study sites. In natural site, the dominant 
AMF species was Glomus. Klironomos and Hart 
(2002) suggested that mycelium is of major im-
portance as propagule for some Glomus species. 

Fig. 7.1  Arbuscular 
mycorrhizal fungi 
( AMF) colonization 
in natural ( MF) and 
cultivated site ( TF) of 
Flemingia vestita
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Sl. No. AMF species MF TF
1. Acaulospora alpina Oehl, Sykorova and Sieverd + +
2. Acaulospora capsiculata Blaszk + +
3. Acaulospora delicata Walker, Pfeiffer and Bloss + +
4. Acaulospora denticulata Sieverding and Toro + +
5. Acaulospora dilatata Morton − +
6. Acaulospora foveata Trappe and Janos + −
7. Acaulospora koskei Blaszk + +
8. Acaulospora lacunosa Morton + +
9. Acaulospora mellea Spain and Schenck + +
10. Acaulospora morrowiae Spain and Schenck + +
11. Acaulospora rehmii Sieverding and Toro − +
12. Acaulospora scrobiculata Trappe + +
13. Acaulospora spinosa Walker and Trappe + +
14. Ambispora brasiliensis Goto, Maia and Oehl + +
15. Gigaspora albida Schenck and Smith + +
16. Gigaspora decipiens Hall and Abbott − +
17. Gigaspora margarita Becker and Hall − +
18. Gigaspora rosea Nicolson and Schenck + +
19. Glomus aggregatum Schenck and Smith + +
20. Glomus ambisporum Smith and Schenck + +
21. Glomus aurantium Błaszk., Blanke, Renker and Buscot + +
22. Glomus badium sp. nov. Oehl, Redecker and Sieverd + +
23. Glomus caledonium Nicolson and Gerdemann + −
24. Glomus claroideum (Schenck and Smith emend. Walker and Vestberg) − +
25. Glomus clavisporum (Trappe) Almeida and Schenck + −
26. Glomus convolutum Gerdemann and Trappe + −
27. Glomus coronatum Giovann + +
28. Glomus corymbiforme Blaszkowski + +
29. Glomus eburneum Kenn., Stutz and Morton + +
30. Glomus etunicatum Becker and Gerdemann + +
31. Glomus fasciculatum (Thaxter) Gerdemann and Trappe + +
32. Glomus fistulosum Skuo and Jakobsen + +
33. Glomus fuegianum (Spegazzini) Trappe and Gerdemann + −
34. Glomus geosporum (Nicol. and Gerd.) Walker + +
35. Glomus gibbosum Błaszk − +
36. Glomus glomerulatum Sieverding + +
37. Glomus heterosporum Smith and Schenck − +
38. Glomus hoi Berch and Trappe + +
39. Glomus intraradices Schenck and Smith + +
40. Glomus lamellosum Dalpe, Koske and Tews + −
41. Glomus luteum Kenn., Stutz and Morton + +
42. Glomus macrocarpum Tul. and Tul + +
43. Glomus manihotis Howeler, Sieverding and Schenck + −
44. Glomus melanosporus Gerd. and Trappe − +
45. Glomus microaggregatum Koske, Gemma and Olexia + −
46. Glomus microcarpum Tul. and Tul + +
47. Glomus minutum Blaszkowski, Tadych et Madej, sp. Nov. + −
48. Glomus mosseae (Nicol. and Gerd.) Gerdemann and Trappe + −

Table 7.1  Isolated AMF species from the rhizosphere soil of natural (MF) and cultivated sites (TF) of Flemingia vestita
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Sl. No. AMF species MF TF
49. Glomus rubiforme Gerdemann and Trappe + +
50. Glomus sinuosum (Gerd. and Bakshi) Almeida and Schenck + +
51. Glomus spinosum Hu + −
52. Glomus tenebrosum (Thaxter) Berch + −
53. Glomus tortuosum Schenck and Smith + +
54. Glomus verruculosum Blaszkowski and Tadych + +
55. Glomus versiforme (Karsten) Berch + +
56. Glomus viscosum Nicolson + +
57. Pacispora robigina Oehl and Sieverd − +
58. Scutellospora calospora Walker and Sanders + −
59. Scutellospora cerradensis Spain and Miranda + +
60. Scutellospora coralloidea Koske and Walker − +
61. Scutellospora erythropa (Koske and Walker) Walker and Sanders − +
62. Scutellospora fulgida Koske and Walker + −
63. Scutellospora heterogama (Nicolson and Gerd.) Walker and Sanders + +
64. Scutellospora pellucida (Nicolson and Schenck) Walker and Sanders + +
65. Scutellospora pernambucana Oehl, Silva, Freitas and Maia + +
66. Scutellospora rubra Sturmer and Morton + +
67. Scutellospora scutata Walker et Diederichs + +
68. Unidentified species + +
‘+’ indicates presence of species and ‘−’ absence of species

Table 7.1 (continued) 

Fig. 7.2  AMF spores and sporocarps isolated from rhi-
zosphere soil of F. vestita. a–f Glomus species—G. ba-
dium, G. indraradices, G. tortuosum, G. indraradices, G. 
clavisporum and G. glomerulatum. g–k Acaulospora spe-

cies—A. scrobiculata, A. denticulata, A. delicata and A. 
foveata. l–m Scutellospora species. n–o Unidentified spe-
cies. p–v Sporocarpic species. ( Scale bar: a–o = 50 µm, 
p = 200 µm, q–r = 100 µm, s–u = 100 µm, v = 60 µm)
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Taking these affirmations into consideration we 
hypothesize that the lack of hyphal network dis-
ruption in no-tilled condition in natural site could 
have favoured Glomus species. Acaulospora was 
the dominant genus in cultivated site. Cultivated 
site that involves tillage has significant influence 
on the sporulation of non-Glomus AMF species 
(Castillo et al. 2006), and thus it reflects the rela-
tive abundance and the dominant characteristics 
of Acaulospora species under cultivated site.

Altogether, 33 AMF species were isolated 
from trap cultures (25 species from MF-derived 
inoculum and 18 species from TF-derived inocu-
lum). Isolated AMF species from trap cultures 
are given in Table 7.2. Only about 49 % of the 
AMF species found directly in the field samples 
had produced spores in trap cultures. However, 
it helps in recovery of one additional AMF spe-
cies ( Paraglomus brasilianum) from MF-derived 
trap cultures and two additional AMF species 
( Glomus caledonium and Glomus glomerulatum) 

Sl. No. AMF species MF TF
1. Acaulospora capsiculata Blaszk + −
2. Acaulospora delicata Walker, Pfeiffer and Bloss + +
3. Acaulospora koskei Blaszk + −
4. Acaulospora mellea Spain and Schenck + −
5. Acaulospora morrowiae Spain and Schenck − +
6. Acaulospora rehmii Sieverding and Toro − +
7. Acaulospora scrobiculata Trappe + +
8. Gigaspora rosea Nicolson and Schenck + +
9. Gigaspora margarita Becker and Hall − +
10. Glomus aggregatum Schenck and Smith + +
11. Glomus badium sp. nov. Oehl, Redecker and Sieverd + +
12. Glomus caledonium Nicolson and Gerdemann − +
13. Glomus clavisporum (Trappe) Almeida and Schenck + −
14. Glomus etunicatum Becker and Gerdemann + −
15. Glomus eburneum Kenn., Stutz and Morton − +
16. Glomus fasciculatum (Thaxter) Gerdemann and Trappe + +
17. Glomus fistulosum Skuo and Jakobsen − +
18. Glomus fuegianum (Spegazzini) Trappe and Gerdemann + −
19. Glomus geosporum (Nicol. and Gerd.) Walker + +
20. Glomus glomerulatum Sieverding + +
21. Glomus intraradices Schenck and Smith + +
22. Glomus luteum Kenn., Stutz and Morton + +
23. Glomus macrocarpum Tul. and Tul. + −
24. Glomus microcarpum Tul. and Tul. + −
25. Glomus rubiforme Gerdemann and Trappe − +
26. Glomus tortuosum Schenck and Smith + −
27. Glomus verruculosum Blaszkowski and Tadych + −
28. Glomus versiforme (Karsten) Berch + −
29. Glomus viscosum Nicolson − +
30. Paraglomus brasilianum + −
31. Scutellospora calospora Walker and Sanders + −
32. Scutellospora fulgida Koske and Walker + −
33. Scutellospora scutata Walker et Diederichs + −
‘+’ indicates presence of species and ‘−’ absence of species

Table 7.2  AMF species isolated from four trap plants set up with natural (MF) and cultivated (TF) rhizosphere soils 
of F. vestita
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from TF-derived trap cultures that were not iso-
lated from field soils. Occurrence of additional 
AMF species in the traps is a well-documented 
phenomenon, justifying the use of trap cultures 
for more complete AMF surveys than direct iso-
lation of spores from the field soils (Brundrett 
et al. 1999; Jansa et al. 2002; Oehl et al. 2004). 
Given the different environmental conditions in 
trap pots in comparison to the fields, some of the 
AMF rarely sporulating in the field soil, might 
start forming spores in the pots. Thus, this ap-
proach should be incorporated in the analysis of 
AMF species diversity as it revealed additional 
AMF species.

7.4  Conclusions

AMF are ecologically important root symbionts 
of most terrestrial plants, and their roles in natu-
ral and agricultural ecosystems are increasingly 
being recognized. The important observation of 
the present investigation is that F. vestita har-
bours a relatively high AMF community, support-
ing the view that the representatives of Fabaceae 
have a high mycorrhizal dependency (Duponnois 
et al. 2001). This study also suggested that AMF 
diversity is higher in natural site as compared to 
the cultivated site of F. vestita and it could be 
affected by different agricultural management 
practices.

Many plant species are in high demand for 
their medicinal properties, and for other various 
purposes. Owing to the multiple beneficial effects 
on plant performance and soil health, recognition 
of mycorrhizal status and application of mycor-
rhizal technology which is cost-effective and 
environmental friendly, are potentially impor-
tant in increasing plant productivity. Therefore, 
appropriate management of ecosystem services 
rendered by AMF will have an impact on the net 
gain for human society.
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Abstract

Cancer is the uncontrolled proliferation of abnormal cells whose diagnosis 
and treatment continues to be an Achilles heel to the medical fraternity. In 
spite of several breakthroughs in cancer research, economically viable, 
safe treatment is still uncommon to the commoners. The unwarranted side 
effects of the available drugs and their high cost necessitate the search for 
novel, safer and cheaper bioactive molecules for the treatment. Taxol, a 
diterpenoid, alkaloid first isolated from the bark of the Pacific yew tree, 
Taxus brevifolia, is one of the better known anticancer drugs. The in-
creased demand for taxol, coupled with its limited availability from the 
protected Pacific yew, led the researchers scrambling for alternate sources. 
Our present study details the isolation and molecular identification of the 
taxol-producing endophytic fungus Colletotrichum gloeosporioides from 
Moringa oleifera. Morphotyping and ITS-based identification were em-
ployed to confirm the identity of our organisms, while their potential for 
taxol production was evaluated at the genetic level using DBAT (10-de-
actylbaccatin III-10-O-acetyl transferase) and BAPT (C-13 phenylpro-
panoid side chain-CoA acyl transferase) genes. The fungal taxol produced 
in M1D medium was extracted, partially purified and confirmed using 
different spectral and analytical methods.

Keywords 

Fungal taxol · Endophytic fungi · DBAT and BAPT genes 

8.1  Introduction

The process of carcinogenicity presents a major 
challenge to scientists and provides limited tools 
for its control. For more than 50 years, the war 
on cancer is being fought with three tools—sur-
gery (cut), radiation therapy (burn) and chemo-
therapy (chemical; Lam 2003). In common, all 
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cancers are characterized by the uncontrolled 
proliferation of abnormal cells in the body. In-
crease in global failure (or decrease in the curing 
ability) of currently available medicine for many 
diseases, especially cancer, diabetes, malaria, 
leishmania, AIDS, etc., undermines our ability 
to overcome the problem (Culver et al. 1998). 
While new drugs and drug sources continue to be 
explored, endophytic fungi continue to be a piv-
otal group producing novel bioactive metabolites 
(Strobel and Daisy 2003; Joseph and Minipriya 
2011; Xing et al. 2011).

Endophytic fungi are those which live within 
plant tissues for all or part of theirlife cycle and 
cause no apparent harm to the host plant; thus, 
they are also called symptomless parasitic fungi 
(Maheshwari 2006). Secondary metabolites 
produced by endophytes have been documented 
to vary according to the host and their environ-
mental condition. Taxol, a diterpenoid natural 
product, first isolated from the bark of the Pacif-
ic yew tree, Taxus brevifolia, is highly function-
alized and is the world’s first billion dollar anti-
cancer drug (Stierle et al. 1993; Strobel 2002). 
Isolation of taxol-producing endophytic fungi 
had greatly alleviated the pressure on yew trees 
and is considered to bridge the gap in meeting 
the rising demand. Several endophytic isolates 
from varied host plants have been reported to 
produce taxol and their derivatives, through 
laborious conventional isolation and screen-
ing procedures. As an alternative method for 
screening such endophytes, genes encoding for 
taxol biosynthetic enzymes have been used as a 
molecular marker for screening taxol-producing 
fungal endophytes (Kumaran and Hur 2009).

As a part of a major research project, we at-
tempted to document the diversity of endophytic 
fungal community from Moringa oleifera, a 
deciduous tree with edible leaves, flowers and 
fruits, of rich medicinal utility. M. oleifera is 
used as an antibacterial, antioxidant, antiseptic, 
anti-anaemic, antihypertensive, antitumoural, 

radio protective and external cancer preventive 
measure, and to treat sores, prostate, diabetes/hy-
poglycaemia, hypocholesterolaemia, bronchitis, 
energy, protein, vitamin/mineral deficiency, thy-
roid, hepatorenal, colitis, diarrhoea, dysentery, 
lactation, scurvy, gastritis, rheumatism, tonic, 
etc. (Rajangam et al. 2001; Thurber and Fahey 
2005). In this study, we report the isolation of 
Colletotrichum gloeosporioides, an endophytic 
fungus from M. oleifera and its identification 
using morphotypic parameters such as growth 
pattern, spore morphology with internal tran-
scribed spacer (ITS) region-specific primers as 
molecular markers. Erstwhile, the morphologi-
cal species recognition (MSR) concept held good 
for genus-level identification in the common 
fungal community; recently, ITS region-based 
phylogeny has been widely used because of its 
ease and advantage to resolve qualms at species 
level. C. gloeosporioides, isolated from various 
hosts growing in different environments, had 
been reported to produce taxol (Gangadevi and 
Muthumary 2008; Nithya and Muthumary 2009; 
Kumaran et al. 2008, 2010; Kumaran and Hur 
2009). We screened our isolate for the presence 
of DBAT (10-deactylbaccatin III-10-O-acetyl 
transferase) and BAPT (C-13 phenylpropanoid 
side chain-CoA acyl transferase) genes and inter-
mediate genetic elements involved in taxol bio-
synthesis. Also, production of fungal taxol was 
further confirmed using ultraviolet (UV) spec-
troscopy, infrared (IR) spectroscopy and high 
performance liquid chromatography (HPLC) 
analysis (Strobel et al. 1996).

8.1.1  Sample Collection and Isolation 
of Endophytic Fungi

M. oleifera leaf samples were collected from 
four different locations across Chennai, and were 
separately processed within 24 h of collection for 
endophytic fungi isolation as detailed by Strobel 
(2002) and Strobel and Daisy (2003).

J. Muthumary
Centre for Advanced Studies in Botany, University of 
Madras, Guindy Campus, Chennai 600025, Tamil Nadu, 
India
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8.1.2  Isolation and Identification 
of Endophytic Fungi from 
M. oleifera

The phylloplane (epiphytic) fungal propagules 
adhering onto the leaf surfaces were killed with 
surface sterilants using the modified procedure 
described by Dobranic et al. (1995) to facilitate 
endophyte isolation. Specifically, the leaves were 
washed with running tap water, sterilized with 
ethanol (75 % V/V) for 1 min and sodium hy-
pochlorite (2.5 % V/V) for 5 min, then rinsed in 
sterile water three times and cut into 1 cm long 
segments. Plant segments transferred onto pota-
to-dextrose-agar (PDA) plates amended with am-
picillin (200 μg/ml) and streptomycin (200 μg/
ml) were incubated for 12 h of light/dark condi-
tion at 25 °C and observed for emergence of hy-
phae. Axenic cultures were raised using hyphal 
tip method (Huang et al. 2001) and maintained 
in PDA. Fungal identification methods were 
based on the morphology of the fungal culture, 
the mechanism of spore production and the char-
acteristics of the spores (Sutton 1980; Nagraj 
1993).

8.1.3  Molecular Identification and 
Screening of Taxol-Producing 
Fungi

8.1.3.1  DNA Extraction
Genomic DNA was extracted from the endo-
phytic fungi using modified method (Azmat et al. 
2012). C. gloeosporioides isolate was cultured in 
50 mL potato dextrose broth (PDB) medium for 
a period of 7 days to obtain fungal mycelial mat. 
The mycelium was harvested and filtered through 
Whatman No.1 filter paper and was later lyophi-
lized. A total of 50 mg of mycelium, grounded 
in liquid nitrogen, was dissolved in 500 µL TES 
(100 mM Tris, pH 8.0, 10 mM ethylenediamine-
tetraacetic acid (EDTA), 2 % sodium dodecyl sul-
fate (SDS)) and incubated for 60 min at 55–60 °C 
with addition of 50 µg of proteinase K from an 
appropriate stock solution. The salt concentration 
was adjusted to 1.4 M with 5 M NaCl (140 µL) 
and 1/10 volume (65 µL) of 10 % cetyl trimethyl-

ammonium bromide (CTAB) was added and in-
cubated for 10 min at 65 °C. A total of 700 µL of 
Phenol: Chloroform (24:1) (SEVAG) buffer phe-
nol/chloroform/isoamyl alcohol was added gen-
tly, incubated for 30 min at 0 °C and then centri-
fuged for 10 min (4 °C) at 10,000 rpm. The super-
natant was collected in a 1.5 mL tube, and 225 µL 
of 3 M sodium acetate was added, mixed gently 
and incubated in ice for 30 min and centrifuged 
again at 10,000 × rpm. The supernatant was trans-
ferred to a fresh tube and 550 µLof isopropanol 
was added to precipitate DNA, and was centri-
fuged immediately for 10 min at 10,000 × rpm. 
The supernatant was aspirated and the pellet was 
washed twice with cold 70 % ethanol, air-dried 
and resuspended in 50 µL of RNase-free water.

8.1.3.2  Amplification of Internal 
Transcribed Spacer (ITS) 
Sequences

The ITS gene from the isolated endophytic fun-
gus was amplified using universal primer by 
polymerase chain reaction (PCR). The reaction 
was carried out by using the forward primer 
ITS1f (5′ TCC-GTA-GGT-GAA-CCT-GCG-G 
3′) and reverse primer ITS4r (5′TCC-TCC-GCT-
TAT-TGA-TAT-GC 3′; Sim et al. 2010). The 
PCR amplification was performed in an L196G-
GD Model Peltier Thermal Cycler Version 2.0 
with a total 25 µl reaction that comprised 20 ng 
of genomic DNA, 2.5 µl 10× buffer with 25 mM 
MgCl2, 0.5 µl of 10 mM DNTPs, 2 U of Taq 
DNA polymerase and 10 pmol of each primer 
(all molecular chemicals were purchased from 
Sigma Aldrich). The cycling conditions were: 
4 min at 94 °C for initial denaturation, 30 cycles 
each of 30 s at 94 °C for denaturation, 1 min at 
58.2 °C for annealing, 2 min at 72 °C for exten-
sion and a final extension at 72 °C for 7 min. 
The amplified DNA fragments were analysed by 
1 % agarose gel electrophoresis along with the 
100 bp ladder (New England Biolabs), and the 
amplicons were visualized using a gel documen-
tation system (Uvitech). A non-template control 
was included in each run. PCR products were 
purified using mini columns (PCR Preps DNA 
purification System, Sigma) according to the 
manufacturer’s protocol.
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8.1.3.3  ITS Region Sequencing and 
Phylogenetic Analysis

The purified PCR products were subsequently se-
quenced in Applied Biosystems 3730xl sequenc-
er, USA (Eurofins Private Limited, Bangalore, 
India). The samples (mixed with sequencing buf-
fer, dye (BigDye Terminator) labelled dNTPs and 
universal primers for ITS) were amplified with 
the following PCR conditions: 25 cycles, each of 
96 °C for 10 s, 55 °C for 5 s and 60 °C for 4 min. 
The sequencing run was completed using a stan-
dard programme. The extension products were 
purified with ethanol and EDTA, separated by 
capillary electrophoresis and interpreted with an 
inbuilt software programme. The resultant nucle-
otide sequences were analysed using n-BLAST 
(http://blast.ncbi.nlm.nih.gov) and deposited in 
GenBank database. A phylogenetic tree was con-
structed using a MEGA 5.1 software.

8.1.3.4  Screening for DBAT and BAPT 
Genes

The presence of DBAT and BAPT genes were 
screened with gene-specific primers. The PCR 
conditions for dbat gene are initial denaturation 
at 94 °C for 4 min before 30 cycles of amplifica-
tion and denaturation at 94 °C for 45 s, annealing 
at 56.9 °C for 30 s, extension at 72 °C for 30 s and 
final extension at 72 °C for 6 min. The PCR con-
ditions for bapt were initial denaturation at 94 °C 
for 4 min before 30 cycles of amplification and 
denaturation at 94 °C for 50 s, annealing at 56 °C 
for 50 s, extension at 72 °C for 30 s and finally at 
72 °C for 6 min. The amplified DNA fragments 
were analysed by agarose gel electrophoresis 
along with the 100 bp ladder (New England Bio-
labs) and the amplicons were visualized under a 
gel documentation system. All the PCR amplifi-
cations were performed in an L196GGD Model 
Peltier Thermal Cycler Version 2.0 (Zhang et al. 
2008).

8.1.4  Extraction of Fungal Taxol

C. gloeosporioides isolate was inoculated into 
2 L of M1D broth and incubated for 21 days at 
23–24 °C for taxol production with 12 h of light 

and 12 h of dark condition. At the end of the in-
cubation period, culture supernatant separated 
by filtering through cheese cloth was added with 
0.25 g of Na2CO3 to clarify the solution. Sub-
sequently, the filtrate was mixed with dimethyl 
sulpoxide (DMSO) in a 1:2 ratio to extract the 
fatty acid-free organic phase, which was further 
concentrated under controlled pressure at 35 °C 
using rotary vacuum evaporator. The dry solid 
residue was redissolved in 1 ml of methanol 
and screened for the presence of taxol-like com-
pounds on pre-coated silica gel plates (Merck) 
along with authentic taxol as a positive control. 
The plates were developed by the solvent system 
as reported (Strobel et al. 1996b), and fractions 
with the same mobility as that of standard taxol 
were carefully separated on preparative thin layer 
chromatographic (TLC) plates and were utilized 
for further analysis.

8.1.5  Characterization of Fungal Taxol 
Using UV, IR Analyses and HPLC 
Analysis

The fractionated metabolite’s UV-vis absorp-
tion spectrum was recorded in a Beckman *DU-
40 spectrophotometer followed by IR analyses 
(Shimadzu). Furthermore, the metabolite was 
analysed by HPLC (Shimadzu 9 A model) using 
a reverse phase C18 column with a UV detector. 
A total of 20 µl of the metabolite was injected 
along with methanol, acetonitrile and water (the 
ratio was 25:35:40) as mobile phase at a flow 
rate of 1.0 ml min-1 and was detected at 232 nm. 
The sample and the mobile phase were filtered 
through 0.2 µm PVDF filter before injecting into 
the column (Pandi et al. 2011; Kumaran and Hur 
2009; Kumaran et al. 2010).

8.2  Results

Eighteen isolates were recorded from M. oleifera 
leaves collected across various sites in Chennai 
(Fig. 8.1). Colonies grew well on PDA and good 
sporulation was observed after 10 days of incu-
bation. The isolate was white coloured mycelium 

K. G. Raj et al.



1158 Molecular Identification and Characterization of the Taxol-Producing ...

(Fig. 8.2) which turned grey on sporulation; the 
spore (Fig. 8.3) as observed under the light mi-
croscope (40×) was orange in colour, cylindrical 
in shape and was identified to be C. gloeospo-
rioides, using standard monographs. Amplifica-
tion of fungal ITS region using universal primers 
was successful, which was used to establish the 
molecular identity of our isolate. The amplified 
fungal (18 S rRNA) ITS region (Fig. 8.4) was 
sequenced and the product size ranged up to 

504 bp. The sequence information was submit-
ted in GenBank database for universal accession 
(JQ33884). Furthermore, an n-BLAST search for 
our sequence showed higher homology with ITS 
sequences of C. gloeosporioides isolates from 
NCBI’s GenBank database. A phylogenetic tree 

Fig. 8.1  Plant of Moringa oleifera

 

Fig. 8.4  Representative PCR analysis for the presence 
of ITS region Lane 2—PCR product; Lane 8—100 bp 
ladder; 3 µL of sample + 2 µL of loading dye

 

Fig. 8.3  Spore photo C. gloeosporioides (40×)

 

Fig. 8.2  Morphology of C. gloeosporioides
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drawn with neighbour-joining (NJ) algorithm 
with default settings is shown in Fig. 8.5, and it 
depicts the placement of our isolate within Col-
letotrichum clade and among earlier reported C. 
gloeosporioides isolates. Amplification of DBAT 
and BAPT genes using gene-specific primers 
was successful, yielding 200 and 600 bp ampli-
cons size, respectively, confirming the taxol bio-
synthesis potential of our isolate (Fig. 8.6).

The partially purified fungal taxol was com-
pared with authentic taxol using UV, IR and 
HPLC analysis. UV absorption spectrum of 
fungal taxol matched the authentic taxol with a 
maximum absorption at 235 nm (Fig. 8.7). The 
IR spectrum was recorded in the region between 
4,000 and 500 cm−1 and corroborated the above 
finding. The appearance of bands in IR spectra 
convincingly illustrates the identical chemical 
nature of the extracted taxol from the fungus 
with that of authentic taxol. A broad peak in the 
range of 3,431–3,347 cm−1 observed was due to 
hydroxyl (OH) and amide (NH) groups’ stretch. 
The aromatic ring (C = C) stretching frequency 
was observed in the range of 1,590–1,735 cm−1. 
The peak observed in the range of 1,040–
1,120 cm−1 was due to the presence of aromatic 
C, H bends (Fig. 8.8). The fungal taxol analysed 
using HPLC technique exhibited a peak with 
similar retention time as that of the authentic 
taxol (Fig. 8.9).

8.3  Discussion

Taxol, or ‘paclitaxel’ (generic name), is a mitotic 
inhibitor which has been used in chemotherapy 
for many types of cancers since 1970s. It is known 
to be produced by a considerable number of en-
dophytic fungi such as Taxomyces andreanae, 
Taxomyces sp., Trichoderma, Tubercularia sp., 
Monochaetia sp., Fusarium lateritium, Pestaloti-
opsis microspora, Pestalotiopsis guepinii, Pitho-
myces sp., Pestalotia bicilia, Papulaspora sp.1, 
Pseudomonas aureofaciens, Pleurocytospora 
taxi, Cephalosporium spp., Chaetomium, Mar-
tensiomyces spp., Mycelia sterilia, Nodulispo-
rium sylviforme, Rhizoctonia sp., Penicillium, 
Alternaria sp., Alternaria taxi, Ectostroma sp., 
Botrytis sp., Alternaria alternate and Botrytis 
taxi (Pandi et al. 2011; Kumaran and Hur 2009; 
Kumaran et al. 2010; Zhao et al. 2009).

The present study is the first report of taxol-
producing C. gloeosporioides associated with 
the leaves of M. oleifera. While more recent 
methods, such as dilution-to-extinction plating 
techniques (Unterseher and Schnittler 2010) and 
pyrosequencing-based techniques (Cordier et al. 
2012), have started getting wide acceptance, 
conventional protocols (Strobel et al. 1996) still 
continue to be used. Our isolate was identified 
using MSR and phylogenetic species recognition 
(PSR) concepts (Gazis et al. 2011), as molecu-
lar identification has been increasingly used as a 

Fig. 8.5   Phylogenetic tree of GRMP-1 Colletotrichum gloeosporioides inferred from the nearest neighbour of fungal 
endophytes in this study
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supplementary tool for the traditional systematic 
classification. ITS region, β-tubulin and cyto-
chrome oxidase II are the most commonly em-
ployed molecular markers for phylogenetic anal-
ysis of the isolates. ITS region, a non-functional 

RNA sequence of 500–600 bp length, located in 
the structural ribosomal RNA is of high taxo-
nomic utility, because of its high copy number, 
conserved 5.8 S region in the centre and highly 
variable ITS1 and ITS2 regions on either side 
(Won and Renner 2005; Promputtha et al. 2007; 
U’ren et al. 2009; Sim et al. 2010).

Taxol, a diterpenoid of high commercial 
value, had been reported to be produced from C. 
gloeosporioides isolated from Justicia gendarus-
sa (Gangadevi and Muthumary 2008), Plumeria 
acutifolia Poiret (Nithya and Muthumary 2009) 
and Salacia chinensis (Sharma et al. 2011). We 
employed a two-stage (genetic level and fermen-
tation) screening to evaluate the taxol production 
potential of our isolate. Two genes dbat and bapt, 
part of the taxol biosynthesis pathway, had been 
screened with gene-specific primer in the present 
study. The dbat gene codes for enzyme that con-
verts DBAT to baccatin III, which is the immedi-
ate diterpenoid precursor of taxol, while the bapt 
gene codes for enzymes catalysing the 13-O-
acylation of baccatin III with beta phenylalano-
yl-CoA as the acyl donor to form N-debenzoyl-
2′-deoxytaxol; it catalyzes the attachment of an 
important biological taxol precursor side chain. 
Recent reports on genetic screening of taxol bio-

AQ12

Fig. 8.7  UV spectroscopic analysis of a authentic taxol and b fungal taxol

 

Fig. 8.6   Representative PCR analysis for the presence 
of DBAT and BAPT gene. Lane: 1 bapt gene 
and Lane: 2 dpat gene Lane 3-100 bp ladder; 
3 µL of sample + 2 µL of loading dye
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synthetic genes have presented scintillating re-
sults. It is now evident that the taxol biosynthetic 
pathways in plants and endophytes are different 
(Heinig and Jennewein 2009). Nevertheless, 

of the limitations of our basic understanding of 
the evolution of taxol biosynthetic genes, some 
fungi appear to have sequences similar to those 
of dbat and bapt genes of Taxus, which made 

Fig. 8.9  HPLC analy-
sis of a authentic taxol 
and b fungal taxol

 

Fig. 8.8  IR spectroscopic analysis of a authentic taxol and b fungal taxol
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it distinctly possible that the species are taxol-
producing fungi (Zhang et al. 2008). Our isolate 
had both the genes; hence, we hypothesised it to 
have whole gene construct for taxol biosynthesis 
and probed for production of taxol in M1D broth 
under optimized conditions.

Techniques like UV, TLC, IR, HPLC, the high 
resolution 1H and 13C NMR and mass spectrosco-
py (MS) are the tools applied in the confirmation 
test for the antitumour compound taxol isolated 
from fungi and are supported by many work-
ers (Strobel et al. 1993, 1996, 1997). Sreekanth 
et al. (2009) also reported the presence of taxol 
from Gliocladium sp. Kumaran and Hur (2009; 
Kumaran et al. 2010) also reported the presence 
of taxol from different endophytic fungi isolat-
ed from different plant hosts. Zhao et al. (2009) 
showed the presence of fungal taxol from Asper-
gillus niger var. On the TLC plate, the metabolite 
(fungal taxol) had a pinkish colour on spraying 
vanillin sulphuric acid reagent and subsequently 
turned grey. Based on the results of UV, IR and 
HPLC analysis of the partially purified metabo-
lite, we conclude it to be fungal taxol. The wide 
occurrence of taxol-producing endophytes in 
hosts of different environments (Zhao et al. 2012) 
underscores the possibility of important ecologi-
cal function for this compound. Our future work 
focuses on elucidating its structure, biosynthetic 
pathway and enhancing taxol production. The 
isolation and identification of many endophytic 
fungi able to produce taxol has created a possi-
bility for a cheaper and more widely available 
product to be eventually produced via industrial 
fermentation. The fungus also has potential for 
genetic engineering to improve taxol production.
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Abstract

Mycorrhizae are symbiotic associations formed between the roots of most 
plant species and fungi. Symbiosis is characterized by bidirectional move-
ment of nutrients where carbon flows to the fungus from the plant and 
inorganic nutrients move to the plant, thereby providing a critical link-
age between the plant, root and soil. Symbiosis of arbuscular mycorrhizal 
fungi (AMF) with higher plants results in growth promotion and accumu-
lation of secondary metabolites like alkaloids, flavonoids and terpenoids, 
which have pharmacological characteristics. A detailed study revealed that 
mutualistic symbiosis has great applications in cultivation of medicinal/
endangered plants for obtaining a high level of bioactive compounds. 
Recent work suggest that mycorrhization not only has a positive effect 
on various plant growth parameters but also enhances the essential oil 
concentrations, alkaloids, flavanoids and other secondary metabolites in 
a number of plants from different plant families. Endangered plant spe-
cies like Plantago atrata, Pulsatilla slavica (IUCN Red list) and Senecio 
umbrosus have wide possibilities in improving their ex-situ conservation 
and enhancement of metabolic content through mycorrhizal technology. 
Mycorrhizal technology may be used in the enhancement of plant’s sec-
ondary metabolites efficacious as antioxidant, antibacterial, antifungal 
content and also in conservation of endangered plant species.

Keywords 

Arbuscular mycorrhizal fungi (AMF) · Bioactive compounds · 
Mycorrhizal technology · Plant secondary metabolites · Symbiosis
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9.1  Introduction

Plants may be considered as a chemical factory 
for biosynthesis of a huge array of secondary me-
tabolites. Many of these chemicals are utilized as 
medicine, scent, dyes and pesticides and are of 
great commercial importance. Medicinal plants 
are the richest bio-resources of drugs of tradi-
tional medicinal systems, modern medicines, nu-
traceuticals, food supplements, folk medicines, 
pharmaceuticals, intermediate and chemical en-
titled for synthetic drugs (Hammer et al. 1999). 
These properties are due to the presence of bio-
active compounds termed secondary metabolites. 
The demand for medicinal plants is increasing 
in both developing and developed countries due 
to the growing recognition of natural products, 
being nontoxic, having no side effects and afford-
able prices.

It has been universally accepted that plant 
secondary metabolites actively participate in 
plant–microbe interaction including the plant-
symbiotic fungi associations. Enhancement of 
secondary products accumulation in plants is 
of great importance in medicinal plants cultiva-
tion industry. There is growing concern about 
diminishing populations, loss of genetic diver-
sity, local extinctions and habitat degradation. 
Therefore, co-culture system is assumed to be 
a meaningful and effective tool to biotic elicita-
tion of secondary metabolite production in plants 
upon symbiotic fungi infection. Symbiotic fungi 
usually perform compatible and friendly interac-
tions with host plants, which contribute to growth 
promotion and secondary metabolites accumula-
tion simultaneously, such as alkaloids and terpe-
noids with pharmacological characteristics (Zhi-
lin Y et al. 2007). The current chapter covers the 
various aspects of arbuscular mycorrhizal fungus 
(AMF) inoculation on the levels of secondary 
metabolites of medicinal plants.

9.2  Plant Secondary Metabolites

Secondary metabolites (idiolites) are special 
metabolites usually possessing bizarre chemical 
structures and although not essential for the or-

ganism’s growth in pure culture, they have sur-
vival functions in nature (Demain 1986). Every 
plant at its earlier stage synthesizes primary 
metabolites—“the building blocks”—which are 
the basic needs of the plant to grow and develop. 
These include carbohydrate, protein and nucleo-
tides. The plant starts synthesizing secondary 
metabolites to defend ifself from abiotic and bi-
otic stress situations at later stage of its life cycle. 
These are complex substances derived from pri-
mary metabolites.

The secondary metabolites are known to play 
a major role in the adaptation of plants to their 
environment and also represent an important 
source of pharmaceuticals (Siahsar et al. 2011). 
Secondary metabolites are natural products that 
often have an ecological role in regulating the 
interactions between plants and their environ-
ment. They can be defensive substances, such as 
phytoalexins and phytoanticipins, anti-feedants, 
attractants and pheromones (Hanson 2003). It 
regulates physiology and growth, buffer environ-
mental extremes, deters pest attacks, respond to 
damage by pests, repairs leaf and fruit injuries, 
ultraviolet light protection and molecular signal 
to promote colonization by mycorrhizae and rhi-
zobia (Wink 1999b).

9.2.1  Types of Secondary Metabolites 
and their Effects

Broadly secondary metabolites can be divided 
into three distinct groups:
1. Nitrogen containing compounds—Terpe-

noids, Phenols, Flavonoids, Steroids and 
Saponins

2. No Nitrogen containing compounds—Alka-
loids, Amines, Cyanogenic gycosides, Gluco-
sinulates and nonprotein amino acids

3. Sulphur containing compounds—GSH (or-
ganic S in the soluble fraction), GSL (low mo-
lecular mass N and S containing plant gluco-
sides), Phytoalexins, Thionins, Defensins and 
Lectins

Plants have enormous ability to synthesize aro-
matic secondary metabolites, most of which are 
phenols or their oxygen-substituted derivatives 
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(Geissman 1963). The important subclasses in 
this group of compounds include phenols, phe-
nolic acids, quinones, flavones, flavonoids, fla-
vonols, tannins and coumarins. Fragrance of a 
plant is carried by essential oil fractions which 
are secondary metabolites and highly enriched 
in isoprene structure-based compounds. They 
are called terpenes but when the compound 
contains an additional element as oxygen they 
are termed as terpenoids. Essential oils possess 
strong antimicrobial properties. These groups of 
compounds show antimicrobial effect and serve 
as plant defence mechanisms against pathogenic 
microorganisms. Simple phenols and phenolic 
acids are bioactive phytochemicals consisting of 
a single substituted phenolic ring. Quinones are 
characteristically highly reactive, coloured com-
pounds with two ketone substitutions in aromatic 
ring. Flavones, flavonoids and flavonols are phe-
nolic structures with one carbonyl group. They 
are synthesized by plants in response to microbial 
infection (Dixon et al.1983) and are often found 
to be effective under in vitro as antimicrobial 
substance against a wide array of microorgan-
isms (Bennet et al. 1994). Tannins are polymeric 
phenolic substances possessing the astringent 
property. These compounds are soluble in water, 
alcohol and acetone and give precipitates with 
proteins (Basri and Fan 2005). Tannins are also 
known to have antimicrobial, antihelminthic, an-
timutagenic, anti-inflammatory and antioxidant 
properties (Makkar and Becker 2009). Couma-
rins are phenolic substances made of fused ben-
zene and pyrene rings (O’Kennedy and Thornes 
1997). They have a characteristic odour and sev-
eral of them have antimicrobial properties. Sapo-
nins help in enhancement of immunity, reduction 
in blood glucose and other antidiabetic effects, 
and reduction in blood cholesterol (Francis et al. 
2002).

9.3  Plant Mycorrhizal Interaction

AMF are a unique group of soil fungi that form 
symbiotic association with the higher plants 
and facilitate the uptake of diffusion limited 

plant nutrition, such as P, Zn, Cu, Fe and Mn 
(Tinker 1984). These fungi show a preferential 
colonization to the hosts, and thereby, the ex-
tent to which a host is benefited depends on the 
fungal species involved in the symbiosis (Smith 
and Read 1997).

AMF inoculation can be applied in agricul-
ture since it benefits plants by enhancing nutri-
ent acquisition, increasing resistance to envi-
ronmental stresses and improving soil quality. 
Moreover, it can improve yield of medicinal 
plants by influencing the content of bioactive 
compounds. Arbuscular mycorrhizas are asso-
ciations where Glomeromycete fungi produce 
arbuscules, hyphae and vesicles within root cor-
tex cells. These associations are defined by the 
presence of arbuscules. AMF colonization of 
root cortical cells produces several cytological 
and metabolic changes, such as a marked pro-
liferation of plastids during arbuscule formation 
(Fester et al. 2001; Hans et al. 2004; Lohse et al. 
2005). The activation of plastid biosynthetic 
pathways and Krebs cycle leads to increased 
metabolic activity and higher production of 
amino acids, fatty acids and apocarotenoids, 
linked to the formation of symbiotic structures 
(Lohse et al. 2005).

Mycorrhizae have the ability to form a net-
work between the roots of a plant and with the 
soil around them, which allows the fungus to 
uptake nutrients from a wider area thereby in-
creasing the surface area of the roots (Sylvia 
et al. 2005) and also increasing the availability of 
water for the plants growth. The symbiotic part-
nership provides benefit to the fungus as well. 
While aiding the plant in the uptake of nutrients 
and water, the plant in turn provide 10–20 %of 
the carbon they fix from photosynthesis to the 
fungus (Allen et al. 2011). Overall, this is a small 
price for the plant to pay given that the fungus is 
providing nutrients and water that will allow it to 
prosper even in stressful environment. Mycorrhi-
zation, i.e. inoculation of mycorrhizal fungi into 
roots of plants should be done at an early stage of 
plant growth, by layering inoculums below seeds 
or mixing inoculum into the growth substrate for 
selected plants.
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9.3.1  Effect of Mycorrhization on Plant 
Secondary Metabolites

Medicinal plant contains phytochemical contents 
which have antioxidant, antibacterial, antifungal, 
antiviral and anticarcinogenic properties. The 
synthesis of secondary metabolites is also depen-
dent on plant age, developmental stage (Maffei 
et al. 1989) and the environmental conditions. 
Enhancement of secondary metabolites accumu-
lation in medicinal plant is of great importance 
to the medicinal plant cultivation industry. As the 
upraised cases of drug resistant microorganism 
against antibiotics are opening new challenges, 
the wonderful sources of medicinal herbs could 
be used to make tablets, injections and syrups to 
meet the consumer demands in an environment 
friendly way.

AMF showing symbiotic phenomenon with 
most of medicinal plants may be exploited as 
a bioinoculant to improve the essential oil con-
centration, alkaloids, flavanoids, triterpenoids, 
phenols and saponins of the medicinal plants 
(Zhi-lin Y et al. 2007). AM symbiosis influences 
primary and secondary metabolism of host plants 
(Schliemann et al. 2008). It induces important 
changes both in enzymatic activities (i.e. su-
peroxide dismutase and catalase) (Ruiz-Lozano 
et al. 1996; Marin et al. 2002) and in physiologi-

cal mechanisms leading to the accumulation of 
secondary metabolites, such as carotenoids and 
polyphenols (Walter et al. 2000; Lambais et al. 
2003; Fester et al. 2001; Marulanda et al. 2007; 
Toussaint et al. 2007). Higher levels of reactive 
oxygen species (ROS) in colonized roots sug-
gest that mycorrhizal plants respond to oxidative 
stresses by the accumulation of antioxidative en-
zymes and carotenoids (Fester and Hause 2005).

Plant–microbe interactions occur at phyllo-
sphere (aerial portion), rhizosphere (root portion) 
and endosphere (internal portion).

The microbes are responsible for activating 
defence responses in which mycorrhizal fungi 
contributes in attenuating responses (Garcìa-
Garrido and Ocampo 2002). The Fig. 9.1 shows 
the production of secondary metabolites and has 
been associated with increased levels of ROS 
which are the byproducts of abiotic or biotic 
stress (Chaudhary et al. 2008). Abiotic and biotic 
stresses cause fluxes between plant primary and 
secondary metabolism resulting in a diversion 
of available resources from growth to defence, 
which can result in excessive production of sec-
ondary metabolites (Szakiel et al. 2010). For ex-
ample, ROS triggered by stress in Artemisia are 
scavenged by the intermediate product dihydro-
artemisinic acid finally converting into the end 
product artemisinin (Wallaart et al. 2000). ROS 

Fig. 9.1  Elicitation of 
secondary metabolites 
in plants by microbes
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accumulation is reported in AM roots (Fester and 
Hause 2005). Artemisinin concentration may be 
considered as a defence response to AMF coloni-
zation. Thus, AMF may alter signaling pathways 
thereby altering the secondary metabolites level 
in plants.

Studies reveled that AMF may respond to 
plant’s allocation to defence in different ways, i.e. 
by modulating nutritional status of the host plant. 
Fungal partners receive up to 19 times more car-
bohydrates from their hosts than normal leakage 
of the root system through symbiosis resulting in 
a strong carbohydrate demand of infected roots 
and as a consequence, a more efficient plant pho-
tosynthesis in return providing more nutrients in 
the form of soluble minerals like phosphate and 
others to the plants. Greater nutrient availability 
could lead to an increase in primary productivity 
that provides more resources for the plant to use 
in the biosynthesis of indirect defensive metabo-
lites, such as IGs (Iridoid glycosides) or VOCs 
(Volatile organic compounds) in Plantago lan-
ceolata L. (Fontana et al. 2009). Some secondary 
metabolites derived from root exudation act as 
signal molecules, which induce the spore germi-
nation and hypha branching in mycorrhizal fungi.

Tremendous researches have revealed the mo-
lecular basis and principles of the plant–microbe 
interactive mechanism (Lugtenberg et al. 2002), 
which indicates that plant secondary products 
usually act as signal molecules or respond to 
pathogen and symbiont colonization. Although 
the roles of secondary metabolites in plant–
pathogen interactions have been well docu-
mented (Field et al. 2006; Hahlbrock et al. 2003; 
Saunders and O’neill 2004; Grayer and Kokubun 
2001), only limited information is available from 
published studies about the significance of host 
secondary products involved with plant-mutual-
istic fungi associations.

Just like the well-studied plant–pathogen in-
teraction, phytoalexins accumulation during 
mycorrhizal infection has also been investigated 
(Morandi 1996). Raising the possibility that sig-
nal perception and transduction proceed via simi-
lar pathways between the symbiosis and patho-
genesis of plants (Garcia-Garrido and Ocampo 
2002; Baron and Zambryski 1995) leads to an 

increased level of secondary metabolites. How-
ever, the defence response in plant-mycorrhizal 
association is probably weak and transient once 
the symbiosis becomes established.

Alkaloids are also constitutive defence-related 
secondary metabolites in plants. These include 
trigonelline, castanospermine and camptothecin 
which get enhanced by AMF inoculation (Wei 
and Wang 1989; Abu-Zeyad et al. 1999; Rojas-
Andrade et al. 2003). Using in vitro co-culture 
system, plant growth effect and dendrobine 
(pseudoalkaloid or sesquiterpene alkaloid) pro-
duction was found to be promoted to a certain 
extent in Dendrobium sp. (Chen and Guo 2005).

There has been extensive research devoted to 
studying the terpenoids metabolism in mycor-
rhizal infected plants. Isoprenoid metabolism 
in arbuscular mycorrhizal roots has been re-
viewed (Strack and Fester 2006). It was shown 
that some gramineous plant roots accumulated 
mycorradicin, so-called “yellow pigment” com-
pounds upon mycorrhization. Another category 
of mycorrhiza-induced secondary metabolite is 
blumenin. Chemical analysis have identified that 
they are carotenoid origin of cyclohexenone de-
rivatives (Strack et al. 2003). AMF induced the 
accumulation of mycorradicin via non-mevalon-
ate methylerythritol phosphate pathway (MEP 
pathway). cDNA encoding two enzymes central 
to this pathway, 1-deoxy-D-xylulose 5-phosphate 
synthase (DXS) and 1-deoxy-D-xylulose 5-phos-
phate reductoisomerase (DXR) have been cloned 
from plants. Strong induction of transcript levels 
of DXS and DXR in mycorrhizal plants has been 
investigated (Walter et al. 2000).

Saponins, another diverse group of secondary 
metabolites characterized by their structure con-
taining a steroidal or triterpene aglycone and one 
or more sugar chains (Hostettmann and Marston 
1995; Osbourn 2003; Güçlü-Üstündağ and Mazza 
2007; Vincken et al. 2007), occur constitutively 
in many plants and may be considered as part of 
the plant defence system (Potter and Kimmerer 
1989; Hoagland et al. 1996; Osbourn 1996; 
Agrell et al. 2003). Saponin content in plants 
seems to be dynamic, responding to many exter-
nal factors including various biotic stimuli con-
nected to herbivory attack, pathogenic infection, 
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as well as involved in plant mutualistic symbio-
ses with rhizobial bacteria and mycorrhizal fungi.

Metabolite kinetics during colonization of 
Medicago truncatula with Glomus intraradices 
showed clear mycorrhiza-dependent differences 
in level of primary and secondary metabolites 
(Harrison and Dixon 1993). M. truncatula is 
treated as a model legume for studies on sym-
biosis. Mycorrhization of M. truncatula roots 
resulted in reduction of saponin malonylation, 
and the difference between saponin content in 
mycorrhizal and control plants was not quantita-
tive, but qualitative (Schliemann et al. 2008). By 
contrast, significant increase in the level of triter-
pene saponin, glycyrrhizin in roots of Glycyrrhi-
za uralensis Fisch inoculated with AMF Glomus 
mosseae and Glomus versiforme, was reported.

Mycorrhizal treatment also resulted in sig-
nificant increase of the content of bioactive 
constituents including saponins in Plectranthus 
amboinicus (Lour) Spreng, known as Indian bor-
age (also as Cuban oregano, Spanish thyme, Mex-
ican mint), a perennial succulent herb native to 
South and East Africa but naturalized and widely 
cultivated on other continents for its leaves with 
a strong flavour of mixed herbs. Inoculation of P. 
amboinicus roots with seven different indigenous 
AMF influenced the plant growth and the amount 
of phenols, alkaloids, tannins and saponins. Ap-
plication of symbiotic fungi was also reported to 
enhance the growth and the saponin content of 
Bacopa monieri L., Indian water hyssop, com-
monly known as Brahmi, an important medicinal 
plant used in mental disorders treatment and for 
memory improvement. Reports on potential use 
of mycorrhiza in enhancing plant secondary me-
tabolites are listed in Table 9.1.

However, inoculating AMF in the plant does 
not always lead to enhancement of metabolites 
in the plant. If the outflow of photosynthates to 
the fungal symbionts is greater than the increase 
in productivity due to enhanced nutrient supply, 
there may be a net decrease in carbon supply that 
could lead to a decline in defence metabolites 
production, i.e. secondary metabolites (Fontana 
et al. 2009).

9.3.2  Acclimatization of In Vitro 
Propagated Plants Through AMF 
and Their Secondary Metabolites

Commercial production of high-value phyto-
chemicals by tissue culture and in vitro system 
of growing plant organs, explants, tissues, cells 
or protoplasts has a long history. However, ac-
climatization of in vitro cultured plants and their 
field transfer has always been a big challenge. 
AMF are applied into commercial transplant 
production systems in the greenhouse and are 
of importance for field growth and survival. The 
in vitro culture of plant tissue to develop into 
the whole plant with the help of growth regu-
lator is called micropropagation. Endangered 
and lower-yield plants are micropropagated, and 
AMF is introduced during field transfer of these 
plants since it is beneficial to plant growth in 
multiple ways. The root colonization with AM 
improves plant nutritional status, water man-
agement and disease resistance (Fortin et al. 
2002). The benefit of mycorrhization depends 
on several factors like the growing medium, 
plant, mycorrhizal species and the degree of 
root colonization. AM-stimulated growth of 
plants is frequently expressed only after accli-
matization. Based on reports, it is suggested to 
develop a co-culture system where the mycor-
rhizal fungi are introduced in vitro during the 
rooting stage (Wang et al. 1993) of the plant. In 
strawberry, mycorrhized plants had a better es-
tablishment rate and produced more runners than 
non-mycorrhized controls (Murphy et al. 1997). 
In garlic, improved growth was observed after 
post vitro transplant inoculation (Lubraco et al. 
2000). Increased rooting and reduction in wean-
ing stress have been reported in the medicinal 
plant, Babtista tinctoria (L.) R. BR. (Grotkass 
et al. 2000). AMF-inoculated plantlets exhibited 
a larger root system, better shoot growth and a 
higher (more negative) osmotic potential when 
compared to non-mycorrhizal controls. It is sug-
gested that the enhancement of osmotic potential 
is important in the pre-adaptation step prior to 
full acclimation of plantlets for transplanting. 
In vitro propagation of root colonized by AMF 
increased sesquiterpenic acid concentrations  
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in Valeriana officinalis L. (Nell et al. 2010). 
Vesicular- Arbuscular Mycorrhiza (VAM) 
improves establishment of micropropagated 
Leucaena leucocephala plantlets (Puthur et al. 
1998). Few studies have been performed to 
check the effect of AMF on secondary metabo-
lites of micropropagated plants as in Androgra-
phis paniculata, used for the treatment of auto-
immune diseases (Tejavathi et al. 2011) where 
the level of andrographolide was found to in-
crease. In case of Catharanthus roseus, Vinblas-
tine and Vincristine metabolites increase (Collin 
2001), and in case of V. officinalis L. used as a 
sedative, there was an increase in sesquiterpenic 
acid (Nell et al. 2009). Endangered plant species 
like Plantago atrata, Pulsatilla slavica (IUCN 
Red list) and Senecio umbrosus, getting extinct 
in wild, also have wide possibility in improving 
their ex-situ conservation and enhancement of 
metabolic content through mycorrhizal technol-
ogy (Zubek et al. 2009). Increasing the produc-
tion of active phytochemicals constituents is a 
well-established target for genetic manipulation 
through biotechnology, but present some severe 
challenges as the metabolic pathways by which 
active compounds are biosynthesized are mostly 
poorly understood, and relatively few genes for 
key enzymatic or regulatory steps have been 
isolated.

9.4  Conclusion

Plant-symbiotic fungi interactions result in repro-
gramming the host cell’s metabolic state which 
results in an increase in the secondary metabolite 
content of the plant as revealed by most of the 
studies, and this can definitely impel the devel-
opment of attractive strategies to bring medicinal 
plants cultivation into a new era for pharmaceuti-
cal purpose. Since the production of secondary 
metabolites within the plants is under diverse 
physiological, biochemical, metabolic and genet-
ic regulation, which can be optimized by altering 
the growing conditions, the mycorrhizal technol-
ogy can be promising in enhancing the secondary 
metabolite content of medicinal plants and bring-
ing the unproductive land under cultivation with 
an economic profit.
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Abstract

It is a well-established fact that arbuscular mycorrhizal (AM) fungi im-
prove plant growth. The main effect of AM fungi in improving plant 
growth is through improved uptake of nutrients, especially phosphorus, 
which is due to exploration by the external hyphae of the soil beyond the 
root hair and phosphorus depletion zone. Fungal hyphae are also known 
to absorb phosphorus from lower concentrations compared to non-mycor-
rhizal roots. They also improve the uptake of minor elements like Zn, Cu, 
etc., and water. They also produce plant hormones, increase the activity 
of beneficial soil organisms in the root zone and reduce the severity of 
disease caused by root pathogens. Thus the benefits the plant derives from 
mycorrhizal inoculation seem to be enormous.

The ecology of these fungi, in tropics, is not fully understood. These 
fungi are geographically ubiquitous. An explanation for their remarkably 
wide spread distribution is that these fungi were disseminated inter-conti-
nentally prior to continental drift. Further, these fungi can grow actively, 
to a limited extent, spending their own energy. Passive dissemination can 
occur through biotic agents like earthworms, ants, wasps, etc. and abiotic 
agents like wind, water, etc. The various agricultural practices are known 
to influence the occurrence of these fungi qualitatively and quantitatively. 
The approaches in understanding the occurrence, dissemination, survival 
and persistence of these fungi in tropics is discussed.

Keywords

Arbuscular mycorrhizal (AM) fungi · Diversity · Ecology · Plant growth 
promoting rhizomicroorganisms
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10.1  Introduction

Plant roots provide an ecological niche for many 
of the microorganisms that abound in soil. In 
(Frank 1885), German Botanist Albert Bernard 
Frank introduced the Greek word mycorrhiza, 
which literally means “fungus root”, to scien-
tific terminology. In natural ecosystems much of 
the root system can be colonized by mycorrhizal 
fungi. Colonization is restricted to the root cortex 
and does not enter the vascular cylinder. The sym-
biosis is so well balanced that, although many of 
the host cells are invaded by the fungal endophyte, 
there is no visible tissue damage, and under certain 
conditions it enhances the growth and vigor of the 
host plant. These associations are grouped, based 
on morphological and anatomical characters, as 
ectomycorrhizae and endomycorrhizae. Endomy-
corrhiza include arbutoid, monotropoid, ericoid, 
orchid and arbuscular mycorrhizal (AM) forms. 
Arbuscular mycorrhizae are the most common 
and widely occurring of all the mycorrhizal as-
sociations and have great economic significance. 
They cannot be cultured on laboratory media. As 
most economically important plants form AM, the 
subject is currently attracting much attention in ag-
ricultural, horticultural, and forestry research.

AM fungi are said to establish a mutualis-
tic relationship with 90 % of vascular plants 
(Trappe 1977; Gianinazzi and Gianinazzi-Pear-
son 1986; Wang and Qiu 2006, Smith and Read 
2008). Plants that rarely form AM fungal asso-
ciation include members of Caryophyllaceae, 
Brassicaceae, Chenopodiaceae and Cyperaceae 
(Hirrel et al. 1978). In addition to their wide-
spread distribution throughout the plant king-
dom, AM fungi are ubiquitous and occur in 
plants grown in arctic, temperate and tropical 
regions (Mosse et al. 1981; Allen et al. 2003; 
Bagyaraj 2011). They have been reported to be 
associated with plants grown in sand dunes, coal 
mines (Khan 1978) and aquatic environments 
(Bagyaraj et al. 1979). Blaszkowski (1994) ob-
served variations in AM fungal diversity with 
the changes in plant species. Plants of a par-
ticular family are colonized by specific types 
of AM fungi, and a few AM fungal genera were 
found only in the plants of a particular family. 

AM fungi have the widest host range and dis-
tribution of all the mycorrhizal associations. 
AM fungi have been observed in 1,000 genera 
of plants representing some 200 families. There 
are at least 300,000 receptive hosts in the world 
flora, and there are about 220 species of AM 
fungi. If the hosts are divided up evenly among 
the fungi, with no overlap in host range, each 
fungus would have more than 1,360 potential 
partners. We know that the host range overlaps 
extensively, suggesting that some individual 
AM fungi may well have access to thousands 
of host (Gianinazzi et al. 2010; Bagyaraj 2011).

10.2  Arbuscular Mycorrhizal Fungi: 
Classification, Importance 
and Occurrence

AM fungi are obligate symbionts and cannot be 
cultured on synthetic media. Their penetration 
takes place through root hairs or epidermal cells 
and then grows intercellularly or intracellularly 
in the root cortex, ultimately developing short 
haustoria like structures called arbuscules within 
the cortical cells. These arbuscules function as 
sites of nutrient exchange between the fungus 
and host roots. Vesicles are formed in the cortical 
cells, which are thin walled structures of various 
sizes and shapes and function as storage organs. 
The presence of vesicles and arbuscules is the 
criteria for identifying AM fungus in the roots.

AM fungi belong to the phylum Glomeromy-
cota, which has three classes (Glomeromycetes, 
Archaeosporomycetes and Paraglomeromycetes) 
with five orders (Glomerales, Diversisporales, 
Gigasporales, Paraglomerales and Archaeospora-
les), 14 families and 26 genera (Sturmer 2012). 
The commonly occurring genera of AM fungi are 
Glomus, Gigaspora, Scutellospora, Acaulospora 
and Entrophospora.

Improved plant growth due to inoculation of 
soil with AM fungi has been demonstrated espe-
cially under phosphorus (P) deficient conditions 
(Mosse 1977; Hodge et al. 2010). The growth 
improvement is mainly because of enhanced P 
uptake. AM fungi can also enhance tolerance or 
resistance to root pathogens (Borowicz 2001) 
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and abiotic stresses such as drought and metal 
toxicity (Meharg and Cairney 2000). AM fungi 
play a role in the formation of stable soil aggre-
gates, build up a macroporous structure of soil 
that allows penetration of water and air and pre-
vents erosion (Miller and Jastrow 1992). There is 
well documented evidence that AM fungi have 
important effects on plant P uptake. Greater soil 
exploration by mycorrhizal roots as a means of 
increasing phosphate uptake is well established. 
In phosphate deficient soils immobile phosphate 
ions develop a phosphate depletion zone around 
the roots. The hyphae spread beyond this zone 
and directly translocate nutrients from the soil 
to the root cortex (Hayman 1983). Experiments 
with 32P labeled phosphate indicate that AM fun-
gal hyphae obtain their extra phosphate from the 
labile pool rather than by accessing insoluble 
phosphate by solubilizing it (Raj et al. 1981). 
Sparingly soluble rock phosphate is better uti-
lized by the hyphae by closer physical contact 
with the ions dissociating at the particle surface 
(Bagyaraj 1991).

The increased growth of plants inoculated with 
AM fungi is not only attributed to improved phos-
phate uptake but also to better availability of other 
elements like Zn, Cu, K, Al, Mn, Fe etc. AM fungi 
affect the levels of plant hormones. Allen (1991) 
measured levels of plant hormones like cytoki-
nins- and gibberellin-like substances. AM fungi 
can tolerate a wide range of soil water regimes 
and also improve water relationships of many 
plants. It is still unclear whether the observed ef-
fects are directly due to the fungus itself or indi-
rectly due to some alteration in host physiology as 
a result of improved P nutrition. Anatomical and 
other physiological studies have brought out that 
mycorrhizal plants have increased rates of respi-
ration, photosynthesis and increased amounts of 
sugars, amino acids, RNA etc. and larger and/
or more number of chloroplasts, mitochondria, 
xylem vessels, motor cells etc. Changes in the 
root exudations and altered rhizosphere microor-
ganisms (which also affect plant growth) may re-
sult because of colonization of roots by AM fungi 
(Machado and Bagyaraj 1995).

Mycorrhizal colonization may also allow in-
troduced populations of beneficial soil organisms 

like Azotobacter, Azospirillum and phosphate 
solubilizing bacteria to be maintained in high 
numbers than around non-mycorrhizal plants and 
to exert synergistic effects on plant growth. It is 
apparent from the investigations on AM fungi–
plant pathogen interaction that AM fungi can 
usually (though not always) deter or reduce the 
severity of disease caused by soil-borne patho-
gens. All these studies bring out that AM fungi 
help the host plant in more than one way and 
that AM fungal inoculation helps plants growth 
(Hodge 2000).

AM fungi, in addition to their widespread dis-
tribution throughout the plant kingdom, are also 
geographically ubiquitous and occur in plants 
growing in arctic, temperate and tropical regions 
(Mosse 1981). As an explanation for their re-
markably widespread distribution, Trappe (1977) 
proposed that AM fungi were disseminated in-
tercontinentally prior to the continental drift. 
The super continent Gondwanaland is thought to 
have begun to break apart and drift north about 
125 million years ago. In general, AM fungal 
population is more in cultivated soil, and their 
numbers decrease markedly below the top 15 cm 
(Redhead 1977). They are normally not found in 
depths beyond the normal root range of plants 
(Mosse 1981). Although AM fungi are ubiquitous 
in soils, the patterns or distribution of individual 
species have not been fully understood. Studies 
on the distribution of species have either covered 
large geographical areas (Hall 1977) or smaller 
regions (Abbott and Robson 1977). The distribu-
tion of species of AM fungi varies with climatic 
and edaphic environment as well as with land 
use. For example, Acaulospora laevis is common 
in western Australia (Abbott and Robson 1977) 
but occurs less frequently in soils of eastern Aus-
tralia while Glomus spp. appears to have the wid-
est distribution. Gigaspora and Sclerocystis spp. 
are more common in tropical soils. Acaulospora 
seems to be better adapted to soils with pH < 5.0. 
Infact, certain AM fungi have been linked to par-
ticular kind of soil: Glomus mosseae with fine 
textured, fertile high pH soils; A. laevis with 
coarse textured, acid soils; and Gigaspora spe-
cies with sand dune soils (Kendrick and Berch 
1985; Bagyaraj 1991).
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10.3  Dissemination

AM fungi are indigenous to soil throughout the 
world. In fact, many species are represented on 
most continents. As an explanation for their re-
markably wide distribution, Trappe (1977) pro-
posed that AM fungi were disseminated inter-
continentally prior to continental drift. Majority 
of land plants form mycorrhizal associations, 
many plants colonizing disturbed sites are non-
mycorrhizal. The AM fungi on these distributed 
sites are dependent upon a variety of disper-
sal agents. Dispersal of AM fungi is usually by 
spread from one living root to another through 
mycorrhizal propagules including mycelia and 
spores which can be moved by biotic and abiotic 
agents. Dispersal of spores and other propagules 
over greater distances are dependent upon wind 
and water that are probably important dispersing 
agents, especially in arid environments. Animal 
dispersal of AM spores is well documented in 
many cases and can occur through ingestion of 
spores (Bagyaraj and Ravindra 1997). These can 
be divided into two groups:

1. Active dissemination (growth of mycelium 
through soil)

2. Passive dissemination, where AM fungi are 
moved by wind, water and animal vectors

10.3.1  Active Dissemination

AM fungi may be disseminated in a variety of 
ways. Active dispersal occurs as mycelia grow 
through soil, although it is effective over a lim-
ited range. Infective mycelia can be dispersed in 
one of the three general forms: (a) infected plant 
parts, (b) mycelial fragments and (c) mycelial ex-
tension between plants.

The first two of these could be mediated by ei-
ther animal or abiotic factors. The third requires 
only suitable medium and a short enough plant-
to-plant distance. Powell (1979) determined that 
an efficient mycorrhizal fungus would advance 
65 m in 150 years or 0.43 m per year under green 
house conditions. Powell (1979) demonstrated 
that AM fungal species differed in their rate of 

spread and in their ability to retain possession of 
colonized parts by other AM fungal species. It 
has been shown that plant species and root den-
sity may significantly influence the rate of AM 
fungus spread (Warner and Mosse 1982). In clo-
ver, the rate of spread of Glomus fasciculatum 
was 1 cm per week, whereas in fescue G. fascicu-
latum spread at a rate of only 0.7 cm per week, 
and it was concluded that root density and plant 
species significantly influence the rate of AM 
fungus spread. In fact supra-optimal root density 
was achieved in fescue (a grass with an exten-
sive root system), and rate of fungal spread was 
reduced as size of the plant increased. Similarly, 
supra-optimal root density was not achieved in 
clover because of less extensive root system.

The above experiments were conducted in 
fumigated soil in a green house, as it is difficult 
to project the rate of mycelial growth and spread 
of AM fungus through field soils. Mosse et al. 
(1982) demonstrated that Glomus caledonicum 
was able to spread 7–13 cm from an inoculation 
point after 13 weeks. No correlation was ob-
served between rate and plant size but the spread 
rate was greater in non-sterilized plots than in 
those receiving formalin treatments. Higher rates 
of fungal spread (1.5–3.4 m per year) have been 
reported for certain soil-borne plant pathogenic 
fungi in non-sterile soils (Wallace 1978), al-
though factors such as soil fertility, seasonal fluc-
tuations in moisture, temperature and microbial 
activity influence the rate of spread of AM fungi.

The active spread of AM hyphae from mycor-
rhizal Leucaena plant through a compartment of 
soil with no roots and then to colonize uninocu-
lated plants was studied by Harinikumar and Bag-
yaraj (1995). Core samples taken from different 
distance at periodical intervals showed that the hy-
phae from the mycorrhizal plant travelled through 
soil (no root zone) to a distance of 300 mm in 
180 days. The presence of AM colonization in the 
root system of uninoculated plants after 180 days 
was an evidence of active spread of AM fungi. 
AM hyphae travelled a distance of 300 mm in 180 
days. It was deduced that AM hyphae can spread 
actively through soil in the absence of roots at the 
rate of 1.66 mm per day. Powell’s (1979) experi-
ments which are more comparable to the present 
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experiment brought out that AM fungal hyphae 
spread at the rate of 5.6 mm per day in the pres-
ence of root to root contact.

Whether AM fungi grow in a directed way, i.e. 
towards a root stimulus or randomly in soil has 
been debated. Directed growth would most like-
ly make optimum use of energy supplies in the 
spore and would increase the number of infective 
hyphae or strands which reach a host (Wallace 
1978). Powell (1976) demonstrated buried slide 
technique in partially sterilized soil and showed 
that there was no attraction of AM hyphae to 
root until random contact occurred, except with 
hyphae from honey coloured spores ( A. laevis) 
which frequently grew towards the roots. Chemo-
tactic attraction of hyphae of Gigaspora margarita 
to host roots in vitro was demonstrated by Koske 
(1981). Since hyphae would pass through the air 
to reach the host roots suspended above germi-
nating spores, the attractant is probably a volatile 
substance. Whether such chemotactic substances 
are produced under field conditions and can direct 
mycelial growth in the field has not been studied.

10.3.2  Passive Dissemination

Many soil borne fungi have developed highly 
specialized methods of dispersal. This is particu-
larly true of the hypogeous fungi which fruit in 
sporocarps below the ground. Mature spores of 
these hypogeous fungi frequently emit an odour 
which, by becoming increasingly strong, attracts 
rodents. These rodents eat the sporocarps, digest 
the peridium or glebal mycelial constituents and 
defecate the spores which remain intact. In ad-
dition, adaption to dispersal by rodents may in-
crease the probability that spores will be depos-
ited on or near the roots of susceptible host plant 
(Trappe and Masser 1976).

Passive dissemination can also occur through 
other biotic agents like worms, insects and birds 
or through abiotic agents like wind and water. 
A wide variety of animals are known to have 
AM fungal spores in their gut tracts or faeces. 
Animals that ingest digestion-resistant plant 
parts might pass them through their faeces and 
inoculate soil. Allen and Allen (1980) found 

AM fungal mycelia in the faeces of Jack rab-
bit ( Lepus californicus). As early as 1922, my-
corrhizal spores were observed in the digestive 
tracts of millipedes (Thaxter 1992), and more 
recently they have been found in crickets and 
grasshoppers (Hansen and Uckert 1970). We 
found that earthworm casts give rise to typical 
AM colonization, and AM propagules can sur-
vive in earthworm cast stored for a period of 11 
months (Harinikumar and Bagyaraj 1994). In 
this group, millipedes, earthworms and wasps 
are obvious potential vectors because they han-
dle soil in one way or another. Grasshoppers and 
crickets, are less likely candidates since, they get 
spores from plant surfaces.

The major contribution of some of these vec-
tors may be that soil containing spores and spores 
themselves are brought to the soil surface, thus 
favouring further dispersal by wind, if that oc-
curs (McIveen and Cole 1976). Soils containing 
spores can also be brought to soil surface by ac-
tivity of mud dauber wasps, robins or sparrows in 
whose nests AM spores have been found. Spores 
from swallow nests were also able to initiate typi-
cal AM colonization. In Kuwait, birds have been 
observed to feed on sporocarps of certain desert 
truffles and may be important spore vectors. AM 
spores were found in termitaria (Harinikumar 
and Bagyaraj 1994). Their numbers were more 
in fresh live termitaria compared to old dry ter-
mitaria. The soil from termite mound contained 
7.32 spores/g compared to 7.6 spores/g in adja-
cent check soil. The AM spores in termitaria were 
nonviable and loss of viability was attributed to 
the probable presence of inhibitory chemicals 
present in saliva of termites (Delinge et al. 1981).

Infectivity and viability of AM fungal propa-
gules in faecal pellet of millipedes was tested by 
Harinikumar and Bagyaraj (1994). AM propa-
gules were viable in faecal pellet only for 4 days. 
The Low acidic pH (4.5–5.0) of the faecal pellet 
was probably unfavourable for AM activity. Of 
the 42 samples tested, 22 samples constituting 
66 % only, were positive for AM colonization. 
The digestive enzymes present in alimentary 
tract perhaps inactivated AM spores.

Wasp ( Sceliphron madraspatnum) nests 
had 310 infective propagules/g while those of 
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S. spinoli and Eumenes conica had 190 and 92 
I.P/g, respectively. Rhynchium sp. is known to se-
crete a gummy substance from its body which is 
used in the construction of nests, and this gummy 
substance was found to be inhibitory to AM fungi 
(Spradbery 1973). Harinikumar and Bagyaraj 
(1994) observed that AM spores in ant nests col-
lected from the vicinity of plants harboured more 
mycorrhizal propagules. Ants have been estimated 
to bring out soil to surface annually at the rate of 
0.11 kg m−2 of dry earth (Baxter and Hole 1966).

Fogel and Trappe (1978) observed a relation-
ship between mammal size and the size of sporo-
carps ingested, it is not surprising that sporocarps 
generally smaller (1–10 mm diameter) than those 
formed by Ascomycetes and Basidiomycetes 
are ingested by smaller mammals such as jump-
ing mice, mice, rats, lemmings, voles and pikas. 
Despite the large spore size, these spores pass 
through rodent digestive system and still remain 
viable (Trappe and Masser 1976). These defe-
cated spores are capable of initiating typical AM 
fungal infections (Rothwell and Holt 1978). The 
authors felt that only known dispersal method for 
spores of AM fungi is mycophagy.

Any bulk movement of soil by an animal 
might move spores. The faecal pellets of worms, 
millipeds, grasshoppers, crickets and the mud 
nest materials of wasps might be examples of 
this phenomenon. The worms, millipedes and 
ants probably, are limited to vertical movement 
from subsoil to surface. Movement of spores 
over greater lateral distance by birds, crickets, 
grasshoppers and mud wasps has a higher po-
tential. The importance of digging and burrow-
ing animals is not to ingest fungi but to bring soil 
to the surface (Hetrick 1984). It is reported that 
jumping mouse ( Zapus hudsonicus) consumes 
sporocarp, and they may be dusted with spores 
which adhere to their bodies. This mode of dis-
persal, rarely observed, may ultimately have sig-
nificance. There is no requirement of digestion 
resistant spores in this case. Additionally, spores 
may be deposited over a broad area rather than in 
discrete faecal packages. AM mycorrhizal propa-
gules brought to the soil surface by a variety of 
vectors can be disseminated by abiotic agents 
like wind, water, etc.

Ponder (1980) reported the presence of AM 
fungal spores in grasshoppers and rabbit drop-
pings. While occasional bits of soil might be 
ingested by these animals, they being primarily 
leaf feeders. The presence of AM fungal spores 
in their digestive tracts or faeces, therefore, im-
plies that spores were present on leaves prior to 
feeding, probably as a result of wind dispersal. 
The presence of viable AM fungal spores in rab-
bit dropping certainly implies that the spores can 
survive wind dissemination (Ponder 1980). Taber 
(1982) observed AM fungal spores in Portulaca 
seed capsules, which are oriented on the plant to-
wards the wind. AM fungal spores appear to be 
trapped on the mucilaginous surface of seeds with 
the capsules and were probably wind dissemi-
nated. Airborne AM spores were collected from 
modified sticky traps thus giving direct evidence 
of wind dispersal of AM spores (MacMohan and 
Warner 1984). Wind dispersal of spores up to 
2 km has been demonstrated (Warner et al. 1987).

The turbulence and wind velocity is neces-
sary to disseminate spores of AM fungi and the 
distance they could be transported have not been 
studied. The unusually large size of AM fun-
gal spores makes comparison with dissemina-
tion of other fungal spores difficult. Tommerup 
and Carter (1982) devised a method to separate 
spores from soil and demonstrated that veloci-
ties of 0.10–0.55 m/sec would transport spores. 
The maximum velocity used was that necessary 
to move 100 µm quartz particles. Spores exposed 
to these wind velocities were also demonstrated 
to be viable.

Surface flow of water that would cause mass 
flow of soil might also move spores. Rain flow 
as surface sheet erosion is ideal for movement of 
spores at or near the soil surface. Powell’s study 
dealt with the mycorrhizal infectivity of eroded 
soils in which spore density decreased with in-
creasing soil erosion, especially in open environ-
ments like deserts and tundras with sparse veg-
etation (Powell 1980). Wind and water may be 
more important dispersal agents than animals.

Although our understanding of the ecology 
of AM fungi is increasing, there is still much to 
learn. The composite life cycle of these AM fungi 
is becoming clearer, but the ecological adaptation 
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of the various fungal species has received little 
attention. It is clear that there are numerous po-
tential avenues for the dispersal of AM spores. 
It has been postulated that for all processes in-
volved in the phenomenon of succession, sig-
nificant differences in the relative importance 
of animals as influents in these processes could 
occur and that such variations were characteristic 
of various biomes. We believe that the dispersal 
of spores is another example of a more general 
phenomenon. That is in physically rigorous envi-
ronments (those with extreme values of environ-
ment variables and/or where such variables are 
unpredictable), abiotic factors will be mainly re-
sponsible for spore dispersal. In contrast, equable 
environments would be dominated by biotically 
mediated dispersal.

10.4  Effect of Agricultural Practices 
on AM Fungal Population 
and Diversity

Modern agricultural practices to enhance food 
production to meet the needs of increasing 
human population are posing problems to AM 
fungi. The agricultural intensification declined 
the AM abundance and effectiveness with respect 
to root colonization and plant growth promotion. 
The important agricultural practices commonly 
followed are cropping pattern, crop rotation, till-
age operations, organic amendments, season, fer-
tilizer application, weeding, crop protection, etc 
(Lakshmipathy et al. 2007).

Monocropping with a particular crop results 
in the development of a predominant AM fungus 
in soil. Continuous cultivation of maize in Phila-
delphia, USA, for 3 years resulted in the develop-
ment of Gigaspora gigantia in a soil (Schenck 
and Kinloch 1980). Mixed cropping is common 
practice in the tropics. In an experiment, the effect 
of mono and mixed cropping with soybean and 
maize on AM fungal population in soil showed 
that mixed cropping stimulated the proliferation 
of AM fungi, compared with monocropping with 
maize or soybean (Harinikumar et al. 1990). Soy-
bean being a legume, possibly provides nitrogen 
to maize through AM fungi. Sieverding and Lei-

hner (1984) found that mycorrhizal root infec-
tion of cassava increased by intercropping with 
legumes. One reason for the higher propagule 
density under mixed cropping may be the more 
intensively rooted soil in the mixed system. Ad-
ditionally, through higher plant density, nutrients 
are extracted faster from the soil, thereby stimu-
lating AM fungal reproduction. Mixed cropping 
is a common practice in the tropics.

Graminaceous and leguminous crops are gen-
erally believed to increase AM fungal popula-
tion, while non-mycotrophic plants decrease the 
population of mycorrhizal fungi (Sieverding and 
Lihner 1984). Taking non-mycorrhizal hosts like 
mustard or leaving the land fallow will reduce 
the propagules of AM fungi in soil (Harinikumar 
and Bagyaraj 1988b). In contrast, use of a crop 
which is strongly mycorrhizal will increase their 
numbers. An experiment was carried out in a P 
deficient soil, where in first season, finger mil-
let was grown in all the plots and in the second 
season, a mycorrhizal host (cowpea) was grown 
in two thirds of the plot and rest was left fallow. 
In the third season, cowpea was grown in all the 
plots. The results showed reduction in mycorrhi-
zal propagules in the soil left fallow (Harinikumar 
and Bagyaraj 1988b). Growing a non-mycorrhizal 
host significantly reduced the native mycorrhiza, 
but the reduction was not as bad as when the land 
was left fallow. A mycorrhizal host taken in the 
third season resulted in a slow build up of mycor-
rhizal population in the soil. However, at the end 
of third season it did not reach the same level as 
in plots cropped continuously with mycorrhizal 
host. This suggests the reduction in mycorrhizal 
population caused by leaving the land fallow or 
growing a non-mycorrhizal host. It may take at 
least two cropping seasons with a mycorrhizal 
host to rebuild the reduced mycorrhizal popula-
tion to the original level. Therefore, it is best to 
grow a variety of crops in rotation. Further, some 
plants do not become colonized by AM fungi and 
therefore will depress populations of these fungi.

Weeds can act as a kind of an instantaneous 
crop rotation. Since the diversity of the AM fun-
gus community can be proportional to the associ-
ated plant community, strict and complete weed 
control decreases the diversity and efficacy to 
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the indigenous community of AM fungi. Earlier 
studies have shown that less tillage of soil is bet-
ter for the buildup of mycorrhizal populations 
(McGonigle and Miller 1993). Less disturbance 
of the soil with ridge tillage resulted in more 
mycorrhizal population, compared with mould-
board ploughing. Studies have shown that less 
tillage of soil is better for the fill up of mycor-
rhizal population (McGonigle and Miller 1993). 
Reduced disturbance of soil with ridge tillage 
resulted in more mycorrhizal population com-
pared with mould-board ploughing. Further, a 
cover crop of hairy vetch planted after harvest 
of winter wheat became significantly more colo-
nized by AM fungi in untilled soil, where hyphal 
networks were intact, than in plots subjected to 
mould-board plough tillage. Untilled soils may 
have more mycorrhizal spores in the top soil, 
while tilled soils may have more at the 8–15 cm 
depth (Abbott and Robson 1991). The mycorrhi-
zal hyphae in the soil act as the nutrient-absorb-
ing organ of the mycorrhiza and the way in which 
new roots are colonized. Tillage disrupts both of 
these functions. On the other hand, seedlings 
grown in untilled soils become colonized by AM 
fungi more rapidly and have greater P status than 
those grown in tilled soils.

Another practice that has negative impacts 
on AM fungi is over winter bare fallow. This re-
moves potential host roots, from which the fungi 
can receive sugar during mild fall and spring 
weather, thereby decreasing viability and ability 
of the fungi to colonize the next crop. An over 
winter cover crop may not only be useful for the 
mycorrhizal fungi but will also boost the amount 
of AM fungi in the soil. Studies conducted in tem-
perate countries reveal that AM fungi sporulate 
during summer with higher temperature and lon-
ger day length (Hayman 1974; Furlan and Fortin 
1977). An experiment conducted by Harinikumar 
and Bagyaraj (1988a) and Mallesha and Bagyaraj 
(1991) revealed that AM fungi sporulate during 
winter in the tropics. This is probably because the 
optimum soil temperature for sporulation occurs 
during winter in the tropics while it occurs during 
summer in the temperate countries. The optimum 
temperature for sporulation by mycorrhizal fungi 
appears to be around 25 °C.

In tropical soils, application of organic matter 
either in the form of farm yard manure, compost 
or organic amendments stimulates proliferation 
of AM fungi (Harinikumar and Bagyaraj 1989). 
This is probably because of the low organic mat-
ter content in tropical soils. Harinikumar and 
Bagyaraj (1988a) found that addition of organic 
amendments such as paddy straw, maize straw 
and pongamia leaf increased the mycorrhizal ac-
tivity. Of the three amendments studied, the ad-
dition of pongamia leaf encouraged AM fungi to 
the maximum, followed by maize straw.

For modern agriculture, fertilizer applica-
tion is an essential and often the most promising 
method to increase crop production in infertile 
soils. In tropical soil, P is one of the most limiting 
elements for crop production. High P availability 
is reported to be negatively correlated with AM 
fungal activity (Krishna and Bagyaraj 1982). Ap-
parently, the internal P content of plants regulate 
AM fungal infection and reproduction (Menge 
et al. 1978). Tissue P concentration is not always 
a good estimate for mycorrhizal colonization, 
because the mycorrhiza themselves influence 
the factor. It is likely that P influences AM col-
onization by affecting concentrations of root 
carbohydrates or the amount of root exudates. 
The percentage of P in plants at the time of AM 
colonization is the best indicator to identify a 
soil, which provides good AM colonization (Jas-
per et al. 1979). The rock phosphate applied at 
100 ppm P level resulted in more infective propa-
gules of G. fasciculatum (Sreenivasa and Bag-
yaraj 1989). Clarke and Mosse (1981) observed 
that rock phosphate encourages better prolifera-
tion of AM fungi, compared to bone meal and 
super phosphate. Research findings show that 
years of P fertilization can lead to very high soil 
P levels. Plants that are able to absorb sufficient 
P via their roots alone in high nutrient soils in-
hibit the spread of colonization by the fungus. 
This reduces the flow of sugars to the fungus, 
which lessens the amount of AM fungi in the soil. 
Hence, low or no P fertilization is necessary in 
such soils. Addition of phosphatic fertilizer de-
creased the AM fungal formation compared to no 
added P control and P supplied through organic 
matter. Even disturbance of soil pre-established 
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with AM fungi affected its further establishment 
(Boddington and Dodd 2000).

Application of heavy doses of nitrogen fertil-
izers (188 kg N/ha per year) can have a large neg-
ative effect on AM population (Hayman 1975), 
and nitrate as a source of nitrogen has been shown 
to be more inhibitory to AM development than 
ammonium salts (Menge 1984; Sreenivasa and 
Bagyaraj 1990). Menge (1984) noted that regular 
fertilization of citrus with more than 100 ppm N 
as a mixture of NO3 and NH4 retarded mycor-
rhizal development. Among the salts, calcium 
nitrate, urea and calcium ammonium nitrate at 
different levels were compared, and it was found 
that calcium ammonium nitrate applied at 80 ppm 
N level to soilrite:perlite mix substrate with neg-
ligible N produced maximum number of infec-
tive propagules of G. fasciculatum, in associa-
tion with Rhodes grass (Sreenivasa and Bagyaraj 
1988). Levels greater than 80 ppm decreased the 
number of infective propagules. These results in-
dicate that nitrogen content in soils could greatly 
influence the distribution and abundance of AM 
fungi. Potassium content of acidic tropical soils 
is generally low, and sustainable crop yields de-
pend on K application. Cassava has a very high 
K demand. About 5.8 kg has to be applied for 
each ton of cassava yield (Howeler 1980). It was 
found that increasing K application levels up to 
200 kg K/ha increased mycorrhizal root infection 
ratings as well as tuber yield in Columbia.

Most pesticides inhibit colonization and devel-
opment of AM fungi in plants (Ocampo and Hay-
man 1980) although the majority of pesticides 
tested adversely affect the symbiosis (Menge 
1982) others do not appear to damage mycorrhi-
zal fungi. Some may even increase mycorrhizal 
colonization (Trappe et al. 1984). Fumigation of 
soil with biocides such as methyl bromide, chlo-
ropicrin, etc. effectively kills endophytes. How-
ever, AM fungi can reinvade most fumigated 
soils within several years (Trappe et al. 1984). 
The systemic fungicides like thiobendazole, 
benomyl and triademefon are most toxic to these 
fungi (Nemec 1980) Pentachloronitrobenzene 
which is not systemic is also toxic (Nemec and 
Tucker 1983). Fungicides like Captan and Rilon 
applied at half the recommended levels had no 

adverse effects on AM fungi (Praveen Kumar and 
Bagyaraj 1999). The insecticides metasystox and 
aldrin differ in their activity on AM fungi, the 
former being less toxic while most nematicides 
exihibit slight inhibitory effects on AM fungi. 
Interestingly, some nematicides such 1,2-dibro-
mo-3-chloropropane (DBCP) can stimulate root 
infection in host plant (Menge et al. 1978). This 
response could be due to control of competitive 
pathogenic microflora and possible stimulation 
of root exudates of host plants or other factors 
(Trappe et al. 1984).

10.5  Effect of Land Use Patterns 
on the Arbuscular Mycorrhizal 
Fungal Population 
and Diversity

Land use pattern is the way/purpose/extent to 
which a particular area of land is being utilized. 
Land use patterns are mainly classified into two 
types, viz. cultivated and uncultivated. In culti-
vated type different land use patterns are forests, 
grasslands, plantations, agricultural lands, etc. In 
uncultivated type different land use patterns are 
human dwellings, industrial areas, roads, barren 
lands, etc. Studies have been carried out in cul-
tivated areas. Many studies were done to know 
AM fungal population and diversity because of 
change in land use intensities/patterns, i.e. con-
version of forest to agricultural lands or to pas-
ture, pastures to agriculture lands, barren lands 
to forest plantations etc. Studies were also done 
regarding comparison of AM fungal population 
diversity in different land used intensities or land 
use patterns, e.g. between natural forest, planta-
tions, grasslands and within the plantations be-
tween different crops, etc.

Oehl et al. (2003) studied the impact of land 
use intensity on the diversity of AM fungi at eight 
different sites; three sites with low input grass 
lands, two sites with low to moderate input farm-
ing with seven year crop rotation and three sites 
with high input continuous maize monocrop-
ping. They observed a decrease in AM fungal 
diversity from low input grasslands to high input 
monocropping farming system. As the land use 
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intensification increased, the AM fungal species 
diversity decreased. Apart from this they also 
observed more spore abundance in low input 
grasslands than in low to medium input farming 
system and high input farming system. Even the 
AM fungal species diversity index was more in 
grasslands. Among two different farming sys-
tems, AM fungal species diversity index was 
more in sites with crop rotation rather than sites 
with monocropping. Galvez et al. (2001) studied 
the populations of spores of AM fungi, mycorrhi-
zal formation and nutrient utilization of maize in 
mould-board ploughed, chisel disked or untilled 
soil under conventional and low input agricultural 
systems. Soils under low input management had 
higher AM fungal spore populations than soils 
under conventional management. Spore load and 
colonization of maize roots by AM fungi were 
higher in non-tilled than in mould-board ploughed 
and chisel disked soil.

Glomalin, an arbuscular mycorrhizal fungal 
soil protein playing an important role in soil ag-
gregation was significantly affected by land use 
pattern. Glomalin concentrations were highest in 
native forest soils, moderate in afforested soils 
and lowest in agricultural lands. Soil C and N 
were highly correlated with glomalin across all 
soils and within each land use type, indicating 
that some glomalin may be under similar controls 
as soil C. These results also show that glomalin 
may be useful as an indicator of land use change 
(Rilling et al. 2003).

Carpenter et al. (2001) studied the spore den-
sity and diversity of AM fungi in different land 
uses and across different gradients of erosion. 
They found that the diversity and composition 
of AM fungi changed due to change in land 
use types, and AM fungal diversity decreased 
due to erosion. Picone (2000) compared spore 
abundance and diversity of AM fungi in soils of 
lowland evergreen forests and pastures in Nica-
ragua. Species composition, dominance-diversity 
curves and Simpson’s diversity indices were sim-
ilar for both forest and pasture soils. Of 28 dis-
tinct fungus morphospecies, 11 produced more 
spores in pasture, while only one produced more 
spores in forest. According to species-accumula-
tion curves, local AM fungal species richness did 

not significantly decline following conversion of 
forest to pasture. Because pastures contained a 
surprising abundance and diversity of AM fungal 
spores compared to native forest, a lack of my-
corrhizal fungi is unlikely to limit plant succes-
sion, restoration or reforestation in the pastures 
studied. In addition to these trends in diversity, 
species that sporulated more in pasture tended to 
have small spores, while the species that sporu-
lated more in forest had the largest spores. Simi-
larly, only large-spored fungi (300 µm) showed 
seasonal variation in spore abundance, being 
more common in the wet season. Wolfe (2002) 
compared species diversity of AM fungi in three 
pairs of forest fragment and adjacent pasture sites 
in a coffee farming community in Coto Brus, 
Southern Costa Rica. They determined species 
diversity of AM fungi by both direct assessment 
of field-collected soil samples and estimates from 
trap cultures in the greenhouse. Results suggest-
ed that conversion of forest to pasture produced 
shifts in abundance of many AM fungi species 
rather than general declines. Species richness of 
AM fungi was similar in pasture and forest sites, 
despite the dipartite nature of the pasture plant 
community relative to that of the forest. While 
some AM fungi species were common in both 
forest and pasture sites, others were abundant 
in one vegetation type and rare or absent in the 
other. These results suggested that pasture plants 
support AM fungi community that may be as spe-
cies rich as that of forested sites, but differing in 
its composition.

Lovelock et al. (2003) assessed the spatial and 
temporal distribution of the AM fungal communi-
ty in a wet tropical rainforest in Costa Rica. Host 
tree species differed in their associated AM fungal 
communities, but differences in the AM commu-
nity between the hosts could not be generalized 
over life history groupings of the hosts. Changes 
in the relative abundance of a few common AM 
fungal species were the cause of differences in 
AM fungal communities for different host tree 
species instead of differences in the presence and 
absence of AM fungal species. Thus, AM fungal 
communities were spatially distinguishable in the 
forest, even though all species were widespread. 
Soil fertility ranging between 5 and 9 mg/ha P did 
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not affect composition of AM fungal communi-
ties. However, sporulation was more abundant in 
lower fertility soils. Sampling soils over seasons 
revealed that some AM fungal species sporulated 
profusely in the dry season compared to the rainy 
season. On one host tree species sampled at two 
sites with vastly different rainfall, relative abun-
dance of spores from Acaulospora was lower and 
that of Glomus was relatively higher at the site 
with lower and more seasonal rainfall. Johnson 
and Wedin (1997) found that diversity of mycor-
rhizal spore communities (measured by Soren-
son’s similarity index) was lower in the grassland 
plots than in the forest plots, indicating that grass 
invasion had caused some convergence. How-
ever, total spore diversity and alpha diversity of 
mycorrhizal spore communities (measured by 
species richness and Simpson’s diversity index) 
were not altered by wildfires and grass invasion. 
These results suggest that persistence and regen-
eration of forest plant species in the grasslands 
may not be constrained to a significant degree by 
the lack of mycorrhizal symbionts. Stutz (2003) 
studied species richness, composition, spore den-
sity and diversity of AM fungi in four different 
land use types, viz. urban residential, urban non-
residential, agriculture and desert. The agricul-
tural sites were associated with decreased spore 
densities and decreased species richness. Spores 
of G. microaggregatum were most abundant in 
urban sites, while those of G. eburneum were 
most abundant in desert and agricultural sites. A 
recent study suggests that a particular AM fungal 
community may be better matched ecologically 
to its local habitat than communities taken from 
other locations (Ji et al. 2010). More investiga-
tions are needed in this aspect.

10.6  Conclusion

It is now established that AM fungi improve plant 
growth, mainly through P nutrition; other benefi-
cial effects are in the biological control of root 
pathogens, biological nitrogen fixation, hormone 
production and greater ability to withstand water 
stress. Because of their unique ability to increase 
the uptake of P by plants, mycorrhizal fungi can 

be utilized as practical substitutes for phosphatic 
fertilizers. Several workers have stressed the po-
tential for commercial utilization of AM fungi in 
crop production.

Man is trying to use these beneficial fungi to 
increase the productivity of food, fuel and fiber. 
Principally there could be two strategies for man-
aging AM fungi. The first strategy is to develop 
inoculation techniques with efficient AM fungi, 
adapted to the crop plant and the environment. 
Considerable work is being undertaken at present 
on this aspect. The second strategy is to manage 
the indigenous AM fungi by agricultural prac-
tices in such a way that efficient native fungi are 
enhanced and inefficient fungi are depressed. 
A good deal of research is necessary before we 
formulate some general recommendations for 
this management method for each soil and crop. 
Therefore, manipulation of this symbiotic asso-
ciation to attain its full ecological and economic 
potential should be the goal for future studies. 
Without a clear understanding of the ecology of 
AM fungi, man’s ability to manipulate the my-
corrhizal symbiosis for maximizing productivity 
will be severely limited.

References

Abbott LK, Robson AD (1977) The distribution and abun-
dance of vesicular endophytes in some western Aus-
tralian soils. Aust J Bot 25:515–522

Abbott LK, Robson AD (1991) Field management of 
mycorrhizal fungi. In: Kelster DL, Cregan PB (eds) 
The rhizosphere and plant growth. Kluwer Academic, 
Dordrecht, pp 355–362

Allen MF (1991) The Ecology of Mycorrhizae. Cam-
bridge University Press, Cambridge

Allen EB, Allen MF (1980) Natural re-establishment of 
vesicular-arbuscular mycorrhizae following strip mine 
reclamation in Wyoming. J Appl Ecol 17:139–147

Allen MF, Swenson W, Querejeta JI, Egerton-Warburton 
LM, Treseder KK (2003) Ecology of mycorrhizae: a 
conceptual frame work for complex interactions among 
plants and fungi. Ann Rev Phytopathol 41:271–303

Bagyaraj DJ (1991) Ecology of vesicular-arbuscular 
mycorrhizae. In: Arora DK, Rai B, Mukerji KG, 
Knudsen GR (eds) Handbook of applied mycology. 
Marcel Decker, New York, pp 3–34

Bagyaraj DJ (2011) Microbial biotechnology for sustain-
able agriculture, horticulture and forestry. New India 
Publishing Agency, New Delhi

AQ4



144 D. J. Bagyaraj

Bagyaraj DJ, Ravindra TP (1997) Distribution and dis-
semination of VA mycorrhizal fungi. In: Tiwari JP, 
Saxena G, Mittal N, Tewari I, Chamola BP (eds) New 
approaches in microbial ecology. Aditya Books, New 
Delhi, pp 167–182

Bagyaraj DJ, Manjunath A, Patil RB (1979) Occurrence 
of vesicular arbuscular infection in some tropical 
aquatic plants. Trans Br Mycol Soc 73:164–167

Baxter FP, Hole FD (1966) The ant that ploughed the 
Praire. Crop Soil 19:11–13

Blaszkowski J (1994) Comparative studies on the occur-
rence of arbuscular fungi and mycorrhizae (Glomales) 
in cultivated and uncultivated soils of Poland. Acta 
Mycol 28:93–140

Boddington CL, Dodd JC (2000) The effect of agriculture 
practices on the development of indigenous arbuscular 
mycorrhizal fungi-II. Studies in experimental micro-
cosms. Plant Soil 218:145–157

Borowicz VA (2001) Do arbuscular mycorrhizal fungi 
alter plant-pathogen relations? Ecology 82:3057–3068

Carpenter FL, Palacioss S, Gonzalez E, Schroeder M 
(2001) Land-use and erosion of a Costa Rican Ulti-
sol affects soil chemistry, mycorrhizal fungi and early 
regeneration. For Ecol Manag 144:1–17

Clarke C, Mosse B (1981) Plant growth response to vesic-
ular arbuscular mycorrhiza-XII. Field inoculation 
responses of barley at two soil P levels. New Phytol 
87:695–703

Delinge J, Queenedey A, Blum MS (1981) The enemies 
and defense mechanisms of termites. In: Herman HR 
(ed) Social insects. Academic, London, pp 1–76

Fogel R, Trappe JM (1978) Fungal consumption (Mycoph-
agy) by small animals. Northwest Sci 52:1–13

Frank AB (1885) Uber die out Wurzetsymbiose berohende 
ernahausing gewisser Baume durch utnerimdinche. 
Berdent Bot Gessel 3:128–145

Furlan V, Fortin JA (1977) Effects of light intensity on the 
formation of vesicular arbuscular endomycorrhizas 
on Allium cepa by Gigaspora calospora. New Phytol 
79:335–340

Galvez L, Douds DD Jr, Drinkwater LE, Wagoner P 
(2001) Effect of tillage and farming system upon 
VAM fungus populations and mycorrhizas and nutri-
ent uptake of maize. Plant Soil 228:299–308

Gianinazzi S, Gianinazzi-Pearson V (1986) Progress and 
headaches in endomycorrhizae biotechnology. Sym-
biosis 2:139–149

Gianinazzi S, Gollotte A, Binet MN, van Tuinen D, 
Redecker D, Wipf D (2010) Agroecology: the key 
role of arbuscular mycorrhizas in ecosystem services. 
Mycorrhiza 20:519–530

Hall IRS (1977) Species and mycorrhizal infections of 
New Zealand endogonaceae. Trans Br Mycol Soc 
68:341–356

Hansen RM, Uckert PN (1970) Dietary similarity of some 
primary consumers. Ecology 51:641–680

Harinikumar KM, Bagyaraj DJ (1988a) The effect of sea-
son on VA mycorrhiza of leucaena and mango in semi-
arid tropic. Arid Soil Res Rehabil 7:139–143

Harinikumar KM, Bagyaraj DJ (1988b) Effect of crop 
rotation on native VA mycorrhizal propagules in soil. 
Plant Soil 110:77–80

Harinikumar KM, Bagyaraj DJ (1989) Effect of cropping 
sequences, fertilizers and FYM on VA mycorrhizal 
fungi. Biol Fertil Soils 7:173–175

Harinikumar KM, Bagyaraj DJ (1994) Potential of earth-
worms, ants, millipedes and termites in dissemination 
of vesicular arbuscular mycorrhizal fungi in soil. Biol 
Fertil Soils 18:115–118

Harinikumar KM, Bagyaraj DJ (1995) Spread of vesicular 
arbuscular mycorrhizal hyphae in soil. Microbiol Res 
150:77–80

Harinikumar KM, Bagyaraj DJ, Mallesha BC (1990) 
Effect of intercropping and organic soil amendments 
on native VA mycorrhiza in semi arid tropics. Arid 
Soil Res Rehabil 4:193–197

Hayman DS (1974) Plant growth responses to vesicular 
arbuscular mycorrhiza-VI. Effect of light and temper-
ature. New Phytol 73:71–80

Hayman DS (1975) The occurrence of mycorrhiza in 
crops as affected by soil fertility. In: Sanders FE, 
Mosse B, Tinker PS (eds) Endomycorrhizas. Aca-
demic, London, pp 495–509

Hayman DS (1983) The physiology of vesicular arbuscu-
lar endomycorrhizal symbiosis. Can J Bot 61:944–963

Hetrick BDA (1984) Ecology of VA mycorrhizal fungi. 
In: Powell CL, Bagyaraj DJ (eds) VA mycorrhizae. 
CRC, Boca Raton, pp 35–55

Hirrel MC, Mehravaran H, Gerdemann JW (1978) Vesicu-
lar arbuscular mycorrhizae in Chenopodiaceae and 
Cruciferaceae: do they occur? Can J Bot 56:2813–2817

Hodge A (2000) Microbial ecology of arbuscular mycor-
rhiza. FEMS Microbiol Ecol 32:91–96

Hodge A, Helgasson T, Fitter AH (2010) Nutritional ecol-
ogy of arbuscular mycorrhizal fungi. Fungal Ecol 
3:267–273

Howeler RH (1980) Soil related cultural practices for 
cassava. In: Webes EJ, Toro MJC, Graham M (eds) 
Cassava cultural practices, Proc. of a workshop held at 
Salvador, Bahia, March 18–21, CAB Int, pp 159–169

Jasper PA, Robson AD, Abbott LB (1979) Phosphorus 
and the formation of vesicular arbuscular mycorrhiza 
on the growth and metabolism of sweet orange. New 
Phytol 90:665–670

Ji B, Bentivenga SP, Casper BB (2010) Evidence for eco-
logical matching of whole fungal communities to the 
local plant-soil environment. Ecology 91:3037–3046

Johnson NC, Wedin DA (1997) Soil carbon, nutrients, and 
mycorrhizae during conversion of dry tropical forest 
to grassland. Ecol Appl 7:171–182

Kendrick B, Berch S (1985) Mycorrhizae: applications in 
agriculture and forestry. In: Robinson CW (ed) Com-
prehensive biotechnology, vol 4. Pergamon, Oxford, 
pp 109–150

Khan AG (1978) Vesicular arbuscular mycorrhizas in 
plants colonizing black wastes from bituminous coal 
mining in the Illawarra region of New South Wales. 
New Phytol 81:53–63



14510 Ecology of Arbuscular Mycorrhizal Fungi

Koske RE (1981) A preliminary study of interactions 
between species of VA fungi in a sand dune. Trans Br 
Mycol Soc 76:411–416

Krishna KR, Bagyaraj DJ (1982) Effect of vesicular arbus-
cular mycorrhiza and soluble phosphate on Abelmos-
cus esculentus (L.) Moench. Plant Soil 64:209–213

Lakshmipathy R, Bagyaraj DJ, Balakrishna AN (2007) 
Can agricultural practices and land use patterns 
affect arbuscular mycorrhizal fungal population and 
diversity? In: Ganguly BN, Deshmukh SK (eds) 
Fungi: multifaceted microbes. Anamaya, New Delhi, 
pp 304–315

Lovelock CE, Andersen K, Morton JB (2003) Arbuscu-
lar mycorrhizal communities in tropical forests are 
affected by host tree species and environment. Oeco-
logia 132:268–279

Machado C, Bagyaraj DJ (1995) Mycorrhization bacteria 
and its influence on growth of cowpea. In: Adholeya 
A, Sujan S (eds) Mycorrhizae, Biofertilizers for the 
Future. Tata Energy Research Institute Pub, New 
Delhi, pp 192–196

MacMohan JA, Warner A (1984) Dispersal of mycorrhi-
zal fungi: processes and agents. In: Williams SE, Allen 
MF (eds) VA mycorrhizae and reclamation of arid and 
semiarid lands. University of Wyoming Publications, 
Wyoming, pp 24–41

Mallesha BC, Bagyaraj DJ (1991) Season favouring spor-
ulation of VA mycorrhizal fungi in cardamom planta-
tions. J Soil Biol Ecol 11:75–78

McGonigle TP, Miller MH (1993) Mycorrhizal devel-
opment and phosphorus adsorption in maize under 
conventional and reduced tillage. Soil Sci Soc Am J 
57:1002–1006

McIveen WD, Cole H (1976) Spore dispersal of Endo-
gonaceae by worms, ants, wasps and birds. Can J Bot 
54:1486–1489

Meharg AA, Cairney JWG (2000) Co-evaluation of 
mycorrhizal symbionts and their hosts to metal-con-
taminated environments. Adv Ecol Res 30:69–112

Menge JA (1982) Effect of soil fumigants and fungi-
cides on vesicular arbuscular fungi. Phytopathology 
72:1125–1132

Menge JA (1984) Inoculum production. In: Powell CL, 
Bagyaraj DJ (eds) VA mycorrhizae. CRC, Boca Raton, 
pp 188–189

Menge JA, Steirle D, Bagyaraj DJ, Jhonson ELV, Leon-
ard TT (1978) Phosphorus concentrations in plants 
responsible for inhibition of mycorrhizal infection. 
New Phytol 80:575–578

Miller RM, Jastrow JD (1992) The application of VA 
mycorrhizae to ecosystem restoration. In: Allen MF 
(ed) Mycorrhizal Functioning. Chapman and Hall, 
London, pp 438–467

Mosse B (1977) Plant growth responses of vesicular-
arbuscular mycorrhiza-IV. Soil given additional phos-
phorus. New Phytol 72:127–136

Mosse B (1981) Vesicular Arbuscular Mycorrhizal 
Research for Tropical Agriculture. Honolulu Univer-
sity of Hawaii Press, Hawaii, p 54

Mosse B, Stribley DP, Le Tacon F (1981) Ecology of 
mycorrhizae and mycorrhizal fungi. Adv Microb Ecol 
5:137–209

Mosse B, Warner A, Clarke CA (1982) Plant growth 
responses of vesicular-arbuscular mycorrhiza-XIII. 
Spread of an introduced VA endophyte in the field and 
residual growth effects of inoculation in the second 
year. New Phytol 90:521–528

Nemec S (1980) Effects of eleven fungicides on endo-
mycorrhizal development in sour oranges. Cad J Bot 
58:522–527

Nemec S, Tucker D (1983) Effects of herbicides on endo-
mycorrhizal fungi in Florida citrus (Citrus sp) soils. 
Weed Sci 31:417–431

Ocampo IA, Hayman DS (1980) Effects of pesticides on 
mycorrhiza in field grown barley, maize and potatoes. 
Trans Br Mycol Soc 74:413–416

Oehl F, Sieverding E, Ineichen L, Mader P, Boller T, 
Wiemken A (2003) Impact of land use intensity on 
the species diversity of arbuscular mycorrhizal fungi 
in agroecosystems of central Europe. Appl Environ 
Microbiol 69:2816–2824

Picone CM (2000) Diversity and abundance of arbuscular 
mycorrhizal fungus spores in tropical forest and pas-
ture. Biotropica 32:734–750

Ponder F (1980) Rabbits and grasshoppers: vectors of endo-
mycorrhizal fungi of new coal mine spoil. Research 
Note NC- 250, USDA, North Central Forest Experi-
ment Station, Newtown Square, Pennsylvania, USA

Powell CL (1976) Development of mycorrhizal infections 
from Endogone spores and infected root segments. 
Trans Br Mycol Soc 66:439–445

Powell CL (1979) Spread of mycorrhizal fungi through 
soil. N Z J Agric Res 22:335–339

Powell CL (1980) Mycorrhizal infectivity of eroded soils. 
Soil Biol Biochem 12:247–251

Praveen Kumar KA, Bagyaraj DJ (1999) Mass production 
of arbuscular mycorrhiza as influenced by some agro-
chemicals. Proc Nat Acad Sci India 69:61–66

Raj J, Bagyaraj DJ, Manjunath A (1981) Influence of soil 
inoculation with arbuscular mycorrhiza and a phos-
phate dissolving bacterium on plant growth and 32P- 
uptake. Soil Biol Biochem 13:105–108

Redhead JF (1977) Endotrophic mycorrhizas in Nigeria: 
species of the Endogonaceae and their distribution. 
Trans Br Mycol Soc 69:275–280

Rilling MC, Ramsey PW, Morris S, Paul EA (2003) Glo-
malin, an arbuscular mycorrhizal fungal soil protein, 
response to land use changes. Plant Soil 253:293–299

Rothwell FM, Holt C (1978) Vesicular-arbuscular mycor-
rhizae established with Glomus fasciculatum spores 
isolated from the faeces of cricetine mice. Research 
Note NC- 259, USDA, North Central Forest Experi-
ment Station, Newtown Square, Pennsylvania, USA

Schenck NC, Kinloch RA (1980) Incidence of mycorrhi-
zal fungi on six field crops in mono culture on a newly 
cleared woodland site. Mycologia 72:445–455

Sieverding E, Leihner DE (1984) Influence of crop rotation 
and intercropping of cassava with legume on VA mycor-
rhizal symbiosis of cassava. Plant Soil 80:143–146

AQ5



146 D. J. Bagyaraj

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd 
edn. Academic, London

Spradbery JP (1973) Wasps. An account of the biology 
and natural history of solitary and social wasps. Sidg-
wicks and Jackson, London

Sreenivasa MN, Bagyaraj DJ (1988) Chloris gayana 
(Rhodes grass) a better host for mass produc-
tion of Glomus fasciculatum inoculum. Plant Soil 
106:109–112

Sreenivasa MN, Bagyaraj DJ (1989) Suitable form and 
level of phosphorus for mass production of the VA 
mycorrhizal fungus, Glomus fasciculatum. Zentralbl 
Mikrobiol 144:34–36

Sreenivasa MN, Bagyaraj DJ (1990) Suitable source and 
level of nitrogen for mass production of VA mycorrhi-
zal fungi. In: Jalalli BL, Chand A (eds) Current trends 
in mycorrhizal research. Haryana Agril. Univ. Press, 
Hissar, pp 35–36

Sturmer SL (2012) A history of the taxonomy and sys-
tematics of arbuscular mycorrhizal fungi belonging to 
the phylum Glomeromycota. Mycorrhiza 22:247–258

Stutz JC (2003) Preliminary assessment of arbuscular 
mycorrhizal fungal diversity and community structure 
in an urban ecosystem. Mycorrhiza 13:319–326

Taber RA (1982) Occurrence of Glomus spores in weed 
seeds in soil. Mycologia 74:515–520

Thaxter R (1992) A revision of Endogonaceae. Proc Am 
Acad Arts Sci 57:293–341

Tommerup IC, Carter DJ (1982) Dry separation of micro-
organisms from soil. Soil Biol Biochem 14:69–71

Trappe JM (1977) Biogeography of hypogeous fungi: 
trees, mammals and continental drift. In: Bigelow HE, 
Simmons EG (eds) Abstracts 2nd International Mycol-
ogy Congress. University of South Florida, Tampa, 
pp 675

Trappee JM, Masser C (1976) Germination of Glomus 
marcrocarpus (Endogonaceae) after passage through 
a rodent digestive tract. Mycologia 68:433–436

Trappe JM, Monila R, Castellano M (1984) Reactions of 
mycorrhizal fungi and mycorrhiza formation to pesti-
cides. Ann Rev Phytopathol 22:331–359

Wallace HR (1978) Dispersal in time and space: soil 
pathogens. In: Horsefall JS, Cowling EB (eds) Plant 
disease: an advanced treatise, vol 2. Academic, New 
York, pp 181–202

Wang GM, Qiu YL (2006) Phylogenetic distribution and 
evolution of mycorrhizas in land plants. Mycorrhiza 
16:299–363

Warner A, Mosse B (1982) Factors affecting the spread of 
vesicular-arbuscular mycorrhizal fungi in soil-I Root 
density. New Phytol 90:529–536

Warner MJ, Allen MF, MacMohan JA (1987) Dispersal 
agents of VA mycorrhizal fungi in disturbed arid eco-
system. Mycologia 79:721–730

Wolfe AL (2002) Species diversity and community com-
position of arbuscular mycorrhizal fungi in tropical 
forest fragments and adjacent pastures. 87th Annual 
Meeting of the Ecological Society of America and 
Annual International Conference of the Society for 
Restoration, Tucson, 4–9 Aug, pp 62



Part II

Microbial Diversity and Plant Protection



149

11.1  Introduction

The genus Brassica is an important member of 
the Brassicaceae family. It comprises several 
( Brassica nigra, Brassica oleraceae, Brassica 
campestris, Brassica carinata, Brassica juncea, 
Brassica napus) economically important spe-
cies (Table 11.1) which yield edible roots, stems, 
leaves, buds, flowers and seed condiment. Among 
them, the first three species are elementary and 
diploids with 2n = 16, 18 and 20 chromosomes 
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The use of resistant varieties is considered to be the best method of disease 
control. Therefore, the study was carried out to find out the sources of resis-
tance against downy mildew (caused by Peronospora brassicae (Pers. ex. 
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and other three are tetraploids with chromosome 
members 2n = 34, 36 and 38. The oil content in 
rapeseed–mustard is ranging from 36.2 to 41.9 % 
and the edible oil is obtained mainly from B. 
napus, B. juncea and B. campestris (NRC-RM 
Sewar 2010). Rapeseed–mustard is a group of 
crops that contributes 32 % of the total oilseed 
production in India, and it is the second largest 
indigenous oilseed crop (Meena et al. 2010).

11.1.1  Global Scenario

The area and production of rapeseed–mustard 
seed have been increasing consistently. Being an 

important source of oil and protein meal, mustard 
seed is grown across the world. The area of rape-
seed–mustard seed has risen from 24.68 to 30.06 
million ha with a compounded annual growth of 
3.02 % while the production has increased from 
37.32 to 55.97 million t with an annual growth 
rate of 5.70 % during 2000–2011 (USDA 2011). 
India ranks second in acreage and third in rape-
seed–mustard production in the world after China 
and Canada, and contributed around 26.1 % of 
the total oilseed production in the world (FAO 
2010; Meena et al. 2011).

Table 11.1  Classification and origin of rapeseed–mustard. (Source: National Research Centre on Rapeseed-Mustard, 
Sewar, Bharatpur, Rajasthan)
Sl.no. English name Vernacular name Botanical name Origin Identification character-

istics of seeds
1. Indian mustard/

brown mustard
Rai, ryada, raya, 

laha, lahta, 
sasve, herbo

Brassica juncea 
(L.) Czern. and 
Coss.

Originated from 
China to India 
via northeastern 
India and spread 
to Afghanistan via 
Punjab

Seeds are medium 
sized, round and dark 
brown or black in 
colour

2. Indian rape/
rapeseed/toria

Toria, tori, lahi Brassica rapa L. 
var. toria ( syn. 
B. campestris L. 
var. toria)

It is a native of India 
and spread to parts 
of Pakistan

Seeds are dark brown, 
bold and large sized

3. Brown sarson/
rapeseed

Brown sarson, 
bhoori sarson

Brassica rapa 
L. var. brown 
sarson ( syn. 
B. campestris 
L. var. brown 
sarson)

Eastern Afghanistan 
and adjoining 
parts of India and 
Pakistan

Seeds are light reddish 
in colour, bold, large 
sized

4. Yellow sarson/
colza/rapeseed

Yellow sarson, 
pilli sarson

Brassica rapa 
L. var. yellow 
sarson ( syn. 
B. campestris 
L. var. yellow 
sarson)

Eastern part of India Seeds are slightly 
smaller than sarson, 
ovoid in shape, yel-
low in colour

5. Rapeseed Gobhi sarson Brassica napus L. It is a native of 
Europe

Seeds are brownish 
black and large sized

6. Abyssinian mus-
tard/Ethiopian 
mustard

Karan rai Brassica carinata 
A. Br.

Introduced in India 
though it is a 
native of southern 
Europe and North 
America

Seeds are small, round 
and reddish brown in 
colour

7. Rocket Salad Duan, tera, 
tara, saundh, 
taramira

Eruca sativa Mill. - Seeds are light reddish 
brown coloured 
and distinctly ovoid 
shape
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11.1.2  Domestic Scenario

In India, during 2009–2010, the rapeseed–mus-
tard crop production was 6.40 million t from 
an area of 6.45 million ha with an average pro-
ductivity of 990 kg/ha. The projected demand 
for oilseeds in India by 2020 is around 34 mil-
lion t which are to be met by rapeseed–mustard 
(Anonymous 2010). It is estimated that about 
90 % of domestic production of rapeseed–mus-
tard is crushed for extracting edible oil, which is 
mostly traded and consumed in northern, north-
eastern, eastern and central India. Out of 57,856 
thousand t of rapeseed–mustard seed produced 
over 30,308 thousand ha in the world, India pro-
duced 5,833 thousand t from 5,750 thousand ha 
(FAO 2010). In India, rapeseed and mustard are 
being grown largely in Uttar Pradesh, Rajasthan, 
Haryana, Assam, Gujarat, Punjab, West Bengal 
and Madhya Pradesh. However, in Uttar Pradesh 
it is grown on 820 thousands ha with production 
of 900 thousand tons. The average productivity 
of Uttar Pradesh is 11.41 t/ha which is more than 
the national average productivity (Anonymous 
2010).

11.1.3  Symptoms of Downy Mildew 
and Alternaria Blight

Downy mildew disease is caused by Peronos-
pora brassicae (Pers. ex. Fr.). In disease affected 
plants, yellow irregular spots appear on the upper 
surface (dorsal surface) of the leaves and white 
growth is visible on the lower surface of the 
spots. If the attack is severe, inflorescence is also 
affected; the affected inflorescence is malformed, 
twisted and covered with a white powder. No 
pods are produced on such inflorescence (Dange 
et al. 2002; Agrios 2005). However, Alternaria 
blight disease caused by Alternaria brassicae 
(Berk.) Sacc. and A. brassicicola (Schw.) Wilt-
shire is one among the important diseases of 
rapeseed–mustard, which has been reported from 
all the continents of the world, depending on the 
prevailing environmental factors particularly 
at critical stages. There is no proven source of 
resistance against the disease reported till date 
in any of the host (Kumar and Chauhan 2005; 

Chattopadhyay 2008). In Brassica species, re-
sistance to downy mildew is controlled by single 
dominant allele and resistance of Alternaria leaf 
blight is governed by a single dominant gene or 
nuclear genes with partial dominance (Nashaat 
et al. 1996). Severe infection causes substantial 
yield loss as a result of early defoliation, flower 
bud abortion, premature ripening, siliquae dehis-
cence and seed shrivelling (Seidle et al. 1995).

11.1.4  Environmental Factors 
Affecting the Disease

The effect of environmental factors, temperature 
(15–25°C), relative humidity (> 80 %) and leaf 
wetness (rain or dew) for 4–24 h, for the disease 
development and its epidemics have been report-
ed in some countries like Canada (Degenhardt 
et al. 1982), the UK (Humpherson-Jones and 
Phelps 1989; Mridha and Wheeler 1993; Hong 
and Fitt 1995) and India (Ansari et al. 1989; 
Yadav et al. 2010).

11.1.5  Annual Losses Due to Downy 
Mildew and Alternaria Blight

Alternaria blight and downy mildew are causing 
10–70 % yield losses depending on the crop spe-
cies, being high in Brassica rapa, with 35–40 % 
in Indian mustard (Chattopadhyay 2008). Kolte 
et al. (1987) reported the losses in 1,000-seed 
weight of yellow sarson and mustard of 23 % 
and 24 %, respectively. Yield losses of 20–30 % 
were recorded in Canada (Degenhardt et al. 
1974; Conn et al. 1990). In India, losses of yield 
due to diseases were reported 15–71 % (Kumar 
1986; Ram and Chauhan 1998; Chattopadhyay 
2008). Dange et al. (2002) reported about 24 % 
loss in Gujarat, whereas, on an average, loss of 
about 25 % on different varieties of rapeseed–
mustard have been reported from Haryana.

Therefore, the present investigation was car-
ried out to find out the sources of resistance 
against the downy mildew and Alternaria blight 
for use in breeding programme to develop the re-
sistant variety.
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11.2  Materials and Methods

11.2.1  Experimental Site and Climatic 
Condition

The present investigation was conducted under 
three different environments, i.e. irrigated timely 
sown (E1), rainfed timely sown (E2) and under 
irrigated late sown (E3) conditions at Research 
Farm of Genetics and Plant Breeding, Narendra 
Deva University of Agriculture and Technology, 
Kumarganj, Faizabad during rabi season of (from 
the fourth week of October to the last week of 
March during 2009–2010 and from the third 
week of October to the fourth week of March in 
2010–2011) both the years. The experimental site 
is situated between 26°47′ N latitude, 82°12′ E 
longitude and at an altitude of 113 m above the 
mean sea level in the Gangetic plain of eastern 
Uttar Pradesh. The climate of the district Faiz-
abad was semi-arid with hot summer and cold 
winter. Nearly 80 % of total rainfall is during 
the monsoon (only up to September) with a few 
showers in the winter. The soil types of the ex-
perimental plot were silt loam.

11.2.2  Experimental Materials and 
Statistical Design

The experimental material consisted of 20 
different genotypes of B. rapa (L.) var. yel-
low sarson collected from different locations 
(Table 11.2), and these materials were sown 
in randomized block design with three rep-
lications from 25th October to 29th March, 
in 2009–2010 and from 19th October to 26th 
March, in 2010–2011.

11.2.3  Cultural Practices and Fertilizer 
Application

Each entry was sown in single row of 3 m 
length spaced at 45 cm apart and the distance 
between plant to plant (15 cm) was maintained 
by thinning after 15 days of sowing. The fertil-
izers were applied at 50 kg N, 30 kg P2O5 and 
30 kg K2O/ha under irrigated and rainfed condi-
tion. Half of N and full dose of P2O5 and K2O 
as basal were given in irrigated, and full dose 
of nitrogen, P2O5 and K2O were given as basal 

Sl.no. Name of genotypes Source
 1. RAUDYS 07–76 RAU, Dholi (Bihar)
 2. YSK 09–2 CSAUA &T, Kanpur (UP)
 3. Benoy PORS, Berhampore (WB)
 4. Pusa Gold IARI, New Delhi
 5. NDYS 107–1 NDUA &T, Kumarganj, Faizabad (UP)
 6. RYS-1 ARS, Navgaon
 7. YSK 09–1 CSAUA & T, Kanpur (UP)
 8. DRMRYS-09–99 DRMR, Bharatpur (Raj.)
 9. YSWB-2009 PORS, Bharatpur (Raj.)
10. PYS 2007–7 GBPUA & T, Pantnagar
11. YSB-2010 CCS, HAU, Haryana
12. PYS 2008–2 GBPUA & T, Pantnagar
13. NRCYS-05–02 DRMR, Bharatpur (Raj.)
14. YSWB-2012 PORS, Bharatpur (Raj.)
15. NDYS-427 NDUA & T, Faizabad (UP)
16. DRMRYS-09–103 DRMR, Bharatpur (Raj.)
17. NDYS 141–3 NDUA & T, Kumarganj, Faizabad (UP)
18. NDYS-425 NDUA & T, Kumarganj, Faizabad(UP)
19. Jagrati NDUA & T, Kumarganj, Faizabad (UP)
20. Type-151 CSAUA & T, Kanpur (UP)

Table 11.2  Name of the 
entries and their place of 
origin
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in rainfed condition. The remaining half of ni-
trogen was applied after first irrigation. All the 
recommended cultural practices were followed 
for raising the crop under irrigated and rainfed 
conditions.

11.2.4  Disease Screening Techniques 
and Statistical Analysis

After germination, the crop was regularly 
watched for appearance of major diseases. The 
observations on disease severity were recorded 
on ten plants randomly selected from each geno-
type. The disease severity was recorded at maxi-
mum disease occurrence. The disease was scored 
on the basis of maximum severity following 0–9 
scale as suggested in the proceeding of All India 

Coordinated Research Project on Rapeseed–
Mustard (Directorate of Rapeseed and Mustard, 
Sewar, Bharatpur, Rajasthan, Planning and Re-
view Session 2010–2011 (AICRP-RM 2010)), 
which is stated below (Table 11.3).

Average disease severity (ASC) was recorded 
with the help of the formula given below:

Per cent disease intensity (PDI) was also calcu-
lated with the help of the following formula:

where,
N − 1 to N − 6 represents frequency of leaves in 

the respective score.

11.3  Results and Discussion

The use of resistant varieties is considered to be 
the best method of disease control. Therefore, the 
study was carried out to find the sources of resis-
tance against downy mildew and Alternaria blight. 
A total of 20 genotypes of yellow sarson were 

( 1 0) ( 2 1) ( 3 3) ( 4 5) ( 5 7) ( 6 9)ASC 100.
Number of leaf samples

N N N N N N- × + - × + - × + - × + - × + - ×
= ×

( 1 0) ( 2 1) ( 3 3) ( 4 5) ( 5 7) ( 6 9)PDI 100,
Number of leaf samples 9

N N N N N N- × + - × + - × + - × + - × + - ×
= ×

×

Grade Reaction Severity
0 Immune No lesions
1 Highly resistant Non-sporulation pinpoint size or small necrotic spots, 

less than 5 % leaf area covered by lesions
3 Resistant Small, roundish slightly sporulation, larger necrotic 

spots about 1–2 mm in diameter with a distinct 
margin or yellow halo, 5–10 % leaf area covered by 
lesions

5 Moderately 
resistant

Moderately sporulating, non-coalescing larger spots, 
about 2–4 mm in diameter with a distinct margin or 
yellow halo, 11–25 % leaf area covered by lesions

7 Susceptible Moderately sporulating, coalescing larger spots about 
4–5 mm in diameter 26–50 % leaf area covered by 
the lesions

9 Highly 
susceptible

Profusely sporulating, rapidly coalescing spots mea-
suring more than 6 mm diameter without margins 
covering more than 50 % leaf area

Table 11.3  Disease scor-
ing scale (0–9 scale)
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screened for varietal reactions against the diseases 
under field conditions during rabi 2009–2010 and 
2010–2011, and the results obtained are presented 
in Table 11.4. It indicated the per cent disease se-
verity of various yellow sarson genotypes recorded 
obtained during 2009–2011 crop season.

11.3.1  Downy Mildew Screening

Out of 20 genotypes screened against downy mil-
dew none of the genotypes was found free from 
the disease, only one genotype named Jagrati was 
found moderately resistant, (11–25 % leaf area 
covered by the lesions moderately sporulating, 
non-coalescing larger spots, about 2–4 mm in 
diameter with a distinct margin or yellow halo) 
and 19 genotypes named RAUDYS 07-76, YSK 
09-2, Benoy, Pusa Gold, NDYS 107-1, RYS-1, 
YSK 09-1, DRMRYS-09–99, YSWB-2009, PYS 
2007-7, YSB-2010, PYS 2008-2, NRCYS-05-02, 
YSWB-2012, NDYS-427, DRMRYS-09-103, 
NDYS 141-3, NDYS-425 and Type-151 were 
found susceptible (26–50 % leaf area covered by 
the lesions moderately sporulating, coalescing 
larger spots about 4–5 mm in diameter). Out of 
the 20 genotypes screened against downy mil-

dew, none of the genotypes was found highly sus-
ceptible for this disease. Singh and Bhajan (2006) 
also reported 11 lines, namely NDYS-2, NDYS-
8, NDYS-121, NDYS-132, NDYS-135, NDYS-
136, NDYS-139, NDYS-140, YSC-4-1, YSC-5, 
YSC-24-1 as resistant and 50 lines as moderately 
resistant against the downy mildew disease.

11.3.2  Alternaria Blight Screening

For Alternaria blight, out of the 20 genotypes 
screened against this disease, none of the geno-
types was found highly susceptible for this disease, 
seven genotypes named, Benoy, Pusa Gold, YSK 
09-1, PYS 2008-2, NRCYS-05-02, YSWB-2012 
and NDYS-427 were found moderately resistant 
(11–25 % leaf area covered by the lesions mod-
erately sporulating, non-coalescing larger spots, 
about 2–4 mm in diameter with a distinct margin 
or yellow halo) and 13 genotypes, namely RAU-
DYS 07-76, YSK 09-2, NDYS 107-1, RYS-1, 
YSK 09-1, DRMRYS-09–99, YSWB-2009, PYS 
2007-7, YSB-2010, DRMRYS-09-103, NDYS 
141-3, NDYS-425 and Type-151 were found sus-
ceptible (26–50 % leaf area covered by the lesions 
moderately sporulating, coalescing larger spots 

Table 11.4  Reactions of yellow sarson genotypes against downy mildew and Alternaria blight
Grade Reaction Name of genotypes

Downy mildew No. of 
entries

Alternaria blight No. of 
entries

0 Immune - Nil - Nil
1 Highly resistant - Nil - Nil
3 Resistant - Nil - Nil
5 Moderately 

resistant
Jagrati 1 Benoy, Pusa Gold, YSK 09-1, 

PYS 2008-2, NRCYS-
05-02, YSWB-2012 and 
NDYS-427

7

7 Susceptible RAUDYS 07-76, YSK 09-2, Benoy, 
Pusa Gold, NDYS 107-1, RYS-1, 
YSK 09-1, DRMRYS-09-99, 
YSWB-2009, PYS 2007-7, YSB-
2010, PYS 2008-2, NRCYS-05-
02, YSWB-2012, NDYS-427, 
DRMRYS-09-103, NDYS 141-3, 
NDYS-425 and Type-151

19 RAUDYS 07-76, YSK 09-2, 
NDYS 107-1, RYS-1, YSK 
09-1, DRMRYS-09-99, 
YSWB-2009, PYS 2007-7, 
YSB-2010, DRM-
RYS-09-103, NDYS 141-3, 
NDYS-425 and Type-151

13

9 Highly 
susceptible

- Nil - Nil
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about 4–5 mm in diameter). The crop is attacked 
by A. brassicae causing Alternaria leaf blight all 
over the country, but the severity of the disease 
is much higher in B. rapa L. var. toria (Shrestha 
and Shrestha 1992; Meena et al. 2004). Our as-
sessments show that the critical period for disease 
development in the foliage was from 2nd week 
of December to the 3rd week of January. During 
this period, the disease appeared in severe form 
in both years causing heavy damage to the plants 
in the unsprayed plots. At first, the disease was 
observed as small greyish-brown necrotic spots 
on leaves, which later coalesced each other caus-
ing leaf blight (Singh et al. 2008). Kumar et al. 
(2009) also identified the potential source of re-
sistance against Alternaria blight. They found 
one genotype as resistant, six genotypes as mod-
erately resistant and 25 genotypes as moderately 
susceptible.

11.3.3  Per se Performance of Cultivars 
Against Downy Mildew and 
Alternaria blight

The per se performance of top-performing culti-
vars out of the 20 lines under different environ-
mental conditions such as irrigated-timely sown, 
rainfed-timely sown and irrigated-late sown 
are provided in Table 11.5. The performance of 
those lines in terms of other traits is also given in 
Table 11.5 for three different climatic conditions. 
The highly susceptible top four yielding mus-
tard cultivars with their average performances 
are discussed in this section. The mean disease 
severity in downy mildew of different cultivars 
varied from 24.69 (Jagrati) to 34.14 (YSB-2010) 
with the population mean of (28.89 ± 2.63). Four 
genotypes named Benoy (32.22), YSK 09–1 
(33.15), YSWB-2009 (32.77) and YSB-2010 
(34.19) showed significantly higher disease se-
verity than population mean. Cultivar YSK 09-1 
recorded maximum yield/plant (7.15 g) followed 
by NDYS-427 (6.32 g) and DRMRYS-09-103 
(6.05) as compared to the check. The high yield 
of the cultivars is due to a good number of si-
lique/plant, seed to silique ratio and 1,000-seed 
weight. Cultivar PYS 2007–7, followed by 

NDYS-427 and NDYS-141-3 had the highest oil 
content than other cultivars in all environments. 
The mean disease severity in Alternaria blight of 
different genotypes varied from 22.09 (YSWB-
2012) to 32.24 (Jagrati) with the population mean 
of (25.62 ± 2.52). Three genotypes named RYS-
1, NDYS-141-3 and Jagrati showed significantly 
higher disease severity (26–50 % leaf area cov-
ered by the lesions moderately sporulating, co-
alescing larger spots about 4–5 mm in diameter) 
than population mean. Several workers (Dang 
et al. 1995; Gupta et al. 2001; Kumar et al. 2009; 
Yadav et al. 2010) have realized since long, the 
importance of G × E interactions in influencing 
the performance of genotypes under environmen-
tal conditions. Alternatively, the genotypes of an 
individual may be such that it can develop dif-
ferent phenotypes in different environments such 
that each phenotype being better adapted for the 
specific environment.

11.4  Conclusion and Future 
Application

Based on the above results, none of the geno-
types was found to be completely resistant (free 
from the diseases) against downy mildew dis-
ease; while only one genotype Jagrati was found 
moderately resistant. However, in case of Alter-
naria blight, seven genotypes, namely Benoy, 
Pusa Gold, YSK 09-1, PYS 2008-2, NRCYS-
05-02, YSWB-2012 and NDYS-427 were found 
moderately resistant. The sources of resistance 
identified above against the downy mildew and 
Alternaria blight will be used further in breed-
ing programme for developing the resistant va-
riety of rapeseed–mustard. The above study rec-
ommended that for using disease-free seeds for 
sowing, select the least susceptible or moderately 
resistant cultivars and spray them with effective 
fungicide (if needed) at critical period during the 
disease development. In future, the developed re-
sistant (or moderately resistant) varieties will be 
important in an integrated disease management 
programme in India.
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Abstract

India with its varied topography, climate, forest types, soil types, altitudes 
and specialized ecological niches possesses a much diversified mycoflora. 
India has been the cradle for fungi and one-third of global fungal diversity 
exists in India. The forests of Bhadrachalam, Kothagudem and Paloncha 
of Khammam District, AP, India which were not explored earlier were 
surveyed (2007–2010) for micro- and macrofungi colonizing litter, fruit, 
bark, humid soils, wood and dung. It is interesting to note that the survey 
has resulted in the critical evaluation of 11 fungi which form new addi-
tions to the fungi of  A.P. India. 

Keywords 

Diversity · Forest · Fungi · Litter

12.1  Introduction

The estimated fungi in the world are around 
1.5 million (Hawksworth 1991). The number of 
fungi identified in the world are 97,861 (Kirk 
et al. 2008) and in India it exceeds 29,000 species 
(Manoharachary et al. 2005). The fungal diver-
sity that the mycologists have unraveled through 
conventional techniques is only a fraction of the 
amazing real diversity.

From India, fungal diversity has been worked 
out by many researchers. Recently available lit-
erature on biodiversity and taxonomy of fungi 
indicates the wealth of fungal diversity (Arya 
et al. 2008; Prasher et al. 2008; Pratibha and 
Bhat 2008, 2010; Kaviyarasan et al. 2009; Singh 
et al. 2009; Sureshkumar et al. 2006, 2009; Wa-
hegaonkar 2009; Bhat 2010; Bhosle et al. 2010; 
Gawas and Bhat 2010; Manoharachary and Kun-
war 2010a, 2010b, 2010c; Kumar et al. 2010; 
Kumar and Kaviyarasan 2011; Patil et al. 2011; 
Sharma et al. 2010; Tiwari et al. 2010).

Contributions on mitosporic fungi and mac-
rofungi colonizing various substrates from 
Andhra Pradesh (AP) include that of Rao (1988) 
and Gopal (1990) on Basidiomycetous fungi, 
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and on aquatic fungi by Rao (1980) and Galaiah 
(1985). Significant and extensive work is avail-
able on Hyphomycetes fungi from AP (Rao and 
Rao 1964a, b, c, d, e, f, g, h, i, j, k, l; Manohara-
chary and Ramarao 1971, 1972, 1973, 1974a, b; 
Manoharachary et al. 1971, 1975a, b, 2006a, b, 
c, d, 2007a, b, 2009; Ramarao 1975; Rao and 
Chandravathi 1982; Rao et al. 1982; Rao and de 
Hoog 1986; Gopal et al. 1991; Manoharachary 
and Gopal 1991; Reddy et al. 1999; Rao et al. 
2004, 2005; Sureshkumar et al. 2006, 2009; 
Bagyanarayana et al. 2009; Nagaraju et al. 2009, 
2011a, b).

In spite of all such surveys conducted from 
time to time, there is a huge hidden wealth of 
fungi available in various forests of AP. We sur-
veyed (2007–2010) the forests of Bhadrachalam, 
Kothagudem and Paloncha in Khammam Dis-
trict of AP for micro- and macrofungi from vari-
ous habitats. The present study has revealed 11 
new additions to the mycofloristics of AP, India. 
Therefore all the 11 fungi are described.

12.2  Information About Collection 
Site

Khammam District in AP is located between 
16°45′ and 18°35′ N latitude and 79°47′ and 
80°47′ E latitude. The district is surrounded by 
Chhattisgarh state to the north, Odisha state to 
the northeast, in AP east and west Godavari Dis-
tricts to the east, Krishna District to the south, 
Nalgonda District to the southwest, and Waran-
gal District to the west. Khammam District has 
a total area of 16,029 km2 out of which forest 
cover is of 7945.35 km2 (approximatly 49 %, as 
against 23.41 % for AP, and 22.80 % for India). It 
has five territorial and one wildlife division. The 
Godavari river passes through the eastern part of 
the district and harbors the richest biodiversity in 
the state; other tributaries of Godavari like Tali-
peru, Kinnerasani and Sabari also help in bring-
ing prosperity to the area. The district has a total 
population of 2,578,927. The present investiga-
tion is confined to the forests of Bhadrachalam, 

Kothagudem and Paloncha of Khammam Dis-
trict, AP, India.

The district receives 1,096 mm rainfall annu-
ally and is relatively less drought prone. It also 
has two extreme temperatures in the state, as it 
touches 10 °C during winter and 50 °C during 
summer. The forest areas covered in the present 
study in Khammam District were of natural and 
mixed teak forests of good quality, but slowly 
the percentage of teak came down due to various 
reasons. The standing forest consists of primarily 
angiospermic plant species.

12.3  Materials and Methods

12.3.1  Collection

The fungal materials were collected from the for-
est localities of Khammam District for a period 
of 3 years (Aug 2007–July 2010). Collections 
were made throughout the year, with an interval 
of 15 days. The collection included dead twigs, 
barks, stems, decaying wood, pods, fruits, dead 
leaves, decaying leaf litter, fresh water foam, 
macrofungi, etc. Field data containing place of 
collection, date and other relevant information 
were immediately recorded and maintained. If 
possible, the name of the host or substrate on 
which fungal material was present was also noted 
in the field notes. The materials were then car-
ried to the laboratory by placing them carefully in 
fresh polythene bags, for systematic observation 
and study of fungi.

12.3.2  Isolation of Microfungi

Microfungi colonizing litter, bark, twigs, senes-
cent plant parts, water, etc. were isolated by the 
following methods:
1. Direct observation from plant litter/other sub-

strates.
2. Moist chamber incubation method.
3. Isolation by particle plating method.
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12.3.2.1  Direct Observation from Plant 
Litter/Other Substrates

The sample, say a decaying leaf, litter, nut or 
bark, was scanned under a stereomicroscope to 
locate a fungal colony. A small portion of the 
fungal material was picked by a fine-tipped nee-
dle and placed in distilled water or lactophenol 
mountant and was examined under microscope. 
The detailed study of morpho-taxonomic char-
acteristics of the fungus was done using a light 
transmitted microscope.

12.3.3  Moist Chamber Incubation

A thin layer of absorbent cotton superimposed by 
a circular piece of blotting paper was placed in 
a Petri dish (20 cm diameter) and drenched with 
distilled water. Two slides were placed crisscross-
ing on the filter paper. The plates were sterilized 
at 121 °C and 15 lbs/cm³ pressure in an autoclave 
for 20 min. The sample was thoroughly washed in 
sterile distilled water, placed on the sterile slides 
in moist plates and incubated at room tempera-
ture. Beginning from the 3rd day, the incubated 
samples were scanned daily under a stereomicro-
scope for growth of the fungi. The fungal colony 
was picked up and mounted on a slide containing 
a drop of distilled water or lactophenol or lacto-
phenol cotton blue for microscopic examination.

12.3.4  Isolation by Particle-Plating

Decaying leaves, twigs or bark were cut into 
small pieces and grounded to fine particles in 
an electric blender. The particles were filtered 
through three superimposed metal sieves with 
mesh size of 1,000, 250 and 100 µm. Fine par-
ticles of size between 100 and 250 µm, trapped 
in the lower sieves were repeatedly washed in 
sterile distilled water, diluted to suitable concen-
tration and plated onto malt extract agar (MEA) 
medium incorporated with a mixture of antibiot-
ics (bacitracin 0.02 g, neomycin 0.02 g, penicillin 
G 0.02 g, polymyxin 0.02 g, streptomycin 0.02 g 
and tetramycin 0.04 g dissolved in 10 ml of dis-
tilled water and added to 1 L of MEA medium). 

The fungal hyphae arising from the particles 
were aseptically and individually transferred to 
fresh MEA slants (Bills and Polishook 1994). 
Some fungi sporulated in culture after several 
days/weeks of incubation. These were examined 
under the microscope, isolated and identified.

12.3.5  Drying and Preservation

The materials brought to the laboratory were 
taken out of the package and necessary drying 
was done. The materials were then fumigated 
with the help of 0.1 % mercuric chloride, 1 % sil-
ver nitrate or 4 % formalin vapour (Domsch et al. 
1980) to prevent contamination by other micro-
organisms. The materials were trimmed properly 
to have only the parts where suspected colonies 
of fungi could be found, and then colonies were 
marked with indelible ink after being observed 
under the low power of a binocular dissection 
microscope.

Stiff and quality paper folders of standard 
size (15 × 10.5 cm) were used for the preserva-
tion of the trimmed material. Before preserva-
tion, each material was wrapped in a clean and 
soft tissue paper. Labels of CABI standard size 
(12.6 × 7.69 cm) with relevant details, such as: 
name of the collector, date of collection and ac-
cession number, etc. were prepared before affix-
ing them to the folder, accession number given 
in abbreviation being OUFH/DNR/No (OUFH 
standing for Osmania University Fungal Her-
barium and DNR for collector’s name in abbre-
viation). Each of the paper packets or folder was 
placed in a polythene cover to prevent desicca-
tion and a piece of naphthalene ball was placed 
inside the polythene cover to prevent infestation 
of mites/insects, etc. All these folders were ar-
ranged alphabetically, taxa wise in suitable con-
tainers.

12.3.6  Mountant and Stains

Aman’s lactophenol (Dade and Gunnel 1969) 
(phenol crystals—20 g, lactic acid—20 g, glyc-
erol—40 g, water—20 g) was prepared for 
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microscopic study. For the observation of hyaline 
fungal material, 0.05 g of cotton blue was added 
to the preparation. To observe dematiaceous na-
ture of the material, mounts were also prepared 
in distilled water.

12.3.7  Identification and Deposition 
of Fungal Herbaria

Identification of fungi was done with the help of 
available manuals such as Subramanian (1971), 
Ellis (1971, 1976), Matsushima (1975), Domsch 
et al. (1980); Ellis and Ellis (1998), Nagamani 
et al. (2006), etc. besides taking help from rel-
evant mycological papers from CABI, UK and 
other taxonomic literature published in different 
national and international journals. Some novel 
and interesting taxa were deposited in HCIO, 
IARI, New Delhi and received the accession 
numbers.

12.3.8  Study of Macrofungi

The methods given by Kaviyarasan et al. (2009) 
have been used in the present study. Fresh mate-
rials were collected in polythene bags and sub-
jected for further study on the day of collection. 
Field data, viz. shape, size, colour, texture were 
recorded besides taking field photograph.

The laboratory observations included mor-
phology and thin sections of gill tissue, vegeta-
tive mycelia, pileus, annulus, sporeprint, basido-
spores, etc. The collected material was dried, 
packed, descriptions and identifications were 
made as the per procedures of Kaviyarasan et al. 
(2009). Photographs of macrofungi were taken, 
and photomicrographs were taken with the help 
of Leica microscope with attached camera.

12.4  Results and Discussion

Fungal diversity of several parts of the world is 
known and huge literature is available about the 
fungi from soil, litter, dung, water, wood, bark 
and other substrates (Barron 1968; Subramanian 

1971; Ellis 1971, 1976; Ingold 1975; Matsu-
shima 1975; Dix and Webster 1995; Kirk et al 
2008). About one third (around 29,000) of the 
fungal diversity of the globe exists in India 
(Manoharachary et al. 2005). Bhat et al. (2009) 
reported that Western Ghats and Eastern Hima-
layas are very rich in fungal diversity. The pres-
ent investigation has shown that varied substrates 
under different climatic conditions, altitudes and 
forest vegetation along with edaphic factors help 
in the colonization of fungi, indicating that there 
is remarkable hidden wealth of fungi in different 
geographic parts of the country.

The mycofloristic survey revealed the asso-
ciation of 131 fungal species of which 96 were 
microfungi and 35 being macrofungi. The per-
centage occurrence of fungal groups was stud-
ied, and 5 % belonged to Zygomycotina, 13 % 
to Ascomycotina, 26 % to Basidiomycotina and 
56 % of fungi belonged to anamorphic fungi. 
Critical evaluation of fungi and survey of lit-
erature (Butler and Bisby 1960; Bilgrami et al. 
1979, 1981; Sarbhoy et al. 1986, 1996; Jamalu-
ddin et al. 2004) indicates that 11 fungi form 
new additions to the fungi of AP, India, hence 
described.

Glomerularia corni (Peck) D.M. Hend. 
(1961) Notes. R. Bot. Gdn Edinb. 23(4):500 
(Fig. 12.1a, b).

Conidiophores borne in groups in spots in liv-
ing leaves, mostly short, simple or divided into 
branches, conidiophores up to 126 µm long; co-
nidia (aleuriospores) globose, in short chains, 
somewhat unequally clustered forming few 
spored heads, 1-celled, hyaline, 4.8–7.4 µm.

Material on litter from Bhadrachalam Forest 
of Khammam District, AP, collected on 25th Dec 
2009, Coll. DNR, OUFH. No. 741.

Gyrothrix hughesii Pirozynski (1962) Mycol. 
Pap. 84 (Fig. 12.2).

Colonies effuse, mouse gray to brown, vel-
vety, irregular, up to 5 mm diameter, scattered or 
coalescing; mycelium superficial, composed of 
a loose network of branched and anastomizing, 
smooth walled, septate, subhyaline to dilute oli-
vaceous hyphae bearing sporogenous cells, here 
and there becoming thickened and dark brown 
at the point of origin of the setae; setae erect, 
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distinctly septate, thick walled, brown, translu-
cent, smooth; two or three times branched, 70–
120 µm high, 3–4 µm wide at the base, 0.5 µm 
at the apices of the branches, branches arising 
in one or two whorls, along the vertical axis, 
erect, curling inwards, paler in colour towards 
the apices; sporogenous cells born laterally on 
the superficial hyphae, not crowded, obclavate to 
lageniform, subhyaline, 7–12 µm high, 3–5 µm 

broad below, 1 µm or less above; conidia aggre-
gated into a whitish layer at the bases of setae, 
cylindrical to fusiform, continuous, hyaline, 
10–15 × 1.5–2 µm.

Material on Eucalyptus leaf collected from 
Bhadrachalam Forest, Khammam District, AP, 
14th Nov 2008. Coll. DNR, OUFH. No. 745.

The present isolate differs from type descrip-
tion in having slightly bigger conidia.

Libertella betulina Desm. (1830), Annls. Sci. 
Nat., Bot., se´r. 1 19: 276 (Fig. 12.3).

Acervuli small or expanded, at first pinkish, 
covered by the elevated periderm, then divided 
into many tortuous chambers, rich golden yel-
low; conidiophores crowded, branched, acicu-
lar, nearly straight, about as long as the conidia; 
conidia yellow in mass, fusoid, faintly curved, 
pointed at both ends, issuing in golden-yellow 
tendrils, 13–16 × 0.75–1 µm. Libertella betulina 
is the pycnidial stage of Diatrype stigma.

Collected on Sesbania sp. fruit litter from 
Bhadrachalam Forest of Khammam District, AP, 
on 26th July, 2009. Coll. DNR, OUFH No. 752.

The present fungus is variable in many re-
spects. However, for the present, it is accommo-
dated in L. betulina.

Amanita fulva Fr. (1815) Observ. mycol. 
(Havniae) 1: 2 (Fig. 12.4).

Cap 4–7 cm, semi-ovate at first, soon expend-
ing, often slightly depressed with umbo. Split-
ting at margin which is noticeably striate. Orange 

Fig. 12.1  New addi-
tions to the fungi of AP 
Glomerularia corni.  
a = 100 x. b = 400 x

 

Fig. 12.2  New additions to the fungi of AP Gyrothrix 
hughesii. 100 x
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brown becoming browner, occasionally with 
white velar remains; gills pure white, free, rather 
crowded but neatly spaced; spores white, glo-
bose, 9–11(12) µm, non-amyloid; stipe long and 
slender, tapering upwards, white, thinly floccu-
lose at first, tinged tawny especially near base, no 
ring; volva white and bag like with a ragged top 
edge which is tinged orange brown; flesh white, 
tender and fragile.

Habitat: Material on humid soil from Bhadra-
chalam Forest of Khammam District, AP, collect-
ed on 25th Dec 2009, Coll. DNR, OUMF No. 303.

The present collection has got smaller spores 
and bigger fruitbodies than type description.

Clavulinopsis dichotoma (Godey) Corner 
(1950), Ann. Bot. Mem. 1:365 (Fig. 12.5).

Fruit bodies up to 4 cm high, up to 2 cm broad, 
branching dichotomously throughout; stipe up 
to 2 cm long, up to 2 mm thick, equal or taper-
ing slightly downward, white, spreading up to 
1.5 mm, bone white, terete; axils narrowly an-
gled below, acutely angled to rounded in ultimate 
rank, often decurrent by a depressed line, apices 
swollen, irregularly lobed or cusped to subturbi-
nate, up to 2 mm broad.

Fig. 12.5  New additions to the fungi of AP Clavulin-
opsis dichotoma

 

Fig. 12.4  New additions to the fungi of AP Amanita 
fulva

 

Fig. 12.3  New additions to the fungi of AP Libertella 
betulina. 200 × 
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Material on humid soil from Bhadrachalam 
Forest of Khammam District, AP, collected on 
25th Dec 2009, Coll. DNR, OUMF No. 307.

The measurments are similar to the type de-
scription.

Coprinus cinereus (Schaeff.) Gray (1821), 
Nat. Arr. Brit. Pl. (London) 1:634 (Fig. 12.6).

Cap 2.5–5 cm across when expanded and 
1–3 cm high, oval or campanulate, then soon 
conico expanded, later splitting radially before 
auto-digesting, at first it is covered with a dense 
dirty-white wooly coating, which breaks up into 
patches and eventually falls away leaving the cap 
shiny, the centre brownish gray and the margin 
dark grey and striate; gills crowded and free, 
white but very quickly dissolving into a black 
liquid; spores violaceous black, elliptical and 
smooth with a germ pore, 10–12 × 6–6.5 µm.

Material on dung heap from Bayyaram Forest 
of Khammam District, AP, collected on 25th Dec 
2009, Coll. DNR, OUMF No. 308.

Spore colour and germspores are more clear 
than the type description.

Lentinus cladopus Le’v in (1844), Ann. Sci. 
Nat. Bot., 32: 174 (Fig. 12.7).

Pileus up to 100 mm broad, white, convex, 
depressed to infundibuliform, margin striate, 
sometimes recurved; pileus surface smooth in the 
centre with squarrose scales in the margin; lamel-
lae decurrent, white to cream, up to 1 mm wide; 
lamellulae present; stipe up to 75 mm long and 
10 mm wide, cylindrical, solid, white, smooth, 
often stipes two or more; basidiocarp arising 
from a single base; pileus surface made up of in-
terwoven hyphae, hymenophoral trama regular; 
context white, thin, consisting of dimitic hyphal 
system with generative and binding hyphae; gen-
erative hyphae up to 3 mm diameter, hyaline, thin 
walled and with prominent clamp connections, 
binding hyphae up to 8 mm diameter; hyaline, 
thick walled, and with tapering lateral branches; 
spore print colour white; spores ellipsoid hyaline, 
thin walled, 4.2–5.6 × 2.5–3.5 µm; basidia cla-
vate, four spored 12.5–140 × 4.2–5.6 µm; pleu-
rocystidia and cheilocystidia absent; hyphal pegs 
up to 50 µm long and 5 µm wide, consisting of 
thin walled cylindric hyphae.

Fig. 12.6  New additions to the fungi of AP Coprinus 
cinereus

 

Fig. 12.7  New additions to the fungi of AP Lentinus 
cladopus
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On soil, Kothagudem Forest, Khammam 
District, AP, 7th July 2008, Coll. DNR, OUMF 
No. 319.

Basidia and basidiospores are marginally 
smaller than the type description.

Marasmius silvicola Singer and Digilio 
(1953), Lilloa 25 199 (Fig. 12.8).

Pileus 2.5–7.5 cm diameter, broadly con-
vex to plane, umbonate, centre brown, rest light 
brown, dry, margin entire, smooth to crenate, de-
curved to plane, plicate-striate to pellucid, lamel-
lae adnexa-adnate, subdistant, grayish orange; 
lamellulae of 2–3 different lengths seen; stipe 
5.8–12(16) × 0.5–1 cm, cylindrical, cartilaginous, 
smooth, hollow, slightly tapering towards apex, 
apex grayish orange, base light brown; spores 
hyaline, cylindrical, guttulate, in amyloid, thin 
walled.

On soil humus from Bhadrachalam Forest, 
Khammam District, AP, 14th Sep 2008. Coll. 
DNR, OUMF No. 324.

The descriptive account is comparable to type 
description.

Mycena leptocephala (Pers.) Gillet (1876), 
Hymenomycetes (Alencon) 267 (Fig. 12.9).

Cap 1–3 cm, conic-campanulate, striate, dull 
grey or grey brown but can be olive tinted or 
nearly black; gills subdistant, adnate, linear or 
ventricose, whitish then brownish or dark grey, 

edges white; spores white, elliptic cylindric; ba-
sidia 4-spored, 8–12 × 4.5–6 µm, amyloid; stipe 
5–8 cm long, slender and rigid, smooth and shin-
ing with a villose base, more or less concolorous 
with cap; flesh whitish and thin, has a mild taste 
and nitrous smell.

Habitat: Material on soil from Yellandu Forest 
of Khammam District, AP, collected on 25th Dec 
2009, Coll. DNR, OUMF No. 326.

Basidia are marginally bigger in size than type 
description.

Polyporus grammocephalus Berk, Hooker’s 
(1953), London J. Bot. 1:184 (Fig. 12.10).

Sporophore annual, stipitate or nearly ses-
sile, solitary or imbricate, soft and fleshy, on 
drying rigid, fan shaped, obovate or reniform, 
30–170 mm across, 3 mm thick, stipe lateral, 
expanding into pileus above, up to 20 µm long 
and broad, upper surface white when fresh, 
ochraceous or reddish brown when dry, usually 
with fine striations, smooth or minutely scaly, 
evident under hand lens, margin smooth, entire 
or wavy; context light buff, corky, up to 2 mm 

Fig. 12.9  New additions to the fungi of AP Mycena 
leptocephala

 

Fig. 12.8  New additions to the fungi of AP Maras-
mius silvicola
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thick; hymenial surface white when fresh, yel-
low to brown, usually with a silky sheen, margin 
fertile; pores round, regular or irregular, some-
times the adjacent ones join to form large ones, 
4–5 per mm, pore wall thin, pore tube concol-
orous up to 1 mm long; basidia broadly clavate, 
12–14 × 5.7–6.4 µm; basidiospores round, hya-
line 4–7.5 × 2.2–3 µm diameter; hyphae, hyaline, 
thick walled with narrow or little lumen, flexu-
ous, unbranched, 3–5 µm broad; hyaline, thin 
walled, branched with occasional clamp con-
nections, often collapsing, 2–3.5 µm broad, less 
common.

On dead wood from Bhadrachalam Forest, 
Khammam District, AP, 3rd Aug 2008. Coll. 
DNR, OUMF No. 330.

Sporophores and clamp connections are more 
prominent than original description.

Scleroderma citrinum Persoon ex Soothill and 
Fairhurst (1978), The New Field Guide to fungi: 
168 (Fig. 12.11).

Fruit balls about 5–10 cm in diameter, grow-
ing on the ground most often on base soils in the 
woods and waste lands, peridium is slightly co-
loured, the fruit body arises from cord like myce-
lium coming from the soil, the mycelium smooth, 
septate, with clamp connections or sometimes 
forming mycorhiza with surrounding trees, 
grasses and plants; fruit bodies or basidiocarp 
vertical section shows outer thick peridium made 
up of mycelium and skeletal cells, central mass 
known as gleba with a system of sterile veins 
there are no columella, capillitium, the basidio-
spores arise on the basidia which are sessile and 
autodigested and the basidiospores are freely sus-
pended, globose or spherical, 10–15 µm in diam-
eter, verrucose or reticulate, pinkish or blackish 
brown with purple tinge. Soothill and Fairhurst 
(1978), recorded that the basidiocarps are visible 
from August–December whereas we have ob-
served them only from the month of November 
onwards, the peridium ruptures irregularly to re-
lease the spores.

Material on humid soil Bhadrachalam Forest 
of Khammam District, AP, collected on 5th Apr 
2009, Coll. DNR, OUMF No. 332.

Mostly sessile basidiospores are observed 
while in type description it is mentioned that they 
are mostly attached.

Fig. 12.11  New additions to the fungi of AP Sclero-
derma citrinum

 

Fig. 12.10  New additions to the fungi of AP Polypo-
rus grammocephalus
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The above data clearly indicate that there is 
a vast potential of unexplored tropical fungi in 
India. Many of the habitats and substrates in the 
tropical climate are now realized to be rich source 
and natural repositories of useful fungal genomes 
and their biotechnological utility.
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Abstract

Wild edible mushrooms form an integral part of the local cuisine among 
the ethnic Khasi tribe of Meghalaya. Edible macrofungi collected from 
their wild habitats are sold extensively in the traditional rural markets of 
the east Khasi hills of Meghalaya. Among the mushroom species con-
sumed as local delicacy, the consumption of Gomphus is particularly in-
teresting owing to the fact that members of this genus have been reported 
to be poisonous. Molecular characterization of the mushroom specimens 
collected from the local markets showing morphological resemblance to 
Gomphus spp. using the fungi-specific primers nu-SSU-0817–5 and nu-
SSU-1536–3 revealed them to be related to Gomphus floccosus. Con-
sumption of this species is not recommended owing to the presence of 
norcaperatic acid which is indicated in the development of gastrointestinal 
disorders with delayed onset of typical symptoms like nausea, vomiting 
and diarrhea. The consumption of this poisonous mushroom by the ethnic 
population without any apparent harm may be hypothesized to reduced 
toxicity of the specific local strain available in the region, indigenous 
cooking practices and methodology or even to genetic resistance to the 
mushroom toxin among the local population. Efforts are currently being 
made to document the norcaperatic acid levels, traditional knowledge re-
lating to the usage of this species and also to develop molecular tools for 
proper taxonomic identification of the regional strains collected from the 
traditional markets and natural habitats. The chapter deals with collection 
of Gomphus spp. from the traditional markets of Meghalaya, to document 
the morphological characteristics of the collected specimens, to evaluate 
the antimicrobial activity of crude metabolites against selected pathogenic 
bacterial strains and to carry out their molecular characterization.
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13.1  Introduction

Wild edible fungi (WEF) are an important source 
of food and income in both developing and devel-
oped countries (Hosford et al. 1997; Wong et al. 
2001; Boa 2004). The state of Meghalaya in the 
North-eastern region of India is rich in a variety 
of natural forest resources including mushrooms. 
Edible mushrooms are collected from these forests 
on the basis of ethnomycological knowledge and 
are sold extensively in the traditional rural mar-
kets of the region. Wild edible mushrooms form 
an integral part of the local cuisine among the eth-
nic tribes of Meghalaya. The discrimination of the 
poisonous nature for the collected mushrooms is 
based on the traditional knowledge of the tribes.

Among the mushroom species consumed as 
local delicacy, the consumption of Gomphus is 
particularly interesting owing to the fact that 
members of this genus have been reported to be 
poisonous (Henry and Sullivan 1969). There are a 
few reports on wild edible mushrooms of Megha-
laya and their nutritional values (Barua et al. 1998; 
Agrahar-Murugkar and Subbulakshmi 2005) but 
a comprehensive evaluation on the Gomphus poi-
sonous mushroom from the region is lacking. The 
aim of the present study was, therefore, to collect 
Gomphus spp. from the traditional markets of 
Meghalaya, to document the morphological char-
acteristics of the collected specimens, to evaluate 
the antimicrobial activity of crude metabolites 
against selected pathogenic bacterial strains and 
to carry out their molecular characterization.

13.2  Materials and Methods

13.2.1  Collection of Gomphus spp. 
from the Traditional Markets

Samples were collected from the local markets 
in the east Khasi hills district of Meghalaya for 
their documentation and study. The samples were 

wrapped in aluminium foil and stored in sterile 
containers prior to their transport to the labora-
tory for preservation and identification. Care was 
taken to avoid distortion of the fleshy fungi.

13.2.2  Preservation and Storage

The collected specimens were stored in the in-
house culture collection of the Department of Bio-
technology and Bioinformatics, North-Eastern 
Hill University, Shillong in 4 % formaldehyde as 
per standard procedures (Tanti et al. 2011). Alter-
natively, the specimens were also oven dried at 
80 °C for 5 days, wrapped in aluminium foil and 
placed in labelled containers for further analysis. 
The containers were then stored at − 20 °C. Some 
part of the dried sample was used for the prepara-
tion of extract.

13.2.3  Identification of the Edible 
Mushroom Specimens

The morphological characters of the fruiting 
bodies were noted down after comparing them 
with standard manuals for mushroom identifica-
tion (Purkayastha and Chandra 1985; Svrcek and 
Coxon 1975) and mycokeys available at www.
mushroomexpert.com and www.mycokey.com.

13.2.4  PCR Amplification and 18S 
rDNA Sequencing

Genomic DNA was extracted using fungal ge-
nomic DNA miniprep purification spin kit (QIA-
GEN, Germany). The universal 18S rDNA prim-
ers, viz forward nu-SSU-0817–5 (TTAGCATG-
GAATAATRRAATAGGA) and reverse nu-
SSU-1536–3 (ATTGCAATGCYCTATCCCCA), 
were used for the amplification of the 18S rRNA 
gene (Borneman and Hartin 2000). Amplification 

Keywords 

Wild edible mushroom · Khasi tribe · Traditional rural markets · Gomphus 
floccosus · Poisonous mushroom · Meghalaya · India
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of DNA was carried out with a 9700 Gold ther-
mal cycler (Applied Biosystems, UK) under the 
following conditions: initial denaturation at 94 °C 
for 2 min, 35 cycles of denaturation at 94 °C for 
0 s, annealing at 56 °C for 10 s, extension at 72 °C 
for 30 s and a final extension at 72 °C for 2 min. 
The amplified PCR product was analyzed on an 
agarose gel, amplified DNA was purified using 
QIA quick® gel extraction kit and sequenced 
using BigDye terminator protocol (Applied Bio-
systems, UK).

13.2.5  Sample Preparation

Dried samples were grounded into coarse powder. 
10 g of the powdered samples was extracted by 
stirring with 100 mL ethanol at 30 °C at 150 rpm 
for 24 h and filtered through Whatman No. 4 filter 
paper. The residue was then extracted with two ad-
ditional volumes of 100 mL of ethanol as described 
above. The combined ethanolic extracts were then 
rotary evaporated at 40 °C to dryness and stored at 
4 °C for further use (Gezer et al. 2006).

13.2.6  Antimicrobial Assay

The antimicrobial potential of the extracted crude 
metabolites was tested against a total of five 
microbial strains comprising of four bacteria—
Bacillus cereus MTCC 430, Salmonella enteri-
ca ser. paratyphi MTCC 735, Escherichia coli 
MTCC 730, Staphylococcus aureus subsp. aure-
us MTCC 96—and one yeast, Candida albicans 
MTCC 183, obtained from the Microbial Type 
Culture Collection (MTCC), Chandigarh, India.

Antibacterial and antifungal activity of the 
macrofungal extract was tested using well diffu-
sion method (Bauer et al. 1996). All the bacteria 
mentioned above were incubated at 37 ± 0.1 °C 
for 24 h by inoculation into Brain Heart Infu-
sion broth. The yeast was inoculated into Potato 
Dextrose Broth and incubated at 28 ± 0.1 °C for 
48 h. The prepared cultured plates (Mueller Hin-
ton Agar for the bacteria and PDA for the yeast) 
were then inoculated with different bacteria and 
yeast by using plate method (100 µL). Wells were 

made on the agar surface with 6 mm cork borer. 
The dried mushroom extract was dissolved in di-
methylsulfoxide (DMSO) to a final concentration 
of 2 mg mL− 1 and sterilized by filtration through 
a 0.22 μm membrane filter (Tepe et al. 2005). 
50 µL of the extracts were poured directly into 
the well. The plates were incubated at 37 ± 2 °C 
for 24 h for bacterial activity and at 28 ± 0.1 °C 
for 48 h for yeast activity. The plates were then 
observed for the zone formation around the wells 
and the inhibition zones formed on the medium 
were evaluated in mm.

13.3  Results and Discussion

13.3.1  Morphological Characteristics

The most obvious distinguishing characters of 
the genus are the vase or funnel shape of the cap 
and recurrent forked gills that in most species are 
so thick that they appear more like ridges than 
true gills (Table 13.1, Fig. 13.1a, b).

13.3.2  Molecular Characterization

The product of PCR amplification using the 
primers nu-SSU-0817–59 and nu-SSU-1536–39 
was approximately 762 bp (Fig. 13.2). Multiple 
sequence alignments were carried out using 18S 
rDNA sequences of 13 type strains retrieved 
from the NCBI database (http://www.ncbi.nlm.
nih.gov/) and the multiple sequence alignment 
was achieved using ClustalW. A phylogenetic 
tree was constructed by the neighbour joining 
(NJ) method using MEGA 4 software. Multiple 
alignments and the phylogenetic tree showed that 
the sample (Gen Bank accession no: KJ411941) 
had maximum similarity with Gomphus flocco-
sus gbAF026637.1 (Fig. 13.3).

13.3.3  Antimicrobial Assays

The mushroom extract showed antimicrobial 
activity against selected pathogenic strains 
(Table 13.2). Prominent zone of inhibition was 
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observed against B. cereus and S. aureus subsp. 
aureus (Fig. 13.4a, b). However, there was very 
little inhibition against E. coli and C. albicans 
and no inhibition was observed against S. enteri-
ca ser. paratyphi.

13.4  Conclusion

G. floccosus has been described by some authors 
as an inedible mushroom (Henry and Sullivan 
1969). Consumption of this particular species 
in the northern USA and in Canada has been re-
ported to cause severe gastrointestinal disorders 
(Ammirati et al. 1985).

Based on the 18S rRNA gene phylogeny 
using the nu-SSU-0817–5 and nu-SSU-1536–3 
universal primers, the local strain examined in 

Table 13.1  Morphological features of the samples collected
Size Characteristics

Cap 5–8 cm wide Vase or funnel shaped, at first conical or almost cylindrical with 
a flat top, later shallow funnel shaped, yellow to pale orange, 
margin curved downward or rolled inward

Gills 8–12 cm, 1–2 mm wide,1 mm thick Flesh white, ridge like, long decurrent but ending rather abruptly 
on the stem, frequently forked and joined, yellow to reddish 
yellow

Stem Stem 3–6 cm long, 1–2 cm thick Uniform in diameter, solid, pale yellow

Fig. 13.2  Gel picture of the amplified 18S rDNA. 
Lane 1: 100 bp DNA ladder; lane 2, 3 and 4: PKSR1

 

Fig. 13.1  Gomphus 
floccosus. a Grow-
ing in the wild and, 
b Sample collected 
from the market 
(PKSR1)
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the current study showed high similarity with G. 
floccosus Genbank accession no: AF026637.1 
(Fig. 13.3) which was reported by Hibbett et al. 
in 1997. This indicates that from an evolution-
ary genetic perspective the strains of the present 
study are similar to those reported from North 
America. In light of this finding, the relative lack 
of severe gastrointestinal disorders in the ethnic 
population of Meghalaya that has been tradition-
ally using this mushroom species in their daily 
diet can possibly be attributed to the reduced 

toxicity of the local strains owing to lesser pro-
duction of the toxin, i.e. norcaperatic acid, and 
to the time-tested indigenous culinary practices 
of the ethnic tribes of Meghalaya that may be re-
sponsible for inactivating the toxin during food 
preparation itself. Further, there is also a pos-
sibility that the ethnic population is genetically 
resistant or has developed resistance to the mush-
room, which is otherwise reported to be toxic in 
literature. The other possibility could be that the 
mushroom has undergone significant mutational 

Fig. 13.4  Antimi-
crobial activity of the 
crude ethanolic extract 
of the mushroom 
against a Bacillus 
cereus, and b Staphy-
lococcus aureus subsp. 
aureus

 

Fig. 13.3  Phylogenetic relationship of PKSR1 with closest match
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changes resulting in expressional alterations in 
the toxin proteins.

Efforts are currently being made to document 
the norcaperatic acid levels and the traditional 
knowledge relating to the usage of this species 
in Khasi cuisine and also to develop precise mo-
lecular tools for delineation of the strains with 
those reported from other parts of the world. To 
the best of our knowledge, this is the first report 
of a phylogenetic study on the Gomphus spp. of 
Meghalaya that aimed at probing into the evo-
lutionary genetic basis of the Gomphus Paradox. 
We believe that as more information becomes 
available with time, the remaining pieces of the 
jigsaw puzzle that we have started to scientifical-
ly explain, the Gomphus Paradox, will be finally 
put together.
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14.1  Introduction

Acalypha indica is one of the most extensively in-
vestigated medicinal plant and well known for its 

Abstract

During an extensive survey of viral disease on medicinal plants in the 
summer season of 2011–2012 in different localities of north-eastern Uttar 
Pradesh, a variety of symptoms were recorded on Acalypha indica plants. 
The infected plants showed yellow-green mosaic symptoms followed by 
yellow patches intermingled with normal green. Suspected infected plants 
were examined by electron microscopy and nested polymerase chain reac-
tion (PCR) by using CRv301 and CRc1152 primer pairs. The electron mi-
crographs prepared with a leaf-dip method revealed the presence of gemi-
nate particles of size 20 nm in diameter. PCR products of the expected size 
~ 870 bp, were obtained from Acalypha samples. The results of the PCR 
investigation revealed that the Acalypha plant showing yellow mosiac was 
positive for Tomato leaf curl virus (ToLCV). The virus isolate was identi-
fied as ToLCV of genus Begomovirus and family Geminiviridae. This is 
the first report of occurrence of ToLCV on A. indica from India on the 
basis of symptomatology, particle morphology and PCR analysis.
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medicinal importance. A. indica is an erect herb 
of the family Euphorbiaceae having ethnome-
dicinal importance. It occurs throughout tropical 
Africa and South Africa, in India and Sri Lanka 
as well as in Yemen and Pakistan. It has possibly 
been introduced elsewhere as a weed (Schmelzer 
and Gurib-Fakim 2007). The active principles 
identified from these plants are acalyphine, cya-
nogenetic glucoside and triacetonamine which 
are extremely poisonous to rabbit, causes disco-
louration of blood and gastrointestinal irritations 
(Chopra et al. 1956).
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The A. indica plant is diuretic, cathartic and 
expectorant, used as a substitute for senegal, use-
ful in bronchitis, pneumonia and asthma (Chan-
dramohan et al. 2012). Root is cathartic; how-
ever, the leaves are laxative, used in scabies and 
in snakebite. Fresh leaf juice is useful in rheuma-
toid arthritis and skin infection. Juice with salt is 
applied on eczema. For joint pains and eczema 
a handful of leaves along with small amount of 
salt, made into a paste, can be applied externally 
(Sandhya et al. 2006). The leaf juice when mixed 
with neem oil and applied to the inner part of 
children’s tongue with the help of a quill, induces 
vomiting and acts as an expectorant (Muthaliar 
1988).

So far six viruses, viz. Bitter gourd yellow mo-
saic virus (Rajinimala et al. 2009), Tomato leaf 
curl virus (ToLCV) (Dafalla and Sidig 1997), Ac-
alypha yellow mosaic virus (Raj et al. 1996), Yel-
low vein mosaic virus (Muniyappa et al. 2003), 
Mungbean yellow mosaic virus (Green and Kim 
1992), Hibiscus chlorotic ringspot virus (Doan 
et al. 2003), has been reported on A. indica. But 
there is no report of any virus on the survey area, 
hence, in the present study an attempt has been 
made to identify the causal virus on this eth-
nomedicinal weed from Gorakhpur during the 
survey of different geographical area of north-
eastern Uttar Pradesh (2006 and 2007). A. indica 
plants were characterized by yellow-green mo-
saic symptoms at University campus, Gorakhpur, 
India. The present study describes identification 
of ToLCV infecting A. indica.

14.2  Materials and Methods

14.2.1  Survey and Symptomatology

Extensive surveys were conducted during the 
summer season of 2011–2012 in the differ-
ent geographical regions of north-eastern Uttar 
Pradesh, to study the incidence of any virus in-
fection on medicinally important plants. During 
the survey, yellow-green mosaic symptoms were 
observed from this locality (Fig. 14.1a). There 
was a slight reduction of leaf lamina of viral 
symptoms on some potential medicinal plant 
genera. The leaves showed yellow patches inter-
mingled with normal green. The infected samples 
were collected and examined for the etiology of 
the virus.

14.2.2  Electron Microscopy

Electron microscopy by leaf-dip preparation was 
carried out as described by Brandes (1964). Elec-
tron micrographs of well-separated Acalypha 
virus were taken at different magnification on a 
plate film in transmission electron microscopy. 
(TEM)-1011. The negatives were magnified five 
times the original magnification and the measure-
ments of the length of 100 particles (in nm) were 
taken in the prints. The electron micrographs pre-
pared with leaf-dip method revealed the presence 
of geminate particles.

Fig. 14.1  a Virus symp-
toms of yellow mosaic 
on naturally grown plants 
at Gorakhpur. b Electron 
micrograph showing gemi-
nate particles of size 20 nm 
in Acalypha indica plant 
with green-yellow mosaic 
disease

 



17914 Identification of Tomato Leaf Curl Virus Infecting Acalypha indica

14.2.3  DNA Extraction and PCR 
Amplification

The total DNA was extracted from 100 mg leaf 
tissue of infected as well as healthy leaf samples, 
using the method described earlier by Dellaporta 
et al. (1983). The DNA pellet was suspended in 
20 ml Tris-ethylenediaminetetraacetic acid (TE) 
buffer. The quality and quantity of the genomic 
DNA was checked on 1 % agarose gel and stored 
at − 20 °C till further use. Total DNA was extract-
ed from infected leaf samples and polymerase 
chain reaction (PCR) was performed using prim-
ers specific to amplify the coat protein gene of 
Indian isolates of ToLCV viz. ATGKCSAAGC-
GWCCRGCAGA (CRv301) and TTWARAAT-
GTAAWWKGAGCAG (CRc1152) (Reddy et al. 
2005).

PCR reactions were carried out in a total of 50 μl 
volume containing 1 μl (20 ng) template DNA, 
5.0 μl (10 ×) PCR buffer, 1.0 μl (10 mM of each) 
dNTPs, 3 μl (25 mM) MgCl2, 1.0 μl (25 pmole) 
of each forward and reverse primers and 1.0 μl 
(3U) Taq DNA polymerase. Amplifications were 
performed in a Peltier thermal cycler under the 
following conditions: initial denaturation at 94 °C 
for 5 min followed by 30 cycles of denaturation 
at 94 °C for 30 s, primers annealing at 47 °C for 
30 s and extension at 72 °C for 40 s. Later, a final 
extension was given at 72 °C for 5 min. The am-
plified products were electrophoresed with DNA 
100 bp marker in 1 % agarose.

14.3  Results and Discussion

During an extensive survey of viral disease on 
medicinal plants in the summer season of 2011–
2012, in different localities of north-eastern Uttar 
Pradesh, India, a variety of symptoms were re-

corded on A. indica plants at the university cam-
pus of Gorakhpur. The infected plants showed 
yellow-green mosaic symptoms followed by 
yellow patches intermingled with normal green. 
There was a slight reduction of leaf lamina 
(Fig. 14.1a). Slight reduction of leaf lamina was 
also noticed in affected plants. The electron 
micrographs prepared with leaf-dip method re-
vealed the presence of geminate particles of size 
20 nm in diameter (Fig. 14.1b). The presence of 
virus was demonstrated by electron microscopy 
and electrophoresing the PCR products on aga-
rose gels (Fig. 14.2).

PCR was carried out using ATGKCSAAGC-
GWCCRGCAGA (CRv301) and TTWARAAT-
GTAAWWKGAGCAG (CRc1152) (Reddy et al. 
2005) primers specific to amplify coat protein 
gene. PCR products of the expected size ~ 870 bp 
were obtained from Acalypha samples with 
symptoms but not from healthy ones. The results 
of the PCR investigation revealed that the Acaly-
pha samples were positive for ToLCV.

From available literature, it was found that 
ToLCV has been reported from Pakistan on 
various hosts such as tomato, chilli, water-
melon, bitter gourd, croton, Eclipta and potato 
(Mansoor et al. 2000; Hussain et al. 2004, 2005; 
Tahir and Haider 2005; Haider et al. 2006) and 
in Thailand ToLCV was associated only with 
luffa. In India, ToLCV have been reported from 
northern and southern regions and mainly as-

Fig. 14.2  Amplification of coat protein gene of gemi-
nivirus isolate using CRv301 and Crc1152 primer pair 
specific to coat protein gene of Tomato leaf curl virus 
( Lane 1: 100 bp ladder; Lane 2: healthy control; Lane 3 
and 4: infected)
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sociated with tomato, chilli, luffa, pigeon pea, 
potato, cotton, cowpea, Croton and Zinnia, Pa-
paya (Raj et al. 2008; Srivastava et al. 1995; 
Sohrab et al. 2003; Usharani et al. 2004; Reddy 
et al. 2005; Khan et al. 2006; Panday and Ti-
wari 2012). Various weed species, namely 
Croton bonplandianum, A. indica, Malvastrum 
coromandalianum, Eclipta were reported from 
Tanzania, and a study showed the presence of 
alba, Ageratum conyzoides, Coccinia grandis, 
Corchorus olitorius, Nicotiana plumbaginifolia, 
Parthenium hysterophorus, Solanum nigrum, 
Sonchus oleraceus and Trigonella corniculata 
which grow naturally in or nearby the fields of 
cultivated crops in many places of India and are 
proven to be the alternate host or reservoir hosts 
of one or many begomoviruses (Raj et al. 2011; 
Panday and Tiwari 2012).

However, only six viruses, viz. Bitter gourd 
yellow mosaic virus (Rajinimala et al. 2009), 
ToLCV (Dafalla and Sidig 1997), Acalypha yel-
low mosaic virus (Raj et al. 1996), Yellow vein 
mosaic virus (Muniyappa et al. 2003), Mungbean 
yellow mosaic virus (Green and Kim 1992) and 
Hibiscus chlorotic ringspot virus (Doan et al. 
2003) have been reported on A. indica from dif-
ferent parts of the world. From earlier reports it 
was clear that ToLCV has been reported mostly 
on vegetable crops and only on two wild species, 
Croton and Eclipta from across the world, among 
which Croton is reported from India. Literature 
survey confirmed that very little information is 
available on the occurrence of ToLCV on A. in-
dica from different parts of the world.

On the basis of this study, it was concluded 
that only one ToLCV was reported from Sudan 
on A. indica (Dafalla and Sidig 1997) and there is 
no report of any virus on the survey area. Hence, 
ToLCV reported on A. indica in the present study 
is the first report from India on the basis of symp-
tomatology, particle morphology and PCR analy-
sis. The virus isolate was identified as isolate of 
ToLCV of genus Begomovirus and family Gemi-
niviridae. Among wild plants, after Croton only 
A. indica is found to be associated with ToLCV 
in India.
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Abstract

Out of several medicinal and ornamental plants screened for anti-tobam-
ovirus activity, the leaf extract of Pseuderanthemum bicolor Radlk. plant 
(Family: Acanthaceae) showed 94–100 % antiviral activity on Cyamopsis 
tetragonoloba Taub and Nicotiana tabacum var Np 31 test hosts. Pseuder-
anthemum bicolor systemic resistance inducer (PBSRI) occurring in the 
leaves of P. bicolor plant was most effective, and pre-inoculation sprays 
of SRI completely prevented the infection and to some extent multiplica-
tion of tobamo and potex viruses when sprayed over the test hosts reacting 
hypersensitively or systemically.

The degree of resistance induced varied slightly in different host–virus 
combinations and increased with time and could be reversed by simultane-
ous application of actinomycin-D (20 µg/ml) (Merck, Sharp and Dhome, 
U.S.A), which indicated that induction of resistance was host mediated and 
associated with synthesis of some virus-inhibitory agent (VIA) in treated 
host. The treated plants developed antiviral state due to alterations in meta-
bolic state after 18–24 h of PBSRI treatment which lasted for about 15 days.

PBSRI was highly thermostable at higher dilution and was active even 
after prolonged storage at pH 6–8. The active principle occurring in  PBSRI 
when mixed was absorbed by charcoal and celite, was not sedimented by 
ultracentrifugation at 120,000 g for 90 min, and thus appears to be smaller 
than the smallest virus, is non-dialyzable, actively precipitated by protein 
precipitants, i.e. ammonium sulfate (BDH), absolute alcohol and lost its 
activity when incubated with proteolytic enzymes like trypsin, chymo-
trypsin, pronase and papain (Serva Fine Biochemica, Germany).

The PBSRI showed broad spectrum antiviral activity against different 
host–virus combinations.
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15.1  Introduction

Recent work published on virus inhibitory 
 activity (VIA) of plants and plant products dis-
played that few of them contained strong  antiviral 
agent(s) of virus infection and multiplication 
(Gianinazzi 1982; Govier and Jacqueline 1995; 
Jain et al. 1990; Khan et al. 1991; Khan and Zaim 
1992; Murty and Nagarajan 1996; Verma and 
Khan 1984; Verma 1986). Besides local protec-
tion (Verma and Baranwal 1983), some of them 
were also capable of inducing systemic resistance 
in treated plants (Khan et al 2011a, d; Khan and 
Zaim 1992; Verma and Prasad 1983;  Verma et al. 
1984, 1985; Khan et al. 2013).

During present investigations, a broad spec-
trum antiviral systemic resistance inducer occur-
ring in the leaves of Pseuderanthemum bicolor 
Radlk. (PBSRI) was studied for its effect on dif-
ferent host–virus combinations and biophysico-
chemical properties.

15.2  Materials and Methods

15.2.1  Virus Cultures

The cultures of tobacco mosaic virus (TMV), 
sunnhemp rosette virus (SRV), tomato yellow 
mottle mosaic virus (TYMMV), potato virus-x 
(PVX) and cucumber green mottle mosaic virus 
(CGMMV) were maintained on their respec-
tive systemic hosts, viz. Nicotiana tabacum var. 
Np31, Crotalaria juncea L., Lycopersicon escu-
lentum Mill., Solanum tuberosum L. and Lage-
naria siceraria standl.

Virus cultures with severe systemic symptoms 
were maintained in glass house conditions. SRV 
caused severe mosaic and rosetting of leaves, re-
duced flower size and number; seeds were smaller 
and deformed in C. juncea L. plants. TYMMV 

caused severe dark green mosaic with reduced leaf 
lamina leading to fern leaf symptoms in L. escul-
entum Mill plants. CGMMV turned young leaves 
light yellow, showed downward curling and mosa-
ic mottle later on all the leaves, showed dark green 
mosaic symptoms in L. siceraria, Mol. Standal 
plants. PVX infected young leaves displayed dark 
green mosaic symptoms along with downward 
curling, and necrosis in S. tuberosum L.

15.2.2  Test Plants

The test plants were raised in a glass house, in 
unsterilized compost soil in earthen pots. They 
were used for the experiment when they grew to 
4–5 leaves stage.

15.2.3  Preparation of Virus Inocula

The young leaves showing severe disease symp-
toms were ground in a sterilized pestle and mor-
tar using distilled water as the diluent (1 g/5 ml). 
The pulp obtained was squeezed through two-
folds of muslin cloth; the filtrate obtained was 
centrifuged at 5,000 rpm for 15 min. The super-
natant was diluted suitably with distilled water 
and used as viral inocula.

15.2.4  Extraction of PBSRI

Fresh or air-dried leaves of P. bicolor were 
ground in a sterilized mortar, suitable amount 
of distilled water/0.05 M phosphate buffer at 
pH 7.0 was added, and the pulp was squeezed 
through a muslin cloth. The filtrate was centri-
fuged at 5,000 rpm for 15 min, clarified with 
solvent ether, precipitated with 75 % ammonium 
sulfate, centrifuged at 5,000 rpm for 15 min. The 
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precipitate thus obtained was dissolved in mini-
mum amount of distilled water. The solution was 
centrifuged again at 3,000 rpm for 10 min, and 
the supernatant was dialyzed in a cellophane bag 
against running water. The non-dialyzable frac-
tion was collected and centrifuged at 3,000 rpm 
for 10 min and was used for further experiments.

15.2.5  Antiviral Testing

To detect the antiviral activity, PBSRI was ap-
plied on two lower leaves of test hosts, having 
four or five healthy leaves. Similarly, in control 
plants, two lower leaves were rubbed with dis-
tilled water. After 1, 3 and 6 days, the treated 
leaves were washed with distilled water dusted 
evenly with 600 mesh carborundum powder and 
inoculated with virus. Four fifths of the leaves 
in hypersensitive hosts and two lower leaves in 
systemic hosts were inoculated with virus. The 
experiments were performed in a glass house.

Local lesions were counted 2–6 days after virus 
challenge in local lesion hosts, and symptoms were 
observed in systemic hosts after 1 or 2 weeks; the 
active viral titre in control and treated sets of test 
plants was estimated by inoculating the crude sap 
from infected leaves on suitable local lesion hosts.

Per cent reduction in viral titre was calculated 
by using the formula, IP = (1 T / C) 100- × , where 
C is the number of lesions on control leaves and 
T is the number of lesions on treated leaves. De-
tails of the analysis of data were same as de-
scribed earlier (Snedecor 1961).

15.2.6  Biophysico-Chemical 
Properties

The tests were performed on local lesions-pro-
ducing host Cyamopsis tetragonoloba plants 
against SRV, and all the properties were studied 
in crude leaf extract.

15.2.7  Dilution

The crude leaf extract was diluted from 1/5, 1/10, 
1/20, 1/40, 1/50, 1/100, 1/200 w/v with distilled 

water, and antiviral activity of the diluted sam-
ples was tested.

15.2.8  Thermal Stability

A total of 5 ml of 1/5 w/v leaf extract was taken 
in separate test tubes and heated at 40, 50, 60, 
70, 80, 90 and 98 °C for 10 min respectively in a 
temperature controlled water bath. Samples were 
cooled, centrifuged at 3,000 rpm for 10 min and 
antiviral activity of the samples was tested sepa-
rately.

15.2.9  Storage

Leaf extract was stored at laboratory temperature 
in the stoppered sterilized test tubes. Antiviral 
activity of the sample was tested regularly at an 
interval of 5 days.

15.2.10  Dialyzability

Leaf extract was dialyzed in a cellophane bag 
(Serva, F.B.C. Germany) under running water 
for 24 h at room temperature. The bag content 
was tested, and the undialyzed sample was kept 
as control.

15.2.11  Sedimentability

Leaf extract (20 ml) was centrifuged first at 
3,000 rpm for 15 min, and then supernatant was 
centrifuged at 120,000 g for 2 h in a Beckman 
model L5–50B ultracentrifuge. The antiviral ac-
tivity of pellets (in 5 ml distilled water) and su-
pernatant was tested separately.

15.2.12  Adsorption

Leaf extract was mixed with activated charcoal 
and celite separately for 30 min and was centri-
fuged at 3,000 rpm for 15 min. The supernatant 
was filtered through Whatman No.1 filter paper. 

15 Occurrence of Antiviral Systemic Resistance Inducer in Pseuderanthemum bicolor … 
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The clear supernatants were tested for antiviral 
activity.

Reversal experiment with actinomycin-D 
(AD)

Following PBSRI treatment on to the test 
host, AD (Merck and Dhome, U.S.A.), 20 µg/
ml, was applied at different intervals to the same 
leaves that had earlier been treated with inhibitor. 
An equal number of identical leaves in control 
sets was treated with AD alone, PBSRI alone, or 
 distilled water. In each case, the SRV was chal-
lenge-inoculated for 24 h after PBSRI treatment 
on Cyamopsis tetragonolobus (L.) taub, 5 days 
after the inoculation, from upper (untreated) and 
basal (treated) leaves separately.

15.3  Results

15.3.1  Screening of Plants

Antiviral screening of higher plants revealed that 
P. bicolor leaves contained strong antiviral agent 
(Table 15.1). The PBSRI when applied a couple 
of hours before virus challenge more or less 

completely prevented infection and to some ex-
tent multiplication of tobamo and potex viruses 
in their susceptible host reacting hypersensitively 
and systemically (Table 15.2 and 15.3).

The degree of protection varied in different 
host–virus combinations. The inhibitory response 
of PBSRI was not pronounced in Chenopodium 
amaranticolor, Nicotiana tabacum var. xanthi 
nc, N. tabacum var. samsun NN and N.  glutinosa 
plants. The PBSRI showed a broad spectrum 
and most promising antiviral action, and the 
maximum prevention of infection observed after 
24–72 h of treatment later on gradually decreased 
in several other host–virus combinations, viz. hy-
persensitive hosts C. tetragonoloba, Datura stra-
monium, D. metel, D. innoxia, Nicotiana rustica, 
Vigna sinensis, Gomphrena globosa and  systemic 
hosts N. tabacum var. Np31, N. tabacum var. 
white burley, Lycopersicum esculentum, C. jun-
cea, Cucumis melo and S. tuberosum against their 
respective viruses (Table 15.2 and 15.3).

Table 15.1  Antiviral screening of different plant extracts
S. no. Names of plants Family Per cent decrease in virus titre

Leaf Root
 1 Andrographis paniculata Nees Acanthaceae 59* 40**
 2 Anageissus latifolia Combretaceae 67* 72*
 3 Berrintome acutanqule Lecythidaceae 64* 50*
 4 Calotropis procera Br. (L.) Asclepiadaceae 73* 61*
 5 Curcuma amada Roxb Zingibaraceae 13 26**
 6 Clitorea ternatae L. Leguminosae 8 7
 7 Desmodium gangeticum Leguminosae 59* 62*
 8 Ixora parviflora Vahl Rubiaceae 44** 41**
 9 Lantana amara L Lantanaceae 21** 36**
10 Paederia foetida L. Rubiaceae 61* 42**
11 Pseuderanthemum bicolor Radlk Acanthaceae 100* 100*
12 Psoralea corylifolia L Leguminosae 82* 53*
13 Raulfia serpentine Benth Apocynaceae 74* 58*
14 Ricinus communis L Euphorbiaceae 12 58*
15 Sambucus nigra L Caparifoliaceae 9 26**
16 Santalum album L Santalaceae 59* –
17 Woodfordia fruticosa Kurtz Lythraceae 70* 51*
18 Zingiber officinal Zingiberaceae 8 39**
Extracts were tested on C. tetragonoloba plants against sunnhemp rosette virus (SRV) infection
*Data significant at 1 % level; **Data significant at 5 % level
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15.3.2  Mode of Action

15.3.2.1  Development of Antiviral State 
in Treated Plants

Treatment in the lower leaves provided complete 
protection to the entire plant against subsequent 
viral infection. Lesion production was complete-
ly prevented not only in the leaves which had 
been treated but also in the top leaves on which 
no treatment was given; thus, it would appear 
that the treatment induced systemic inhibitory re-
sponse of a very high order in the test plants and 
made them completely refractory to viral infec-
tion (Table 15.4).

15.3.2.2  Reversal of Induced Resistance
Induced systemic resistance was completely re-
versed, when AD (20 µg/ml) was given along 
with PBSRI. It clearly displayed that perhaps 
some metabolic alterations take place within 
treated host (Table 15.5).

15.3.2.3  Biophysico-Chemical 
properties

Studies were conducted on the test plants C. 
tetragonoloba against SRV.

A range of 80–100 % protection was observed 
against viral infection on diluting the PBSRI up 
to 1/20 w/v; however, no VIA was recorded at 

1/200 w/v dilution. PBSRI was highly thermo-
stable; however, antiviral action was complete-
ly lost when heated up to 90 °C for 10 min, on 
storing up to 2 months at room temperature in a 
closed vial at pH 6–8.

The active principle was adsorbed on charcoal 
and celite, is non-dialyzable, not sedimented on 
high speed ultracentrifugation up to 120,000 g 
for 120 min, and on incubation with proteolytic 
enzymes, viz. trypsin, chymotrypsin, pronase and 
papain (20 ug/ml), lost the antiviral action. The 
active principle can be precipitated following the 
addition of ammonium sulfate and ethanol; how-
ever, addition of tricarboxylic acid (TCA) inacti-
vated it (Table 15.5).

15.4  Discussion

The study concludes that PBSRI not only inter-
feres with the initial stages of viral infection but 
also suppresses the infectivity of the viruses with-
in the cell; therefore, intracellular virus synthesis 
was interfered by altering the host susceptibility. 
Antivirals from several non-host plants which 
alter the susceptibility of the host rather than af-
fecting the virus particles directly have been re-
ported earlier (Awasthi 1981; Govier and Jacque-
line 1995; Khan and Zaim 1992; Khan et al. 1990, 
1996; Verma and Khan 1984; Verma and Prasad 

Table 15.3  Anti-potex virus (PVX) activity of PBSRI in the hosts reacting hypersensitively and systemically
Host used Per cent decrease in virus infectivity/titre

Time interval between SRI application and virus challenge in hours
24 72 144

Gomphrena globosa L 100* 90* 65*
aSolanum tuberosum L. 100* 100* 61*
The differences due to treatment are significant
*Significant at 1 % level
aSystemic hosts

Host Virus Per cent reduction in local lesions number
C. tetragonoloba TMV 100* 100*
D. stramonium SRV 100* 100*
G. globosa PVX 96* 98*
D. stramonium Tm YMMV 97* 100*

Table 15.4  Demonstra-
tion of antiviral systemic 
resistance induced at 
top untreated leaves (at 
remote site) of plants, 
when basal leaves 
treated with PBSRI *Data significant at 1 % level
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1983). Like antivirals reported earlier (Awasthi 
1981; Verma and Prasad 1983; Simons and Ross 
1971; Khan and Verma 1990), the PBSRI also 
induced systemic resistance which reduced the 
susceptibility of treated and non-treated parts of 
plants, this type of interference differed from the 
competitive mechanism because a time interval 
was needed and its development was sensitive 
to metabolic inhibitor like AD (Awasthi 1981; 
Gianinazzi 1982; Khan and Zaim 1992; Verma 
and Khan 1985; Verma et al. 1985) suggest-
ing that resistance-inducing agent or protective 
substance(s) synthesized in the treated areas were 
translocable to the entire plant (Verma and Khan 
1984; Verma 1986). Antiviral activity was not 
observed in Boerhaavia diffusa, Clerodendrum 
sp.,  Bougainvillea spectabilis after simultaneous 
application of PBSRI and AD (Khan et al. 2011b, 
d; Khan and Zaim 1992; Verma 1986; Verma and 
Prasad 1987, 1988; Verma et al. 1985). Interfer-
ence by AD was completely checked when ap-
plied up to 6 h after PBSRI treatment. However, 
when AD was given 18 h after PBSRI treatment, 
when such protective agents probably must have 
been produced, the interference by AD was not 
observed in treated test plants.

There might be some analogy between inter-
ference mediated by interferon in animal sys-
tem and interference induced by plant antivirals 
(Gianinazzi 1982; Khan and Verma 1990; Verma 
1986) and PBSRI because the induced resistance 
in all the cases was not virus specific and was 
sensitive to AD. Since the viral inhibition induced 

by PBSRI was observed at the site of application 
and at the remote site, it leads to the conclusion 
that PBSRI treatment at the epidermal surface 
initiates a type of biochemical reaction, resulting 
in the alteration of cell metabolism and produc-
tion of protective substance(s) (Gianinazzi 1982; 
Khan et al. 2011c; Khan and Zaim 1992; Khan 
and Verma 1990; Verma 1986).

Since PBSRI could not pass through cel-
lophane membrane, it is adsorbed on charcoal 
and celite, precipitated with protein precipitants, 
 active at pH 6–8, not sedimentable on ultracen-
trifugation, thermostable, active up to higher 
dilutions and showed a proteinaceous nature 
(Khan et al. 2011d); these properties more or less 
resemble those of other antivirals described ear-
lier (Khan et al. 2011b, d; Khan and Zaim 1992; 
Verma 1986; Verma et al. 1985), but differences 
still exist as far as storage, dilution and thermal 
stability are concerned. The PBSRI showed high-
ly promising results over other antivirals.

A clear-cut analogy exists between the action 
of the antiviral agents in plants and the inter-
feron in animal system (Gianinazzi 1982; Khan 
and Verma 1990; Khan and Zaim 1992). Prop-
erties shown by an interferon are (a) antiviral 
protein (b) lack of virus specificity (c) associa-
tion with DNA-dependent protein synthesis, (d) 
acts through cellular metabolic processes (e) la-
bile to pH and heat (f) induce the production of 
an antiviral protein in adjacent cells. Similar to 
other plant antivirals (Gianinazzi 1982; Khan and 
Verma 1990), PBSRI also resembles interferon as 

Table 15.5  Biophysico-chemical properties of PBSRI
Properties Results
Dilution end point Active up to 1/200 w/v
Thermal stability Inactivated on heating at 90 °C for 10 min
Storage Active on storing up to 2 months at room temperature in a closed vial
Sedimentability Not sedimented by ultracentrifugation up to 120,000 g for 120 min
Dialyzability Non-dialyzable
Adsorption Adsorbed on charcoal and celite
pH sensitivity Active between pH 6 and 8
Sensitivity to proteolytic enzymes Antiviral activity was lost on incubation with trypsin, chymotrypsin, pro-

nase and papain
Precipitation with protein precipitants Actively precipitated by ammonium sulphate and ethanol however TCA 

inactivated the PBSRI
Reversal of inhibition Reversed by simultaneous application of actinomycin-D

15 Occurrence of Antiviral Systemic Resistance Inducer in Pseuderanthemum bicolor … 
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it is also a protein and is small enough to remain 
in solution at high speed ultracentrifugation but 
is large enough to remain with tubing dialysis. 
PBSRI acts at cellular transcription and transla-
tion level, hence it is better to call it an interfer-
on-like antiviral.

15.5  Conclusion

The aqueous extract from several higher plants 
has shown the broad spectrum and highly sig-
nificant antiviral activity in both systemic and 
hypersensitive host when applied prior to viral 
inoculation which resulted in gradual increase 
in virus inhibition with the increase in time in-
terval between treatment and virus challenge up 
to 72 h. Thereafter, antiviral resistance in treated 
host gradually decreased; however, the maxi-
mum inhibition of viruses was achieved during 
treatment with PBSRI obtained from P. bicolor 
leaves. The biophysical properties studied clearly 
displayed that it was a comparatively high poten-
tial antiviral systemic resistance inducer which 
can be exploited in the prophylactic manage-
ment of several viral diseases in economically 
important crops. A world survey cumulative data 
have reported that heavy losses in crop produc-
tion due to onset of plant viral diseases estimated 
to US$ 60 billion loss in crop yields worldwide 
each year (http://en.wikipedia.org/wiki/Plant_
virus). Thus, it provides a clear-cut food security 
problem worldwide, and so further attempts can 
be made to exploit such natural antiviral isolated 
from higher plants for the management of plant 
viral diseases for global food security.
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Abstract

Seed priming is basically a physiological seed quality enhancement 
method which offers a hydration treatment that allows controlled imbi-
bition and induction of the pre-germinative metabolism (activation), but 
radicle emergence is prevented. The beneficial effects of this technology 
are greater cellular membrane integrity, counter action of lipid peroxida-
tion, antipathogenic effects, repair of biochemical lesions by the cellular 
enzymatic repair system and the metabolic removal of toxic substances. 
Disease is the disorder of the structure or function of a particular sys-
tem, caused mainly with the aid of fungi, bacteria, viruses and nematodes. 
Wilt, blight, blast, rust, canker, decay, root diseases, etc. represent the 
common diseases of plants that cause a reduction in their yield. To get 
rid of plant diseases a number of fungicides, bactericides, etc. are in use, 
which impose their residual effects on the users of the plant parts. Conse-
quently, a number of hazardous effects are also noted in human beings. To 
avoid this kind of hazardous effects on mankind, originated from the re-
sidual effects of different kinds of pesticide, an alternative measure must 
be taken into consideration. In this respect, different kinds of seed prim-
ing like hydro-priming, bio priming, osmo-priming, matrix priming and 
halo-priming can be adopted. Collar rot ( Sclerotium rolfsii) in chickpea, 
yellow mosaic virus of mung bean and downy mildew of pearl millet are 
found to decrease with the use of hydro-primed seeds whereas the use of 
Trichoderma in the form of bio priming has controlled the cowpea root rot 
pathogens. Salicylic acid alone or in combination with magnesium nitrate 
(Mg(NO3)2) induced resistance in groundnut and mustard plants against 
Alternaria alternate and Alternaria brassicae. Hence, the review frames a 
norm to work out the effects of seed priming towards the pathogen-related 
defence mechanism because seed-priming technology offers a number of 
benefits and helps to minimize pollution in different ways.
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16.1  Introduction

Seeds are the best delivery system in agriculture. 
High-quality seeds show synchronized germi-
nation, and the formation of potential seedlings 
makes them able to attain the optimum level of 
their genetic potential. Hence, always, the good 
quality seeds attracted researchers to get proper 
production potential of a particular crop. Qual-
ity seeds, nowadays, can be attained by various 
means; the basic and applied knowledge of plant 
physiology, genetics and seed technology, all are 
integrated to improve the quality of seeds. With 
these efforts, a technology now has come into ex-
istence known as seed priming, which has many 
fold beneficial effects on various growth phases 
of plants’ life in general, and it also develops a 
qualitative change in growing plants by improv-
ing their stress-tolerance capacity towards heat, 
temperature, light, water, nutrition as well as 
diseases. The present review is focussed on the 
influence of seed priming on disease resistance.

16.2  Seed and Seed-Treatment 
Technology

Seed is the ripened ovule that consists of an em-
bryo and stored food for germination and con-
tains a protective covering, or one can also say 
that a seed is a small embryonic plant enclosed 
in a covering called seed coat along with some 
stored food. The term seed also has a general 
meaning, i.e. a seed represents any living mate-
rial that can be sown which gives rise to a func-
tional plant, e. g. seed potato is a part of a tuber 
and the sets of sugarcane are parts of the stem. 
High-quality seed leads to excellent seedling per-
formance in the field. It is the ultimate basis of 
successful companies that breed crop plants for 
seed production. Seed quality is a complex trait 
that is determined by interactions between mul-
tiple genetic factors and environmental condi-
tions. Modern approaches to improve seed qual-
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ity therefore combine classical genetics, plant 
molecular biology and a variety of seed technol-
ogies. These ‘seed biotechnologies’ enhance the 
physiological quality, vigour and synchronicity 
of seeds to establish a crop in the field under di-
verse environmental conditions.

Seed-treatment technology is an important 
entrepreneurial link between seed producers 
and crop production industry. Its aim is to allow 
the seed-treatment product to be used in such a 
form that represents the highest quality in the 
market. It is also referred as seed enhancement. 
Seed-treatment technology includes priming, 
pre-sowing hydration treatments which include 
noncontrolled water uptake systems (methods in 
which water is freely available and not restrict-
ed by the environment) and controlled systems 
(methods that regulate seed moisture content pre-
venting the completion of germination) (Taylor 
et al. 1998), pelleting (which adds thicker arti-
ficial coverings to seeds, which can be used to 
cover irregular seed shapes and adds chemicals 
to the pellet matrix, e.g. of sugar beet or vege-
table seeds; the pellet matrix consists of filling 
materials and glue and is also used to increase 
the size of very small horticultural seeds), coat-
ing (film-coating methods allow the chemicals to 
be applied in a form of synthetic polymer that is 
sprayed onto the seeds and provide a solid, thin 
coat covering on them; the advantage of the poly-
mers is that they adhere tightly to the seed and 
prevent loss of active materials like fungicides, 
nutrients, colorants or plant hormones), artificial 
seeds and other novel seed-treatment methods of 
applied seed biology. Our basic and applied seed 
research projects focus on embryo growth and 
on the different seed covering layers (e.g. testa, 
endosperm, pericarp), which are determinants of 
seed quality and exhibit the biodiversity of seed 
structures. Seed germination is controlled by en-
vironmental factors (light, temperature, water) 
and plant hormones as endogenous regulators 
(gibberellins, abscisic acid, ethylene, auxin, cy-
tokinins and brassinosteroids). The utilization 
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of plant hormones and inhibitors as well as their 
biosynthesis and action in seed treatment tech-
nologies affects seed germination and seedling 
emergence. The genes, enzymes, signalling com-
ponents and downstream targets of some plant 
hormones provide molecular marker for seed 
quality and seedling performance.

Important methods have been developed to 
enhance seed quality and seedling performance 
through the addition of chemicals to protect the 
seed from pathogens and/or to improve germina-
tion.

Seed priming is an innovative concept of 
treating seeds using various solvents including 
water, which activates physiological processes 
of seeds. Generally, osmoregulators like poly-
ethylene glycol (PEG), mannitol, glycerol, etc. 
are being extensively used in seed treatment for 
various purposes. It is hydration treatment that 
allows controlled imbibition and induction of 
the pre-germinative metabolism (‘activation’), 
but radicle emergence is prevented. The hydra-
tion treatment is stopped before desiccation tol-
erance is lost. An important problem is to stop 
the priming process at the right moment; this 
right time depends on the species and the seed 
batch. Molecular markers can be used to control 
the priming process. Priming solutions can be 
supplemented with plant hormones or beneficial 
microorganisms. The seeds can be dried back 
for storage, distribution and planting. Priming 
can induce the germination speed and synchro-
nisation (Bose and Tandon 1991); it can improve 
seed vigour which requires very short or no acti-
vation time during germination. It may introduce 
a wider range of temperature for germination 
(Anaytullah and Bose 2007), and can break the 
dormancy or may shorten the time of emergence 
with improved seedling vigour (Mondal et al. 
2011). This leads to better crop stands and higher 
yields. The pretreatment of seeds with priming 
agents facilitates the active absorption of ionic 
molecules with greater adenosine triphosphate 
(ATP) availability and repair of deteriorated seed 
parts for reducing leakage of metabolites leading 
to faster embryo growth (Dahal et al. 1990).

The beneficial effects of these priming 
treatments were reflected in greater cellular 

membrane integrity, counter action of lipid per-
oxidation and free radical chain reaction often 
found to be directly correlated with the mainte-
nance of viability and reduced moisture uptake 
by hydrated–dehydrated seeds (Dollypan and 
Basu 1985), antipathogenic effects (Powell and 
Mathews 1986), repair of biochemical lesions by 
the cellular enzymatic repair system (Villiers and 
Edgcumbe 1975) and metabolic removal of toxic 
substances (Basu et al. 1973) and counteraction 
of free radical and lipid peroxidation reactions 
(Rudrapal and Basu 1982).

Any cellular disorder or distinction resulting 
due to the presence of some biotic factors like 
fungi, bacteria, viruses and nematodes can come 
under the persistence of disease. Wilt, blight, 
blast, rust, canker, decay, root diseases, etc. rep-
resent the common diseases of plants, causing a 
reduction in their yield. To get rid of plant diseas-
es, a number of fungicides, bactericides, etc. are 
in use which may impose their residual effects on 
the users of the plant parts and soil (Roger et al. 
1994; Hart 1995). More than 98 % of sprayed in-
secticides and 95 % of herbicides reach a desti-
nation other than their target species, including 
nontargeted species, air, water, bottom sediments 
and food (Miller 2004). Though there can be 
benefits using pesticides, inappropriate use can 
counterproductively increase pest resistance and 
kill the natural enemies of pests. Many users are 
inadequately informed about potential short- and 
long-term risks, and the necessary precautions in 
the correct application of such toxic chemicals 
are not always made (Damalas and Elefthero-
horinos 2011). Pesticides can contaminate un-
intended land and water when they are sprayed 
aerially or allowed to run off fields, or when they 
escape from production sites and storage tanks 
or are inappropriately discarded (Tashkent 1998). 
Consequently, a number of hazardous effects are 
also noted in human beings. To avoid this kind 
of hazardous effects on mankind originated from 
the residual effects of different kinds of pesticide, 
an alternative measure can be taken into consid-
eration. In this respect, different kinds of seed 
priming like hydro-priming, bio priming, osmo-
priming, matrix priming and halo-priming are 
taken into consideration.
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16.3  Hydro-Priming with Respect  
to Disease Resistance

Hydro-priming is achieved by continuous or suc-
cessive addition of a limited amount of water to 
the seeds. Pre-hydration of seeds is an important 
approach to enhance germination and emergence 
in drought-affected areas, where adequate mois-
ture is not available for proper crop establish-
ment. Afzal et al. (2002) reported significant 
grain yield improvement in double-cross hybrid 
maize using hydro-primed seeds. Similarly, 
hydro-priming showed significant improvement 
in percentage and mean time of emergence on 
sorghum (Moradi and Younesi 2009).

Indian farmers reported that primed chickpea 
suffered less damage from pod borers (Harris 
et al. 1999), and the damage in Bangladesh was 
much reduced, but the apparent difference was 
not statistically significant (Musa et al. 2001). 
However, damage in farmers’ trials caused by 
collar rot ( Sclerotium rolfsii) in Bangladesh was 
significantly reduced by priming seeds overnight, 
by 45 % in 1998–1999 (30 trials) and by 30 % in 
1999–2000 (35 trials) (Musa et al. 2001).

An on-station trial in Peshawar, Pakistan in 
2002 (Rashid et al. 2004a) showed that priming 
seeds of mung bean cv. NM 92 for 8 h in water 
resulted in a significant fivefold increase in grain 
yield relative to a non-primed crop. This was as-
sociated with a large difference in the severity 
of symptoms of mung bean yellow mosaic virus 
(MYMV) assessed using a visual scoring index. 
More than 70 % of the non-primed plants had se-
vere or lethal symptoms whereas only 14 % of the 
primed plants were similarly affected. Only 9 % 
of non-primed plants showed no disease symp-
toms in contrast to 32 % of primed plants. Rashid 
et al. (2004b) also observed similar differences in 
MYMV infection in other on-station mung bean 
priming trials.

Downy mildew disease caused by the obli-
gate biotroph Sclerospora graminicola (Sacc.) 
Schroet. is a major constraint to pearl millet 
yields. A standard greenhouse screening method 
(Jones et al. 1995) was used to investigate the ef-
fect of seed priming on the disease resistance of 
pearl millet. Priming seeds in water for 8 h before 

sowing significantly reduced the incidence of 
downy mildew disease in seedlings of a highly 
susceptible cultivar from about 80 % to less than 
60 % (Harris et al. 2005). They also stated that 
the effect was confirmed in additional glasshouse 
experiments (unpublished). Although the screen 
would not allow plants to be assessed at later 
stages of growth, there is a high degree of cor-
relation between performance of cultivars in the 
screen and their resistance to downy mildew in 
the field (Jones et al. 2002). However, a prelimi-
nary trial at International Crops Research Insti-
tute for the Semi-Arid-Tropics (ICRISAT), India 
in 2006 failed to confirm this effect in the field.

16.3.1  Bio Priming with Respect  
to Disease Resistance

Bio priming involves coating of seeds with a 
bacterial biocontrol agent like Pseudomonas au-
reofaciens and hydrating for 20 h under warm 
conditions (23 °C) in moist vermiculite or on 
moist germination blotters in a self-sealing plas-
tic bag. The seeds are taken out from the solution 
before radical emergence (Callan et al. 1990). It 
integrates the biological and physiological as-
pects of disease control and was recently used as 
an alternative method for controlling many seed- 
and soil-borne pathogens.

Controlling soil-borne pathogens depends 
mainly on fungicidal applications that cause 
hazards to the human health and environment. 
Soil amendment and bio priming seed treatment 
are gaining importance in management of many 
plant pathogens as another alternative to chemi-
cal fungicides in recent times. Seed coating with 
biocontrol agents is an effective treatment for 
controlling root rot diseases (Callan et al. 1991). 
Nemec et al. (1996) noted that amended planting 
mixes with formulation of commercial biocontrol 
agents such as Trichoderma harzianum, Bacillus 
subtilis, Gilocladium virens and Strepomyces sp. 
reduced root rot and crown rot diseases on toma-
to, bell pepper, celery and citrus.

EI-Mohamedy et al. (2006) evaluated the ef-
ficacy of soil amendment with T. harzianum for-
mulated on sugarcane bagasse and/or  bio-priming 
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seed treatment in controlling cowpea root rot 
pathogens under greenhouse and field conditions. 
The percentage of root rot diseases caused by Fu-
sarium solani, Rhizoctonia solani and Macroph-
omina phaseolinae were reduced significantly. 
The most effective treatments were bagasse + T. 
harzianum (10 %), bio priming and bagasse + T. 
harzianum (5 %); they reduced Fusarium root rot 
by 73.9, 60.8 and 56.5 %, Rhizoctonia root rot by 
78.6, 75, 71.4 % and M. phaseolinae charcoal rot 
by 70.8, 62.5 and 62.5 %, respectively.

Nayaka et al. (2010) attempted the use of T. 
harzianum as a seed treatment for controlling 
maize ear rot and managing fumonisin (synthe-
sized by Fusarium verticillioides) accumulation 
in maize seeds. Seed treatments with T. harzia-
num improve seed germination and emergence, 
vigour index, plant height, yield and 1,000 seed 
weight of maize. Again, it reduces the incidence 
of ear rot disease and the level of fumonisins in 
maize samples.

Rao et al. (2009) did an experiment to test 
the efficacy of integrated seed treatment options 
for the management of Alternaria blight of sun-
flower. Seeds of hybrid sunflower were treated 
with carbendazim + iprodione (quintal) at 0.3 % 
along with different organic solvents as priming 
agents such as PEG 6000, acetone, dichlorometh-
ane (DCM) and glycerol, and compared with a 
treatment with water. Pseudomonas fluorescens 
Migula was used for bio priming of seeds with 
priming agents such as vermiculite, jelly, moist 
blotters, salicylic acid (SA) and was compared 
with direct seed treatment. A total of 100 g of 
sunflower seeds were soaked for 24 h at 25 ± 2 °C 
in 500 ml solutions of acetone, glycerol, dichlo-
romethane, PEG (30 % v/v) and water contain-
ing 0.3 % of quintal separately and were dried 
under shade. In bio priming, 100 g of seeds were 
treated with the bacterial biocontrol agent P. fluo-
rescens using priming agents such as vermiculite, 
jelly and moist blotter. Results showed that the 
seed treatment with carbendazim + iprodione at 
0.3 % in PEG alone with foliar spray of hexa-
conazole recorded the least per cent disease in-
dexes of 19.24, 28.86 and 37.74 % at 45, 60 and 
75 disease activity score (DAS), respectively, and 
this treatment also recorded the highest yield of 

17.12 q/ha with test weight and head diameter 
of 5.51 g and 25 cm, respectively. Again, Moe-
inzadeh et al. (2010) reported that bio priming of 
sunflower seeds with P. fluorescens improve seed 
invigoration and seedling growth.

Nagaraju et al. (2012) reported that seven 
plant growth-promoting fungi (PGPF) native 
to the rhizospheric soil were screened for their 
potential to promote growth and to induce resis-
tance in sunflower against Plasmopara halstedii, 
an incitant of sunflower downy mildew disease. 
The effect of seed priming with each of these 
seven PGPF isolates on seed quality parameters 
and resistance induction were studied under in 
vitro and greenhouse conditions. Root coloniza-
tion ability of these PGPF was also studied under 
greenhouse conditions. The results showed that 
seed priming with conidial suspension of PGPF 
at 1 × 108 CFU ml−1 significantly increased seed 
germination and seedling vigour compared to 
non-primed control. Plants raised with primed 
seeds demonstrated a significant reduction in 
downy mildew disease severity and provided a 
maximum of 61 % protection under greenhouse 
conditions when compared to the untreated con-
trol. The experimental results have proven that 
the tested PGPF, promoted growth and induced 
systemic resistance (ISR) in sunflower plants 
against the downy mildew disease caused by P. 
halstedii, due to their growth-promoting and bio-
control abilities.

Abuamsha et al. (2012) observed that the ef-
ficacy of a seed treatment of oilseed rape (OSR) 
( Brassica napus) with the rhizobacteria Serratia 
plymuthica (strain HRO-C48) and Pseudomonas 
chlororaphis (strain MA 342) applied alone or in 
combination against the blackleg disease caused 
by Leptosphaeria maculans was tested with dif-
ferent cultivars. Seeds were soaked in bacte-
rial suspensions (bio-priming) to obtain log106–7 
CFU seed−1. Cotyledons were inoculated with a 
10 μl droplet of L. maculans spore suspension of 
log107 spores ml−1, and the disease index (size 
of lesions) was evaluated 14 days later. A mean 
disease reduction of 71.6 % was recorded for S. 
plymuthica and of 54 % for P. chlororaphis. The 
combined treatment was not superior to the treat-
ment with S. plymuthica alone. The reduction of 
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the disease caused by S. plymuthica was inde-
pendent of the cultivar’s susceptibility, whereas 
the control effect recorded with P. chlororaphis 
increased with decreasing cultivar resistance to 
blackleg disease. The bacterial colonization of 
OSR was restricted to the roots and hypocotyls. 
No significant difference in bacterial coloniza-
tion of the rhizosphere was observed between 
different cultivars, or between single or com-
bined bacterial seed treatments.

16.3.2  Halo-Priming with Respect  
to Disease Resistance

Halo-priming is a pre-sowing soaking of seeds 
in salt solution, which enhance germination and 
seedling emergence uniformly under adverse en-
vironmental conditions (Bose and Mishra 1999; 
Ashraf et al. 2003; Basra et al. 2005a). The ad-
verse and depressive effects of salinity and water 
stress on germination can be alleviated by various 
seed-priming treatments. Cayuela et al. (1996) 
showed that the higher-salt tolerance of plants 
raised from primed seeds is the result of high-
er capacity for osmotic adjustment since plants 
from primed seeds have more Na+ and Cl− in 
roots and more sugars and organic acids in leaves 
than plants from non-primed seeds.

SA is a phenolic phytohormone and is found 
in plants with roles in plant growth and develop-
ment, photosynthesis, transpiration, ion uptake 
and transport. SA also induces specific changes 
in leaf anatomy and chloroplast structure. SA 
is involved in endogenous signalling, mediat-
ing in plant defence against pathogens (Hayat 
and Ahmad 2007). It plays a role in the resis-
tance to pathogens by inducing the production 
of pathogenesis-related proteins (Huijsduijnen 
2009). It is involved in the systemic-acquired 
resistance (SAR) in which a pathogenic attack 
on one part of the plant induces resistance in 
other parts. The signal can also move to nearby 
plants by SA being converted to the volatile ester, 
methyl salicylate. Ratnam et al. (2004) observed 
that exogenous application of SA at 1.5 mM and 
benzothiadiazole (Bion at 5 mM) on sunflower 
(cv. Modern) leaves induced systemic resistance 

against Alternaria helianthi. SA was found in 
inducing resistance in groundnut plants against 
Alternaria alternate. Foliar application of SA at 
1 mM significantly reduced leaf blight disease 
intensity and increased pod yield under glass-
house conditions. The changes in the activities of 
phenylalanine ammonia lyase (PAL), chitinase, 
beta-1,3 glucanase and in phenolic content on 
groundnut after application of SA and inocula-
tion with A. alternate were also studied and in 
SA-treated leaves an increase in phenolic content 
was observed after 5 days (Chitra et al. 2008). 
Kuril (2010) reported that the plants obtained 
from hardened seeds (Mg(NO3)2 (magnesium ni-
trate is a hygroscopic salt, used in the ceramics, 
printing, chemical and agriculture industries), 
SA and Mg(NO3)2 + SA) has less percent disease 
index (PDI (%)) as compared to non-hardened 
control seeds. Mg(NO3)2 + SA treatment was 
found to have the lowest PDI (%) towards Al-
ternaria brassicae as identified by the method 
of Ellis (1971); Mg(NO3)2 alone can also lower 
down the PDI (%) in respect to SA treatment 
where the latter has less PDI (%) than control. He 
also reported that Mg(NO3)2 and SA either alone 
or in combination were able to improve the yield 
potential (seed as well as oil content) and disease 
(reduced PDI of A. brassicae)-resistance capabil-
ity in hardened seeds.

Nitric oxide (NO) is a signalling molecule that 
takes part in pathophysiological and develop-
mental processes and acts mainly against oxida-
tive stress and also plays a role in plant–pathogen 
interactions. It has been shown that NO plays a 
prominent role in the activation of defence-asso-
ciated responses in several plants against various 
phytopathogen infections. NO donors nitroso-R-
salt, 2-nitroso-1-naphthol and sodium nitroprus-
side (SNP) were evaluated for their effectiveness 
in protecting pearl millet (( Pennisetum glaucum 
L.) R. Br.) plants against downy mildew disease 
caused by S. graminicola ((Sacc). Schroet). Op-
timization experiments with NO donors showed 
no adverse effect either on the host or pathogen. 
Aqueous SNP seed treatment with or without 
PEG priming was most effective in inducing 
the host resistance against downy mildew both 
under greenhouse and field conditions. Potassi-
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um ferrocyanide, a structural analog of NO donor 
lacking NO moiety, failed to protect the pearl 
millet plants from downy mildew indicating a 
role for NO in induced host resistance reported 
by Manjunatha et al. (2008a). Treatment of wheat 
leaves with NO donor, SNP, elevated the level of 
defence enzyme PAL and disease protection was 
recorded against Puccinia striformis reported by 
Guo et al. (2004). Again, Modolo et al. (2002) 
stated that NO treatment-induced phytoalexins 
like isoflavanoids and pterocarpons accumula-
tion in soybean in response to stem canker patho-
gen Diaporthe phaseolurum f. sp. meridionalis. 
Potato plants, treated with the NO-releasing com-
pound 1-hydroxy-2-oxo-3,3-bis(2-aminoethyl)-
1-triazene (NOC18) induced the accumulation of 
rishitin (a phytoalexin) in response to Phytoptho-
ra infestans that is known to confer disease resis-
tance in several solanaceous plants. Treatment of 
NO-releasing compounds to tobacco plants lead 
to a state of induced resistance and significant 
reduction of lesion size caused by tobacco mo-
saic virus (TMV) (Noritake et al. 1996; Song and 
Goodman 2001).

Chitosan is a linear polysaccharide composed 
of randomly distributed β-(1–4)-linked D-glu-
cosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit). It has a number 
of commercial and possible biomedical uses. In 
agriculture, chitosan is used primarily as a nat-
ural seed treatment and plant growth enhancer, 
and as an eco-friendly biopesticide that boosts 
the innate ability of plants to defend themselves 
against fungal infections. A natural biocontrol ac-
tive ingredients, chitin/chitosan, is found in the 
shells of crustaceans, such as lobsters, crabs and 
shrimp, and many other organisms, including 
insects and fungi. Chitosan active biopesticides 
represent a new tier of cost-effective biological 
control of crops for agriculture and horticulture 
(Goosen 1996). The biocontrol mode of action of 
chitosan elicits natural innate defence responses 
within plants to resist insects, pathogens and soil-
borne diseases when applied to foliage or the soil 
(Linden and Stoner 2005). Chitosan increases 
photosynthesis, promotes and enhances plant 
growth, stimulates nutrient uptake, increases ger-
mination and sprouting, and boosts plant vigour. 

When used as seed treatment or seed coating 
on cotton, corn, seed potatoes, soybeans, sugar 
beets, tomatoes, wheat and many other seeds, it 
elicits an innate immunity response in develop-
ing roots which destroys parasitic cyst nema-
todes without harming beneficial nematodes and 
organisms (Smiley et al. 2002, Stoner and Lin-
den 2006). Manjunatha et al. (2008b) observed 
that when pearl millet seeds were primed with 
chitosan at different concentrations: 0.5, 1.5, 2.5 
and 3 g kg−1 seed, then 2.5 g kg−1 was found to 
be optimum, with enhanced seed germination 
of 99 % and seedling vigour of 1,782, whereas 
the untreated control recorded values of 87 % 
and 1,465, respectively. At optimum concentra-
tion, chitosan did not inhibit sporulation and re-
lease of zoospores from sporangia. Furthermore, 
pearl millet seedlings raised after seed treat-
ment with chitosan showed an increased level 
of the defence-related enzymes chitosanase and 
 peroxidase as compared with the untreated pearl 
millet seedlings on downy mildew pathogen in-
oculation. The effect of chitosan in reducing 
downy mildew incidence was evaluated in both 
greenhouse and field conditions, in which 79.08 
and 75.8 % disease protection was obtained, re-
spectively.

Manjunatha et al. (2009) observed that chito-
san seed priming elevated NO accumulation in 
pearl millet seedlings, beginning from 2 h post-
inoculation, and it was found to be involved in 
the activation of early defence reactions such as 
hypersensitive reaction, callose deposition and 
PR-1 protein expression. Pretreatment with NO 
scavenger 2-4-carboxyphenyl-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (C-PTIO) and 
nitric oxide synthase (NOS) inhibitor L-NG-
nitroarginine methyl ester (L-NAME) before 
pathogen inoculation reduced the disease-pro-
tecting ability of chitosan, and defence reactions 
were also downregulated, which indicated a pos-
sible role for NO in chitosan-induced resistance.

Shailasree et al. (2001) reported that beta-ami-
nobutyric acid (BABA) treatment of pearl millet 
( Pennisetum glaucum (L) R Br) seeds influenced 
seedling vigour and protected the seedlings from 
downy mildew disease caused by the oomycetous 
biotropic fungus S. graminicola (Sacc) Schroet. 
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Of the different concentrations of BABA tested, 
viz. 25, 50, 75 and 100 mM, seeds treated with 
50 mM for 6 h resulted in the maximum of 1,428 
seedling vigour and showed 23 % disease inci-
dence in comparison with the control which re-
corded a seedling vigour of 1,260 and 98 % dis-
ease incidence, i.e. 75 % protection from disease.

Worrall et al. (2012) observed that prim-
ing of defence is a strategy employed by plants 
exposed to stress to enhance resistance against 
future stress episodes with minimal associated 
costs on growth. They tested the hypothesis that 
application of priming agents to seeds can result 
in plants with primed defences. They measured 
resistance to arthropod herbivores and disease 
in tomato ( Solanum lycopersicum) plants grown 
from seed treated with jasmonic acid (JA) and/
or BABA. Plants grown from JA-treated seeds 
showed increased resistance against herbivory by 
spider mites, caterpillars and aphids, and against 
the necrotrophic fungal pathogen, Botrytis cine-
rea. BABA seed treatment provided primed de-
fence against powdery mildew disease caused by 
the biotrophic fungal pathogen, Oidium neoly-
copersici. Priming responses were long lasting, 
with significant increases in resistance sustained 
in plants grown from treated seed for at least 8 
weeks, and were associated with enhanced de-
fence gene expression during pathogen attack. 
There was no significant antagonism between 
different forms of defence in plants grown from 
seeds treated with a combination of JA and 
BABA. Long-term defence priming by seed 
treatments was not accompanied by reductions in 
growth, and may therefore be suitable for com-
mercial exploitation.

Nakaune et al. (2012) demonstrated that the 
low salt (sodium chloride) seed priming is effec-
tive in the promotion of germination and seed-
ling emergence and subsequent growth of tomato 
plants and an increased tolerance to Ralstonia so-
lanacearum, the causative agent of bacterial wilt 
of tomato, compared with the hydro-primed and 
non-primed seedling.

The osmo-conditioning effect on pearl mil-
let seeds was tested with different concentra-
tions among which 1 % showed an optimum 
effect. Seeds osmo-primed with mannitol for 
3 h followed by overnight drying offered maxi-

mum germination of 99 % and seedling vigour 
of 1,465 followed by PEG and glycerol. All the 
three osmo-priming agents recorded a significant 
increase on growth parameters like the height 
of the plant, leaf area, the number of tillers per 
plant. The results indicated that mannitol offered 
a maximum positive effect followed by PEG and 
glycerol. Notably, osmo-priming has advanced 5 
days of flowering and also has a positive effect on 
the number and length of the ear heads. The os-
mo-conditioning agent increased the 1,000 seed 
weight significantly over the untreated control. 
When the osmo-primed seeds were germinated 
and inoculated with downy mildew pathogen, the 
maximum protection of 61.76 % was observed in 
mannitol treatment followed by PEG and glyc-
erol under greenhouse conditions reported by 
Roopa et al. (2009).

L-ascorbic acid (AA, vitamin C) is a multi-
faceted molecule with diverse physiological 
functions in plants (Smirnoff 1996) and animals. 
It is best characterized as an antioxidant that de-
toxifies reactive oxygen species (ROS), particu-
larly hydrogen peroxide (H2O2) (Smirnoff 2000). 
Mukherjee et al. (2010) stated that the AA-defi-
cient Arabidopsis thaliana vtc1–1 mutant exhib-
its increased resistance to the virulent bacterial 
pathogen Pseudomonas syringae. This response 
correlates with heightened levels of SA, which 
induces antimicrobial pathogenesis-related (PR) 
proteins.

Ahn et al. (2007) observed that thiamine con-
fers SAR on susceptible plants through priming, 
leading to rapid counterattack against pathogen 
invasion and perturbation of disease progress. 
Priming reduces the metabolic cost required for 
constitutive expression of acquired resistance. 
To investigate the effects of priming by thiamine 
on defence-related responses, A. thaliana was 
treated with thiamine and the effects of patho-
gen challenge on the production of active oxygen 
species, callose deposition, hypersensitive cell 
death and pathogenesis-related 1 (PR1)/PAL1 
gene expression were analysed. Thiamine did not 
induce cellular and molecular defence responses 
except for transient expression of PR1 per se; 
however, subsequent P. syringae pv tomato chal-
lenge triggered pronounced cellular defence re-
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sponses and advanced activation of PR1/PAL1 
gene transcription.

16.4  Future Prospects

For the crop growers, handling seeds is easier in 
respect to growing crops in the field. To eradicate 
any disease, large amounts of pesticides are re-
quired, and the available literature suggests that 
a good percentage of the used pesticide either re-
mains within the plants in residual form or goes 
to the soil/water/atmosphere creating hazardous 
effects or pollution. It has been realized that the 
seed priming technology, used for increasing the 
yield/production potential of crops, can also im-
prove stress tolerance characters including dis-
ease resistance in the treated plants. This may 
open the window for researchers to explore ways 
for minimizing the use of pesticide and curing 
the diseases in growing plants by using seed-
priming technology as a practice. The chemicals 
used during seed priming are easily available and 
required in low amounts, so they are economical 
and eco-friendly in nature. Besides this, our plan-
et now has more than 6 billion population which 
will double in the next 50 years. About 12 % of 
global population is suffering from hunger and 
living without secure access to food. Hence, seed 
priming will be the most prominent technology 
in the coming days and can be a step towards 
food security as well as sustainable agriculture.
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Abstract

Plant diseases caused by phytoplasmas have an increasing importance all 
over the world for fruit growers. Lately, phytoplasma diseases occur on 
many fruit species and are responsible for serious losses both in quality 
and quantity for fruit production. Apricot phytoplasma disease ( Candida-
tus Phytoplasma prunorum) was reported first from France in Europe in 
1924. Then, the pathogen spread in all European apricot-growing areas. 
In 1992, the disease was identified in Hungary first. Based on the grow-
ers’ signals, serious damage of Ca. Phytoplasma prunorum (Seemüller 
and Schneider, International Journal of Systematic and Evolutionary Mi-
crobiology, 54, 2004, 1217–1226; formerly: European stone fruit yellows 
(ESFY) phytoplasma) could be observed in several stone fruit orchards 
in the famous apricot-growing area nearby the town of Gönc, northern 
Hungary. Field examinations were started in 2009 in the infested stone 
fruit plantations in Borsod-Abaúj-Zemplén County mainly in Gönc re-
gion, which is one of the most important apricot-growing areas in Hun-
gary, named “Gönc Apricot-growing area”. Our goals were to diagnose 
the occurrence of Ca. Phytoplasma prunorum on stone fruits (especially 
on apricot) in the North Hungarian growing areas by visual diagnostics 
and to confirm data by laboratory polymerase chain reaction (PCR)-based 
examinations. All the 40 collected samples were tested in laboratory trials 
and in 22 samples from apricot, peach, cherry, sour cherry and wild plum 
were confirmed the presence of phytoplasma (ESFY). Field investigations 
were done in a western Romanian apricot plantation, and the presence of 
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17.1  Introduction

17.1.1  Importance of Phytoplasma 
Diseases

Plant diseases caused by phytoplasmas have 
increasing importance for fruit growers. Phyto-
plasma diseases occur on several crops through-
out the world, and these pathogens cause serious 
economic losses in cultivated fruit and various 
field crops. In the long run, these diseases cause 
the destruction of the fruit producing trees.

Until 1967, plant diseases known as “yellows 
diseases” were thought to be caused by viruses. 
In 1967, Japanese researchers (Doi et al. 1967) 
found microorganism by electron microscope in 
yellows diseased plants. This new class of plant 
such a disease agents was named “mycoplas-
ma-like organism” (Welliver 1999). Mycoplas-
ma-like organisms (MLOs) are nonculturable, 
parasitic prokaryotes of the class Mollicutes as-
sociated with diseases of several hundred plant 
species (McCoy et al. 1989). Until recently, their 
differentiation and characterization was mainly 
based on host range and the symptoms induced in 
natural hosts and in the experimental host Cath-
aranthus roseus (periwinkle) (Marwitz 1990). 
The need for more reliable and specific traits to 
classify MLOs has resulted in the development of 
MLO specific serological and DNA hybridization 
assays (Kiske et al. 1991). In 1992, characteriza-
tion of the organisms associated with yellows dis-
eases had progressed to a point where they were 

recognized as unique and so were given their 
own name: phytoplasma (ICSB 1993; Gundersen 
et al. 1994).

Phytoplasmas are single-celled organisms that 
are similar to bacteria but lack a rigid cell wall. 
Phytoplasmas are obligate parasites. They grow 
and reproduce in the cytoplasm of host cells, both 
in insect vectors and in plants. Phytoplasmas are 
very small agents. They look like amorphous 
sacks or blobs, ranging from 70–1.000 nm in 
diameter. Phytoplasmas reproduce asexually by 
budding. Phytoplasmas reside in the phloem tis-
sues of the plants, and are transmitted by phloem-
feeding insect vectors. Phytoplasmas cannot be 
transmitted mechanically.

Phytoplasmas are serious pathogens of several 
important plants, including coconut, sugarcane, 
rice, sandal wood in tropical and subtropical 
regions of the world, causing a wide variety of 
symptoms that range from mild yellowing to the 
death of infected plants. Phytoplasmas also cause 
very serious diseases on several important crops 
and fruits in the temperate zone. Stolbur disease 
of potato and tomato ( Ca. Phytoplasma solani) is 
one of the most common plant diseases caused 
by phytoplasmas. Apple and pear also have phy-
toplasma-originated diseases ( Candidatus Phy-
toplasma mali, Candidatus Phytoplasma pyri), 
but grape and maize are also endangered by these 
pathogens. Phytoplasmas require a vector to be 
transmitted from plant to plant, which normally 
takes the form of sap sucking insects such as leaf 
hoppers, in which they are also able to replicate.

apricot phytoplasma disease was confirmed. It was the first finding that 
Ca. Phytoplasma prunorum occurred in the western part of Romania. On 
the basis of these observations, it seems evident that the notable losses 
caused by Ca. Phytoplasma prunorum is a new plant health challenge for 
fruit growers to manage, especially for apricot producers in Hungary and 
other central European countries.

Keywords 

Phytoplasma · Ca. Phytoplasma prunorum European stone fruit yellows 
phytoplasma · Gönc apricot-growing area · Stone fruits · Apricot · Peach · 
Cherry · Cacopsylla pruni
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17.1.2  Importance of Apricot  
in the World and in Hungary

Apricot ( Prunus armeniaca L.) is one of the most 
favourite fruits in Hungary and in Europe. Prod-
ucts made from apricot are also popular in Eu-
rope. The most important apricot-growing coun-
tries are in southern Europe and in the Middle 
East. The Mediterranean coastal area has the 
most advantageous climatic conditions for apri-
cot growing. Turkey is the greatest apricot pro-
ducer in the world with more than 500.000 t yield 
per year. In Europe, Italy is the main apricot pro-
ducer country, while France, Spain, Greece are 
also important growers. Apricot is also a notable 
fruit crop of mid-hill and dry-temperature re-
gions of India, especially in Himachal Pradesh, 
Jammu and Kashmir and Uttar Pradesh. Accord-
ing to historians: “The origin of the apricot’s 
domestication was in the Chinese region, but an-
other source says the apricot was first cultivated 
in India in about 3000 BC” (Huxley 1992).

Hungary also belongs to the main European 
apricot-producer countries. It has several excel-
lent apricot-growing sites, and apricot cultivation 
has a long history in Hungary. The best apricot 
yields were in the 1960s with more than 130.000 t 
per year. Although Hungarian apricots are easy to 
sell because of their excellent flavour, nowadays 
there is not enough quantity in the country. The 
apricot production has decreased considerably 
in the Hungarian apricot-growing sites over the 
last 20 years. The reasons of losses in quantity 
of apricot production in Hungary are as follows: 
the uncertain weather conditions, the ageing of 
several plantations, the unfavourable economi-
cal situation for fruit growers and several plant 
diseases.

17.1.3  Phytoplasma Disease on 
Apricot and Other Stone Fruits

Currently, one of the most important reasons of 
apricot yield loss in Hungary is the phytoplas-
ma disease. Until 2004, it was named European 
stone fruit yellows phytoplasma (ESFY) (Kövics 
2009). Since 2004, the new official name of the 
pathogen has been Ca. Phytoplasma prunorum 

(Seemüller and Schneider 2004). Although the 
disease is well known in many European coun-
tries (Lederer and Seemüller 1992), it is a rela-
tively new and serious pathogen for the apricot 
cultivation in Hungary and the neighbouring 
cent ral European countries in the Carpathian 
basin. Moreover, the pathogen is able to infect 
other stone fruit species (e.g. peach, cherry, and 
sour cherry).

Apricot phytoplasma disease (named that 
time as “apoplexy”) was reported first in Eu-
rope in 1924, from France, (Chabrolin 1924) and 
then the pathogen was observed in several other 
European apricot-growing countries (Lederer 
and Seemüller 1992). In many European coun-
tries the disease has been identified as one of 
the most prevalent problems threatening apricot 
trees (Jarausch et al. 2001; Navratil et al. 2001; 
Torres et al. 2004). In 1992, the disease was 
also observed on apricot in Hungary (Süle, un-
published) although its symptoms had been sus-
pected before too. Later on (Viczián et al. 1997; 
Süle et al. 1997), the occurrence of the ESFY was 
confirmed by molecular biological examinations 
in Hungary. After that, similar symptoms were 
also observed on other stone fruits (Mergenthaler 
2004). The occurrence of phytoplasma was ob-
served in peach (Németh et al. 2001), Japanese 
cherry (Prunus serrulata) (Lorenz et al. 1994), 
Mahaleb cherry (P. mahaleb cv.) Cemany (Varga 
et al. 2001) and Blackthorne (P. spinosa) (Ja-
rausch et al. 2001) as well. According to earlier 
natural experiences and examinations based on 
artificial inoculation, several kinds of plum are 
tolerant to Ca. Phytoplasma prunorum. European 
plums have been determined to be tolerant to Ca. 
Phytoplasma prunorum, whereas Japanese plums 
(P. salicina) are highly susceptible (Carraro et al. 
1998; Mona et al. 2008). The pathogen is able to 
propagate in the tolerant host plum trees without 
any typical symptoms, therefore these trees obvi-
ously have an important role in the spreading of 
the pathogen (Morvan 1977; Carraro et al. 1998). 
The psyllid Cacopsylla pruni (Scopoli Fig. 17.1) 
was described as the main vector of Ca. Phyto-
plasma prunorum (Carraro et al. 2001; Fialová 
et al. 2007). Occurrence of phytoplasma disease 
on cherry was reported in France as “Molieres-
disease” (Bernhard et al. 1977), but several ex-
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perts thought that cherry is resistant to phytoplas-
ma infection (Jarausch et al. 2000).

Symptoms of Ca. Phytoplasma prunorum dis-
ease are visible on the leaves, the branches and the 
bark. Yellow colour change and rolling of leaves 
can be seen. General yellowing and “scalding-
like” dryings are visible on the branches. There 
is an orange to light brown colour change in the 
phloem. Finally, the disease causes a “sudden 
death” of apricot trees, similar to the destruction 
of another important apricot disease, the apricot 
die-back (apoplexy) caused by fungal ( Cytos-
pora spp.), bacterial ( Pseudomonas syringae) 
pathogens and abiotic reasons (e.g. frost dam-
age). However, there is a significant diffe rence 
between the destructions of these diseases. In the 
case of phytoplasma disease, there is no secretion 
of resin in contrast with apoplexy.

17.2  Materials and Methods

In Hungary, there are eight great apricot-growing 
areas (Balaton, Mecsek, Lake-Velencei, Buda, 
Pest-Gödöllӧ, Mátra-Bükkalja, Area between 
Danube and Tisza Rivers and Gönc). One of the 
most important sites is the Gönc Apricot-growing 
area, situated in Borsod-Abaúj-Zemplén County, 
northern Hungary, which was the main location 
of our field observations. Field examinations 
were done on several stone fruit orchards on 
Gönc Apricot-growing area between 2009 and 

2011 (12 apricot, 1 peach, 4 sour cherry, and 1 
cherry plantations). That place is among the most 
favoured growing areas for stone fruits, especial-
ly for apricot in central Europe. Besides, field ex-
aminations were also done in Hajdúdorog, close 
to the Gönc region (in a neighbouring county, 
Hajdú-Bihar) and in another region near Ora-
dea city, which belongs to Romania (close to the 
Hungarian border) in 2010–2011.

The main objectives of the research were to:
• Visually check of Ca. Phytoplasma prunorum 

infection on stone fruits (especially on apri-
cot) on the examined northern Hungarian and 
Romanian growing areas.

• Calculate the infection ratio ( I %) and infec-
tion index ( Ii) (according to a classification 
system (Table 17.1)) in the various stone fruit 
plantations based on the visible symptoms of 
the disease caused by Ca. Phytoplasma pruno-
rum.

The classification system contains five infection 
degrees, and the symptoms get more heavy from 
the first degree to the fifth degree. Infection de-
grees were classified on the basis of the follow-
ing symptoms:
• On leaves: yellow colour change and rolling 

of leaves to its abaxial surface
• On branches: general yellowing or “scalding-

like” drying
• In the trunk: having striped the bark of tree, 

orange or light brown colour change is visible 
in the phloem

• On trees: general yellowing on several 
branches or general drying; withered, dead or 
felled tree, and there is no secretion of resin

• At the plantation: infections and destruction 
of trees starting in a circular direction around 
the infected tree.

Table 17.1  Scale of infection index (Ii) classification 
system. (Tarcali and Kövics 2009)
Infection degrees Symptoms
I Healthy tree
II Symptoms on leaves, on one branch
III General yellowing or drying, symp-

toms on several branches
IV One dead branch
V Dead or felled tree

Fig. 17.1  The vector of Ca. Phytoplasma prunorum–
Cacopsylla pruni. (Source: Dr Wolfgang Jarausch, Agro-
science)
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Around 100 trees were examined on a re-
searched site (except the smaller fruit gardens), 
out of which 10 fruit trees of a circle were ran-
domly selected for examination from 10 circles.

Plant samples were collected from the sup-
posedly infected trees, based on the visible 
symptoms (living leaves, pieces of branches and 
pieces of roots) by a sharp sampling knife for fur-
ther laboratory examinations. The identification 
of phytoplasma is only possible from living plant 
parts. Identification is not possible from dead 
plant samples because of the life of the pathogen 
twit to the living phloem of the plant (Mergen-
thaler 2004). In the laboratory, molecular biolog-
ical examinations were applied (PCR) to confirm 
the presence of the phytoplasma. The primers, 
sequences and programmes which were applied 
on the PCR examination in order to identify the 
phytoplasma are shown in Table 17.2.

The venue of the laboratory examinations was 
at the molecular biology laboratory of the Plant 
Protection Institute, University of Debrecen, in 
Debrecen, Hungary, and in the Sequence Labora-
tories Göttingen GmbH, in Göttingen, Germany. 
First, universal primers and sequences (fP1/rP7, 
fU5/rU3) were used to prove the phytoplasma 
infection in the examined plant samples (Kirk-
patrick et al. 1994). Then, group-specific primers 
(fO1/rO1, ECA1/ECA2) were applied to identify 

species of phytoplasma (Kirkpatrick et al. 1994; 
Jarausch et al. 1998).

17.3  Results and Discussion

17.3.1  Results of the Field 
Examinations

Our examination on the research of Ca. Phyto-
plasma prunorum began on 2nd October 2009, 
when we visited the first infested stone fruit 
orchard in the village of Bekecs (near Szerencs 
city). The first visual experience was the view of 
a very depressing situation of the apricot plan-
tations in the Gönc apricot-growing area. Se-
veral apricot plantations were heavily destructed 
by phytoplasma disease, and a great number of 
apricot trees were dead or felled in the orchards 
(Fig. 17.2). Yellowing and rolling leaves on the 
apricot branches and several drying branches 
were found on the apricot trees (Fig. 17.3). A 
similar situation was visible on peach (Fig. 17.4), 
and the same situation was experienced on cherry 
and sour cherry trees (Fig. 17.5).

A comparatively new, only 4-year-old apricot 
plantation was examined first. Most trees were 
healthy, but there were a few trees (2 %) infected 
by Ca. Phytoplasma prunorum (Table 17.3). Ac-
cording to the description of Süle et al. (2003), 

Table 17.2  Used sequences and programmes on laboratory examinations
Name of primer (1) Sequences (5´–3´) (2) Position (bp) (3) Programme (4)
P1 AAGAGTTTGATCCTG-

GCTCAGGATT
6–28 94 °C-5 min; 94 °C-1 min 

55 °C-1 min 72 °C-2 min  
(35 cycle); 72 °C-10 minP7 TTCTCGGC-

TACTTCCTGC
1.818–1,836

fU5 CGGCAATGGAG-
GAAACT

370–387 95 °C-3 min; 95 °C-1 min 
55 °C-1 min 72 °C-1 min 
(35 cycle); 72 °C-5 minrU3 TTCAGCTACTCTTTG-

TAACA
1,230–1,250

ECA1 AATAATCAAGAA-
CAAGAAGT

95 °C-1 min; 95 °C-30 s 
55 °C-30 s 72 °C-30 s 
(35 cycle); 72 °C-3 minECA2 GTTTATAAAAATTAAT-

GACTC
fO1 CGGAAACTTT-

TAGTTTCAGT
61–81 94 °C-3 min; 94 °C-1 min 

55 °C-1 min 72 °C-1 min 
(35 cycle); 72 °C-7 minrO1 AAGTGCCCAACTAAAT-

GAT
1,115–1,135
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the first symptoms of the pathogen can be ob-
served from the age of 3 or 4, and this thesis was 
justified in the visited apricot orchard.

The second apricot plantation was about 8 or 
9 years old. At first glance, it was clearly visible 
that there is a very serious destruction on apricot 
trees caused by phytoplasma. More than 50 % of 

the trees were infected and 40 % of apricot trees 
were dead. Most of the killed trees were felled 
(about 35 %). The owner of the plantation said 
that in the previous year only one to two trees 
showed the symptoms of the disease. The general 
drying has begun in the year 2009 at the end of 
the blooming of apricot trees (in the first half of 
May), and then destruction has progressed fast. 
There was another interesting fact to observe. 
As there were a few old plum trees among the 
apricots in the fruit garden, the presence of Ca-
copsylla pruni on the plum trees was evident, 
which is the main vector in the transmission of 
the pathogen (Fig. 17.1).

The varieties of apricot grown on the plan-
tations were the following ones: Ceglédi Óriás 
(Cegléd Giant), Ceglédi Arany (Cegléd Gold) 
and Magyar Kajszi (Hungarian Apricot). The Ce-
gléd varieties (a new local one in Hungary) are 
more susceptible to phytoplasma disease than the 
old variety, the Hungarian Apricot.

A serious destruction of 85 % was experi-
enced in the third apricot orchard on 3 ha. It was 
the most heavy infested and destructed apricot 
population among the examined fields. A very 
serious infection ratio was measured; out of the 
100 sample examined trees as many as 85 were 
infected, and according to the classification sys-
tem (Table 17.1), 65 were found dead or felled, as 
shown in column V. of Table 17.3. The sight was 
similar on the fourth examined plantation, where 
12 to 13-year-old apricot trees are grown; 25 % of 
apricot trees were dead, and another 35 % were in 
the phase of fast destruction.

Fig. 17.4  Yellowing branches on peach

 

Fig. 17.3  Yellowing leaves on apricot trees

 

Fig. 17.5  A dried and felled sour cherry tree

 

Fig. 17.2  Stumps of destructed and felled apricot trees
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Other stone fruit species were also examined 
during the field investigations. A more mode rate 
infection was observed in a 12 to 13-year-old 
peach orchard where phytoplasma infection with 
a rate of 21 % was observed. The destruction rate 
on peach was not so high as it was on apricot, 
but the problem with Ca. Phytoplasma prunorum 
seemed to be evident. Three sour cherry and one 
cherry plantation were examined as well. On the 
first examined sour cherry plantation, the infec-
tion rate was very high (62 %) and there were 
several withered or felled trees. It was easy to re-
alize that sour cherry and cherry are also endan-
gered by Ca. Phytoplasma prunorum infection.

Further field research was done during Sep-
tember and October 2010 in the Hungarian stone 
fruit orchards. Seven apricot and one sour cherry 
plantations were investigated in Borsod-Abaúj-
Zemplén County, and one apricot orchard in an-
other region in the village of Biharpüspöki, near 

the city of Oradea (western part of Romania). 
Very high infection rates were measured in Bük-
karanyos on two apricot orchards (infection rate: 
7–84 %) and one sour cherry plantation (infec-
tion rate: 9 %) as shown in Table 17.3. The rate 
of the totally destructed or felled trees was also 
very high. No high infection rates were measured 
in the examined Romanian apricot orchard, but 
the presence of apricot phytoplasma disease was 
evident. It was the first time that Ca. Phytoplama 
prunorum had been identified in the western part 
of Romania. Plant samples of the supposedly in-
fected trees were collected for further laboratory 
research during each field examination.

Summarizing the results of the field experi-
ences and the degree of infection, we can say that 
the plant health conditions of stone fruit planta-
tions on the visited areas are rather bad (illustra-
ted by the photos in Figs. 17.2, 17.3, 17.4, 17.5, 
17.6, 17.7, 17.8 and 17.9).

Table 17.3  Phytoplasma infection data on the examined fruit plantations (results of field examination)
No. Date of field 

examination
Tree species Age 

(year)
Area 
(ha)

Number 
of trees

Degree of infection Ii I %
I II III IV V

1 02.10.2009. Apricot 4 20 100 98 1 1  –   – 1.03 2
2 02.10.2009. Apricot 8–9 5 100 45 4 6 5 40 2.91 55
3 02.10.2009. Apricot 8 3 100 15 7 7 6 65 3.99 85
4 02.10.2009. Apricot 12–13 10 100 30 6 4 35 25 3.21 70
5 02.10.2009. Peach 8 6 100 79 7 2 2 10 1.57 21
6 02.10.2009. Cherry 10 22 100 70 9 4 6 11 1.79 30
7 02.10.2009. Sour cherry 8–9 5 100 38 14 10 8 30 2.78 62
8 02.10.2009. Sour cherry 7 5 100 91 3 1 1 4 1.24 9
9 02.10.2009. Sour cherry 30 8 100 64 6 9 13 8 1.95 36

10 07.09.2010. Apricot 13 22,6 70 11 12 2 10 35 3.66 84
11 07.09.2010. Apricot 13 22,6 78 17 6 3 11 41 3.68 78
12 07.09.2010. Sour cherry 7 5 104 43 7 12 12 30 2.78 59
13 07.10.2010. Apricot 21 50 100 41 10 9 11 28 2.72 59
14 07.10.2010. Apricot 4 5 54 34 4 4 3 9 2.06 37
15 07.10.2010. Apricot ~12 6 50 46 1 2 1 – 1.16 8
16 07.10.2010. Apricot ~25 15 100 23 24 12 21 26 3.21 77
17 07.10.2010. Apricot ~15 10 50 45 3 1 1 – 1.16 10
18 14.10.2010. Apricot 25 6 100 97 2 1 – – 1.04 3
19 (18) 06.08.2011. Apricot 26 6 100 87 6 3 3 1 1.25 13
20 (2) 05.06.2011. Apricot 10–11 5 100 35 7 8 7 43 3.16 65
21 (5) 05.06.2011. Peach 10 6 100 81 6 – 1 12 1.57 19
22 (6) 05.06.2011. Cherry 12 22 100 64 11 6 4 15 1.95 36
23 (9) 05.06.2011. Sour cherry 32 8 100 55 11 10 15 9 2.22 45
24 25.05.2011. Sour cherry 12 11 100 100  –   –  –   – –   –
Spots of the field examinations: 1–9: Bekecs; 10–12: Bükkaranyos; 13: Rátka; 14: Göncruszka; 15: Vizsoly; 16: Bold-
ogköváralja; 17: Abaújkér; 18–19: Biharpüspöki (Romania); 20–23: Bekecs-2, -5, -6, -9, 24: Hajdúdorog
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17.3.2  Results of the Laboratory 
Examinations

As many as 40 plant samples were collected on 
the fields, which were examined in laboratory 
by PCR. The presence of Ca. Phytoplasma pru-
norum was detected on 22 samples (Table 17.4). 
Phytoplasma infection was detected from the col-
lected plant samples on all examined stone fruit 
species (apricot, peach, cherry, sour cherry, wild 
plum). The results of phytoplasma identifications 
using universal primers and group specific prim-
ers are shown on Figs. 17.10, 17.11 and 17.12. 
The presence of the pathogen without any typical 
symptoms in tolerant wild plum was also detec-
ted, and it is obvious that wild plum may have an 
important part in the spreading of the pathogen.

It was confirmed by the laboratory results that 
Ca. Phytoplasma prunorum is a rather serious 
danger for stone fruit plantations in Hungary.

17.3.3  Control Measures to 
Phytoplasmas

A promising strategy to avoid phytoplasma di-
sease is the identification or development of resis-
tant plant varieties (Welliver 1999). But manage-
ment and control have to focus mainly on the clean 
stock programmes, eliminating sources of the phy-
toplasma and controlling vectors as follows:
• Propagates from phytoplasma-free plants
• Elimination of perennial and biennial weed 

hosts
• Avoiding planting susceptible plants next to 

plant-harbouring phytoplasma
• Controlling the vector in the plants and nearby 

weeds early in the season
• Planting varieties that are more resistant to the 

disease
The ecology of phytoplasmas is complex, and 
affected by the host range and geographic dist-
ribution of both phytoplasma and the insects that 

Fig. 17.7  Dried branches on apricot tree

 

Fig. 17.6  Dead apricot tree
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transmit them, and is strongly affected by weath-
er conditions. As more is learned about relation-
ships among causal agent, vectors and hosts, sur-
prising ecological niches have been uncovered, 
and theories of how disease may have evolved 
have been developed. These suggestions may be 
important in choosing management strategies for 
disease, and in forecasting where new disease 
outbreaks may occur.

Table 17.4  Rates of examined and DNA-isolated samples of different fruit trees and the results of phytoplasma 
detection
Fruit tree species Number of examined 

samples
Number of positive 
samples

Identified phytoplasma

Apricot ( Prunus armeniaca) 21 12 ESFY
Peach ( Prunus persica)  6  2 ESFY
Cherry ( Prunus avium)  2  2 ESFY
Sour cherry ( Prunus cerasus) 10  5 ESFY
Wild plum ( Prunus cerasifera)  1  1 ESFY

Fig. 17.9  Leaf rolling symptoms on peachFig. 17.8  A destructed cherry tree

 

1: DNA ladder; 2, 3, 4: apricot samples; 5: peach sample 

1       2       3       4       5

1000bp

Fig. 17.10  DNA fragments amplified by FU5/rU3 
primers in 1 % agarose gel
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17.4  Conclusions

The presence of Ca. Phytoplasma prunorum in 
the examined northern Hungarian apricot-grow-
ing sites is confirmed by field examinations and 
laboratory PCR tests. It can be easily seen that 
the problem is very serious, and Ca. Phytoplas-
ma prunorum endangers almost every stone fruit 
plantation in that area. The disease caused by Ca. 
Phytoplasma prunorum is an increasing and rela-
tively new problem for fruit growers in Hungary, 
and it seriously threatens the Hungarian apricot 
cultivation mainly, and other stone fruits as well. 
The pathogen causes serious destruction of the 
apricot trees on the examined Hungarian fruit 
orchards in the Gönc region. The main control 
methods to apply against the disease: to propa-
gate phytoplasma-free plants and to control vec-
tor ( Cacopsylla pruni). Our experiences resulting 
from our investigation show that we have to pay 
attention to the increasing phytoplasma problem 
in stone fruits, and have to develop new and ef-
fective management strategies.
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Abstract

Natural virus inhibitors from higher plants are known to inhibit the in-
fection of several plant viruses in hypersensitive and systemic test hosts. 
During the present investigation, the clarified sap from dried leaves of the 
medicinal plant Operculina turpethum L. (Family: Convolvulaceae) was 
sprayed on the leaves of several economically important crop plants, viz. 
Lycopersicon esculentum, Lagenaria siceraria (Mol). Standl.,  Crotalaria 
juncea L. and Solanum tuberosum L. in microplots under field condi-
tions which prevented the infection and multiplication of tomato yellow 
mottle mosaic virus (TmYMV), cucumber green mottle mosaic virus 
(CGMMV), sunn-hemp rosette virus (SRV) and potato virus-x (PVX). 
Almost complete protection was observed and treated plants showed no 
disease  symptoms if six sprays were given prior to virus challenge and two 
postinoculation sprays were given at weekly intervals.

The O. turpethum-clarified sap was completely safe and non-phytotox-
ic. The treated plants were healthy and showed no systemic symptoms of 
virus infection.

The resistant leaves’ sap extracted from treated crop plants and assayed 
under in vitro conditions with their respective viruses on their hypersen-
sitive hosts showed the ability to inhibit virus infectivity. The induction 
of systemic antiviral state in treated plants presumably involved the pro-
duction of some highly active induced virus-interfering agent(s), such 
agent(s) were absent in nontreated control crop plants which showed se-
vere disease symptoms.
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18.1  Introduction

The infection due to plant viruses causes an esti-
mated US$ 60 billion loss in crop yields world-
wide each year (http://en.wikipedia.org/wiki/
Plant_virus). Investigations on prevention of 
viral diseases in several economically important 
plants showed that strong virus preventive agents 
(VPAs) occur in a very few number of plants 
(Verma and Dwivedi 1983; Verma and Khan 
1984; Ostermann et al. 1987; Zaidi et al. 1988; 
Khan et al. 1991; Khan and Zaim 1992; Khan 
et al. 2011, 2013). However, not much effort has 
been made to exploit the natural VPAs to manage 
virus diseases of crop plants sown in compost un-
sterilized soil under field conditions. Therefore, 
during present investigations, the VPAs occur-
ring in a medicinal plant Operculina turpethum 
L. (Family: Convolvulaceae) leaf extract (OTE) 
were partially clarified and used for prevention of 
virus diseases in several economically important 
crops under field conditions.

18.2  Materials and Methods

18.2.1  Virus Cultures

The cultures of sunn-hemp rosette virus (SRV), 
tomato yellow mottle mosaic virus (TmYMV), 
cucumber green mottle mosaic virus (CGMMV), 
potato virus-x (PVX) were maintained on their 
respective systemic hosts, viz. Crotalaria juncea 
L., Lycopersicon esculentum Mill., Lageneria 
siceraria (Mol). Standl. and Solanum tuberusum, 
respectively, under glasshouse conditions.

Plant virus cultures with systemic symptoms 
were maintained in glass house conditions.

SRV
Severe mosaic and rosetting of leaves, reduced 

flower size and number; seeds were smaller and 
deformed in C. juncea L. plants.

TmYMV
Severe dark green mosaic with reduced leaf 

lamina leading to fern leaf symptoms in L. escul-
entum Mill. plants.

CGMMV, young leaves turned light yellow, 
showed downward curling and mosaic mottle 
later on all the leaves showed dark green mosaic 
symptoms in L. siceraria (Mol). Standl. plants.

PVX
Young leaves turned dark green, mosaic 

showed downward curling and necrosis in S. tu-
berosum L.

18.2.2  Virus Inocula and Inoculation

The young diseased leaves of systemically main-
tained virus cultures from their respective in-
fected hosts were ground in a pestle-mortar sepa-
rately, and distilled water was added as a diluent. 
The pulp obtained was squeezed through muslin 
cloth, centrifuged at 5,000 rpm for 10 min. The 
supernatant was diluted to 1:20 w/v. The viral 
suspensions were prepared separately for SRV, 
TmYMV, CGMMV and PVX and used as virus 
inocula.

The inoculation was done by forefinger using 
carborundum powder (600 meshes) as an abra-
sive.

18.2.3  Extraction of Natural Virus-
Preventive Agent(s) (VPAs)

A total of 100 g of fresh leaves of O. turpeth-
um L. were ground in a mixer with 100 ml of 
distilled water. The pulp obtained was squeezed 
through a muslin cloth. The filtrate was centri-
fuged at 3,000 rpm for 10 min, partially clarified 
with ether as a solvent, make up the concentra-
tion to 1:20 w/v by adding distilled water and 
was used for experiments under field conditions.

18.2.4  Raising of Systemic Test Crops 
Under Field Conditions

The systemic test crops, viz. C. juncea L., L. es-
culentum Mill., S. tuberosum L. and L. siceraria 
(Mol). Standl., were grown under field condi-
tions in four microplots (size 2 m × 2 m) provided 
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with compost soil. Healthy plants with five to six 
leaves were selected and used for experimental 
purposes.

18.2.5  Field Trails

Hosts with uniform growth were selected in all 
the four microplots and labelled as mp-1, mp-2 
and mp-3 which served as treated plants and were 
given two preinoculation sprays of OTE per day 
up to 3 days and mp-4 which served as control 
was given two preinoculation sprays of distilled 
water daily for 3 days. After 1, 3 and 6 days of last 
preinoculation sprays all the treated and control 
plants raising in microplots were mechanically 
inoculated with their respective virus thereafter, 
two postinoculation sprays were given weekly. 
After 15, 30 and 45 days the test leaves were col-
lected and inocula prepared separately as before.

The infectivity was tested on their local lesion 
test hosts by counting the local lesions. The num-
ber of local lesions was counted after 3–4 days 
and per cent decrease in virus titre was calculated 
using the formula: C - T/C × 100, where C and T 
are the number of local lesions produced by sap 
of control and treated plants, respectively.

Observations for development of disease 
symptoms, growth, flowering and fruiting in all 
cases were taken after 30 or 45 days of virus chal-
lenge.

18.2.6  Production of Virus-Interfering 
Agent(s) (VIAs) in OTE-Treated 
and Test Plants

In another experiment, test hosts, viz. C. juncea, 
L. esculentum, L. siceraria and S. tuberosum sep-
arately were sprayed with OTE (1:2 w/v) twice 
a day for 3 days and at an interval of 1, 3 and 
6 days leaves were removed from treated hosts 
and saps were prepared using distilled water and 
designated as R-juices (1:2 w/v). The virus-in-
terfering activity of different saps extracted from 
the plants listed in table 18.5 was estimated by 
mixing equal volume of sap with their respec-
tive virus inoculums. After 30 min of incubation, 

mixtures were tested for virus inhibitory activ-
ity by infectivity assay on local lesion hosts Cy-
amopsis tetragonoloba, Nicotiana glutinosa and 
Chenopodium amaranticolor. Control in each 
crop under study consisted of leaf sap extracted 
from distilled water-sprayed plots and mixed 
with their respective viruses prior to infectivity 
assay as before.

The data for significance were statistically 
analysed by Snedecor 1961 method.

18.3  Results

Six preinoculation sprays of VPAs occurring 
in the leaves of OTE when given to C. juncea, 
L. esculentum, L. siceraria and S. tuberosum 
crops followed by SRV, TmYMV, CGMMV and 
PVX challenge after 1 and 3 days of treatment 
followed by two preinoculation sprays weekly 
in microplots under field conditions prevented 
96–100  % virus infection and multiplications as 
no disease symptoms appeared. However, when 
viruses were challenged in their respective crops 
after 6 days of OTE treatment the percentage of 
virus infection decreased from 58.5 to 100 % after 
15, 30 and 45 days of inoculation. Results clearly 
displayed that OTE had most significant virus 
infection and multiplication-preventing property 
although this property gradually decreased after 
30 days of virus challenge and treated plants 
showed mild disease symptoms. (Tables 18.1, 
18.2, 18.3 and 18.4).

The clarified OTE sap was completely safe, 
devoid of any phytotoxicity (not tested in the 
study). The treated plants were healthy with nor-
mal growth and flowering; however, after 30–45 
days of virus challenge, mild disease symptoms 
gradually appeared without affecting normal 
growth and average flowering of treated crops.

It was also observed that the control experi-
mental crops showed severe disease symptoms, 
abnormal growth and development with poor 
flowering (Tables 18.1, 18.2, 18.3 and 18.4).

It was observed that development of anti-
viral state in treated crop plants was associated 
with the formation of some VIAs in treated crop 
plants.
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The resistant leaf sap extracted from treated 
crop plants and assayed under in vitro conditions 
with their respective viruses on their hypersensi-
tive hosts showed the ability to inhibit virus in-
fectivity.

The induction of systemic antiviral state in 
treated plants presumably involved the pro-
duction of some highly active induced VIAs, 
which was absent in nontreated control crop 
plants which showed severe disease symptoms 
(Table 18.5).

18.4  Discussion

Preinoculation sprays with extracts from sev-
eral higher plants have been reported to prevent 
plant virus diseases of economically important 
crops (Verma and Kumar 1979, 1980; Awasthi 
and Mukerjee 1980; Verma et al. 1982). These 
extracts induced systematic resistance in plants 
(Verma et al. 1982, 1984, 1985; Verma and 
Prasad 1983; Verma and Khan 1985).

Table 18.2  Prevention of tomato yellow mottle mosaic virus (TmYMV) infection in Lycopersicon esculentum by O. 
turpethum leaf extract
Treatment (six sprays with distilled water 
or extract before virus challenge and two 
sprays per week after virus challenge)

Symptoms and severity Per cent 
decrease in virus 
titre

Average after 
45 days

After 
15 days

After 
30 days

After 
45 days

Height 
in cm

No. of 
flowers

Control sprayed with distilled water Severe dark green mosaic, 
reduced leaf lamina lead-
ing to fern leaf symptoms

Nil Nil Nil 40.5 7.2

Treatment interval between last prein-
oculation sprays with OTE and virus 
challenge (in days)

1 No symptoms 100a 82a 70a 48.4 16
3 No symptoms 94a 71a 60a 48.2 15.6
6 Mild symptoms 72a 60a 54a 44.6 12.8
Active virus assayed on N. glutinosa L.
a Data significant at 1 % level

Table 18.1  Prevention of sunn-hemp rosette virus (SRV) infection in sunn hemp ( C.juncea) by O. turpethum leaf 
extract
Treatment (six sprays with distilled water 
or extract before virus challenge and two 
sprays per week after virus challenge)

Symptoms and severity Per cent decrease in 
virus titre

Average after 
45 days

After 15 
days

After 30 
days

Height 
in cm

No. of 
flowers

Control sprayed with distilled water Severe mosaic, rosetting, reduced 
flower size and number; seeds 
smaller and deformed

Nil Nil 38.5 10

Treatment interval between last prein-
oculation sprays with OTE and virus 
challenge (in days)

1 No symptoms 100a 100a 76 21
3 No symptoms 90.0a 76.5a 69.6 18
6 Only mild symptoms after 45 

days
78.5a 58.8a 58.7 15

Active virus assayed on Cyamopsis tetragonoloba L.
a Data significant at 1 % level
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Table 18.3  Prevention of cucumber green mottle mosaic virus (CGMMV) infection in Lagenaria siceraria by O. 
turpethum leaf extract
Treatment (six sprays 
with distilled water or 
extract before virus 
challenge and two 
sprays per week after 
virus challenge)

Symptoms and severity Percent decrease 
in virus titre

Average after 45 days

After 
15 days

After 
30 days

After 
45 days

Length of 
leaves cm

Breadth of 
leaf cm

No. of flow-
ers (average)

Control sprayed with 
distilled water

Young leaves turned 
light yellow, showed 
downward curling 
and mosaic mottle 
later on all the leaves, 
showed dark green 
mosaic symptoms

Nil Nil Nil 6.8 5.2 2.5

Treatment interval 
preinoculation 
sprays and virus 
challenge (in days)

1 No symptoms 100a 96a 78a 8.9 7.6 20.3
3 No symptoms 100a 90a 74a 8.6 7.2 18.3
6 Mild symptoms 98.5a 83a 65a 8.5 7.2 19.2
Active virus assayed on Chenopodium amaranticolor
a Data significant at 1 % level

Table 18.4  Prevention of potato virus x (PVX) in Solanum tuberosum L. by O. turpethum leaf extract
Treatment (six sprays 
with distilled water 
or extract before 
virus challenge and 
two sprays per week 
after virus challenge)

Symptoms and 
severity

Percent decrease 
in virus titre

Average after 45 days

After 
15 days

After 
30 days

After 
45 days

Length of 
leaves in cm

Breadth of 
leaf in cm

No. of flow-
ers (average)

Control sprayed with 
distilled water

Young leaves turned 
dark green, showed 
downward curling 
and necrosis later 
on all the leaves 
showed symptoms

Nil Nil Nil 3.8 3.2 2.5

Treatment interval 
preinoculation 
sprays and virus 
challenge (in days)

1 No symptoms 100a 93a 88a 3.9 3.6 20.3
3 No symptoms 98a 92a 76a 3.6 3.2 18.3
6 Mild symptoms 90.5a 81.5a 70.5a 3.5 3.2 19.2
Active virus assayed on Nicotiana glutinosa
a Data significant at 1 % level
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In the present investigations, results showed 
that treatment with OTE in different crops pro-
vided complete protection against the viruses 
belonging to the tobamo- and potexvirus group. 
Total suppression of disease symptoms and virus 
titre was presumably due to production of some 
VIAs in the treated crops showing systemic in-
duced resistance.

Total resistance developed after 24–72 h of 
OTE application. The degree of induced resis-
tance, however, varied in different crop virus 
combinations and it was not specific to plant 
species or viruses. Prophylactic treatment with 
OTE was highly significant and was not asso-
ciated with any phytotoxicity symptoms on the 
treated crops. Thus, OTE can be an effective and 
practical means for the management of many 
plant virus diseases of economically important 
crops.

A brief contact between the extract and hosts 
or even a single spray was sufficient enough 
to provide significant resistance to the plants 
against virus infection and multiplication. A few 
sprays for inducing complete protection might 
indicate that the development of the VIA was 
gradual.

Several virus inhibitors have been purified 
earlier, which were responsible for the prevention 
of plant virus infection, were protein (Khan et al. 
2011) and glycoprotein in nature (Awasthi et al. 
1984). Some were antiviral sterol in nature. (Khan 
et al. 1991). Induction of systemic antiviral resis-
tance by leaf extracts of several plants have been 
reported earlier. The induced antiviral resistance 

was due to the synthesis of new virus inhibitory 
protein with molecular weight 15,500 Daltons 
in treated C. tetragonoloba Taub. Test host had 
been isolated by Khan and Verma (1990). The 
increase in protein content, catalase and peroxi-
dase enzymes in C. tetragonoloba Taub host as a 
consequence of systemic resistance inducers ap-
plication appears evident that enhancement may 
be either due to new enzymes synthesis signify-
ing a genetic outcome or may be due to the aug-
mented activity of existing enzymes on account 
of a catalytic influence. Increase in the activity 
of the above-mentioned enzymes have also been 
recorded earlier (Prasad et al. 1989; Khan et al. 
2013). It may be assumed that the enhanced en-
zyme activity may lead to the production of new 
virus inhibitory proteins, which could hamper 
virus replication in treated susceptible test plants. 
Enhancement in total proteins and enzymes ac-
tivity as a consequence of inducers application 
indicated that host mediation is required, similar 
changes have also been reported in case of re-
sistance induced by systemic resistance inducers 
isolated from Clerodendrum aculeatum leaves 
in tobacco cv. Samsunn NN test plant (Prasad 
1986), also by systemic resistance inducers from 
Cerodendrum fragrans and Boerhaavia diffusa 
in treated plants (Verma and Prasad 1988). The 
alterations of total proteins content and enzymes 
activity in Pseuderanthemum bicolor extract 
treated C. tetragonoloba Taub plants host indi-
cated that host mediation is required, which make 
the plant refractory against virus infection (Khan 
et al. 2013).

Table 18.5  Production of virus interfering agent (VIA) in OTE treated and nontreated plants
Source of plant VIA Average number of local lesions/leaf ± SEMa

NR juice + PVXc 
(treated leaves with 
distilled water)

R juice + PVXc (leaves 
sprayed with distilled 
water)

NR juice + SRVb 
(leaves sprayed 
with OTE)

R-juice + SRVb 
(from leaves 
sprayed with OTE)

Crotalaria juncea 172 ± 6.75 0 ± 0.0 159 ± 9.2 0 ± 0.0
Lycoperisicon 

esculentum
203 ± 4.5 0 ± 0.0 198 ± 6.6 0 ± 0.0

Solanum tuberosum 176 ± 9.85 0 ± 0.0 178 ± 11.5 0 ± 0.0
Lagenaria siceraria L. 108 ± 8.6 0 ± 0.0 113 ± 2.55 0 ± 0.0
a SEM Standard error mean
b Virus assayed on C. tetragonoloba
c Virus assayed on N. glutinosa
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18.5  Conclusions

There is no direct control for management of 
viral diseases in crop plants which is responsible 
for heavy losses in crop production worldwide, 
therefore an indirect method must be applied to 
manage plant viral diseases and several investi-
gators have reported prophylactic effect of sev-
eral natural inhibitors occurring in medical and 
wild plants. These inhibitors provided protection 
against virus infection in treated and untreated 
parts of plants thus the effect was systemic in 
nature, the present chapter reported the signifi-
cant protective effect of O. turpethum L. extract 
when sprayed on the leaves of several economi-
cally important crop plants, for example, L. es-
culentum, L. siceraria (Mol). Standl., C. juncea 
L. and S. tuberosum L. in microplots under field 
conditions which prevented the infection and 
multiplication of TmYMV, CGMMV, SRV and 
PVX. Almost complete protection was observed 
and treated plants showed no diseases symptoms.

The OTE-clarified sap was completely safe 
and non-phytotoxic and treated plants were 
healthy and devoid of any symptoms of virus in-
fection.

The effect of OTE inhibitor effectively pre-
vented virus infection and multiplication by in-
ducing antiviral resistance to whole of the treated 
plants. The systemic induced resistance was due 
to the development of certain new induced VIAs 
in treated plants. However, the prevention of 
viral diseases requires prolonged treatment with 
OTE inhibitor. The virus disease management is 
important to reduce the heavy losses in crop pro-
duction and to combat the problems of popula-
tion explosion and food security.
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Abstract

Rice is widely affected by quite a number of diseases caused by fungi, 
bacteria, viruses, and mycoplasma that result in high yield loss. Among 
the fungal diseases, aggregate sheath spot caused by Rhizoctonia oryzae-
sativae is an important disease affecting the rice production. Application 
of beneficial bacteria as seed coat or seedling root dip to protect from these 
diseases may be an alternative strategy to chemical control. In the present 
study, out of 200 bacterial strains isolated from plant rhizosphere of cereal 
crops, one bacterial strain Pseudomonas aurogenosa “NEIST 003” was 
selected for its antagonistic ability against different rice fungal pathogens 
under in vitro conditions. The per cent inhibition of mycelial growth of 
different rice fungal pathogens namely “R. oryzae-sativae, Fusarium mo-
niliforme, Rhizoctonia solani, Curvularia oryzae, Fusarium oxysporium, 
and Pyricularia grisea by P. aurogenosa “NEIST 003” was 35.11, 21.33, 
33.11, 25, 34.22, and 41.67 %, respectively. Under greenhouse conditions, 
P. aurogenosa “NEIST 003” promoted plant growth besides inhibiting 
rice fungal pathogen R. oryzae-sativae and gave highly significant growth 
improvement compared to the other treatments for all parameters includ-
ing shoot height, root length, tiller number, number of leaves, shoot fresh 
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19.1  Introduction

Rice has been under cultivation since time im-
memorial, being grown under varying climatic 
conditions in different parts of the world, includ-
ing India. It is affected by a number of diseases 
that result in high yield loss (Ou 1985). Aggre-
gate sheath spot (AgSS) disease is one of the 
important diseases affecting the rice production 
which is caused by Rhizoctonia oryzae-sativae 
(telemorph: Ceratorhiza oryzae-sativae) (Moore 
1989; Seint et al. 2009). Initially, AgSS lesions 
appear on the lower leaf sheaths at the water-
line following infection from R. oryzae-sativae 
sclerotia floating on the water. The disease pro-
gresses to the upper leaf sheaths and, under fa-
vorable conditions, can spread to the flag leaf and 
cause yield loss by reducing the photosynthetic 
area. Bordered sheath spot and brown sclerotium 
disease caused by Rhizoctonia oryzae Ryker et 
Gooch ( Waitea circinata f. sp. oryzae, WAG-O) 
and R. oryzae-sativae (Sawada) Mordue ( Cera-
tobasidium oryzae-sativae Gunnell & Webster), 
respectively, occur worldwide in rice-growing 
areas of Southeast Asia, India, Japan, the USA, 
and Brazil (Hashioka and Makino 1969; Ou 
1984). In Australia, yield losses caused by R. 
oryzae and R. oryzae-sativae were as high as 10 
and 20 %, respectively (Lanoiselet et al. 2005). 
A recent survey documented the occurrence of 
R. oryzae-sativae from diseased rice sheaths in 
Myanmar (Aye et al. 2009). The management of 
rice fungal diseases is done through fungicides, 
growing resistant varieties, application of or-
ganic amendments, balanced nutrition, biologi-
cal agents, and resistance-inducing chemicals. 
Chemical fungicides pollute the environment and 

disturb the ecological balance for all living micro-
organisms and cause harmful effects to beneficial 
microorganisms. The development of biological 
products based on beneficial microorganisms can 
extend the range of options for maintaining the 
health and yield of crops. PGPR are known to 
improve growth in different crops and suppres-
sion of diseases by induced resistance in plants 
(Kumar 1999). Many strains of rhizobacteria, es-
pecially fluorescent Pseudomonads, are reported 
to enhance plant growth/yield and suppress dis-
ease when applied as seed inoculants (Schippers 
1993). Some of the PGPR strains, especially 
fluorescent Pseudomonads and Bacillus subtilis, 
have shown promising results as biological con-
trol agents by reducing crop damage caused by 
major plant pathogens (Utkhede and Smith 1992, 
1993; Schippers 1993).

19.2  Materials and Methods

19.2.1  Collection of Plant Samples and 
Isolation of Fungal Pathogens

Infected plant samples showing typical AgSS 
symptoms were collected from farmer’s fields 
of Assam state in sterile polythene bags and kept 
airtight. It was then brought to the laboratory and 
stored at 4 °C until isolation.

The diseased plant parts were washed in run-
ning tap water followed by sterile distilled water 
to remove impurities. The diseased sample was 
cut with a sterile blade in 1–2 cm length ensur-
ing that fresh plant tissues were also included. It 
was then immersed in 0.2 % HgCl2 solution for 
2 min followed by two to three times washings 

weight, shoot dry weight, root fresh weight, root dry weight, moisture 
content, chlorophyll content, and disease incidence at different days of 
seedlings infection. P. aurogenosa “NEIST 003” has the ability to promote 
plant growth and suppressed most of the rice fungal pathogens.

Keywords 

Rice · Biocontrol · Rhizoctonia oryzae-sativae · Pseudomonas aurogenosa
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with sterile distilled water. After that the plant part 
was blotted dry with sterile filter paper. The thin 
sections were inoculated on potato dextrose agar 
medium (PDA, HiMedia, India), supplemented 
with 100 mg streptomycin sulphate/L. Petri plates 
were incubated at 25 ± 2 °C for 2–4 days or until 
colony appears. The fungal colony was repeatedly 
subcultured on PDA medium, followed by micro-
scopic examination of the colony characters till 
the pure culture was obtained. The colonies thus 
obtained were then cultured in PDA slants and 
stored at 4 °C until further use (Gad 2012).

19.2.2  The Disease Symptoms

AgSS disease caused by R. oryzae-sativae 
(Moore 1989) is similar to the early stages of 
sheath blight and is caused by a related fungus. 
Small sclerotia initiate the disease on the outer-
most leaf sheath. A reddish-brown lesion devel-
ops on the plant near the waterline. During inter-
node elongation, the sheath spot may be pushed 
up above the waterline because of this new 
growth. With age, the lesion enlarges slightly to 
assume an elliptical to irregular shape (1/2 to 1 
inch long) with a distinct purple-brown border 
and a tan-to-straw colored center. The sheath spot 
fungus does not develop on the leaf blades as is 
the case with sheath blight. Rather, it remains on 
the outer sheath only. Sometimes, the fungus will 
cause yellowing of the leaf attached to the sheath 
it has infected. A reduction in yield occurs in til-
lers that are infected.

19.2.3  Isolation of Bacteria  
From Rhizosphere Samples

Rhizosphere samples were collected from dif-
ferent locations of Northeast India. The plantlets 
were uprooted from the field, placed in polyeth-
ylene boxes with covers and secured tightly with 
rubber bands. These samples were used for the 
isolation of rhizobacteria. Samples were kept in 
the cold room at 4 °C for isolation.

Gram from each rhizosphere sample was 
shaking in 10 ml of sterile distilled water for 30 

min. The samples were serially diluted up to 10−5 
dilution. A volume of 100 µl of the suspension 
was taken from dilution 10−3 and 10−4 and plated 
on King’s B (KB) agar medium and the plates 
were incubated at 28 °C for 48 h. Isolated single 
colonies were selected at random from the sam-
ples and were further streaked on KB agar me-
dium to obtain pure cultures. The purified strains 
were stored in sterile 50 % glycerol for further 
use (Karthikeyan and Gnanamanickam 2007).

19.2.4  Identification of Bacterial 
Strains

The bacterial antagonist showing the highest an-
tifungal activity was identified through the study 
of the morphological, physiological, and bio-
chemical characteristics of the isolates according 
to Bergy’s Manual of Systematic Bacteriology 
(Collins 1964; Holding and Collee 1971; Good-
fellow 1989). Final confirmatory identification 
of the potential bacterial strains was done from, 
Microbial Type Culture Collection and Gene 
Bank Division of Institute of Microbial Tech-
nology, Council of Scientific and Industrial Re-
search “IMTECH” Chandigarh, India.

19.2.5  In Vitro Antifungal Activity

Three potential bacterial strains isolated from 
plant rhizosphere of cereal crops and identified as 
Pseudomonas aeruginosa “NEIST 003,” Brevi-
bacillus laterosporus “NEIST 041,” and Bacillus 
safensis “NEIST 050” were selected out of 200 
rhizobacterial strains on the basis of the antago-
nism against rice fungal pathogens ( Pyricularia 
grisea, Rhizoctonia solani, R. oryzae-sativae, 
Fusarium moniliforme, Fusarium oxysporium, 
and C. oryzae) under in vitro conditions.

Antagonism against phytopathogenic fungi 
was assayed by dual culture (Yuan and Crawford 
1995):

PDA was used for examining the antago-
nism. For this, an actively growing mycelial disc 
of fungal culture (approximately 9 mm2) was 
placed at one side of the petri plate, 2 cm inside 
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the periphery and a loopful of the rhizobacterial 
strain was streaked in a line on the opposite side 
at a distance of 5 cm from the mycelial disc. The 
plates were incubated at 25 ± 2 °C until fungal 
mycelium completely covered the agar surface 
in control plate. Inhibition zone was measured as 
the distance (in cm) between the respective rhi-
zobacterial test antagonist and fungal pathogen.

Percent inhibition was measured by the for-
mula:

Inhibition% = (A – B/A)×100

Where, A is the diameter of fungal growth 
in control plate and B is the diameter of fungal 
growth in experimental plate.

19.2.6  Greenhouse Assays

Greenhouse experiments were conducted at the ex-
perimental greenhouse of NEIST, Jorhat, Assam, 
during rice growing season at 25–30 °C under nat-
ural daylight conditions. Popular local rice variety 
“Mahsuri” susceptible to Ceratorhiza spp. was ob-
tained from, Rice Research Station, Assam Agri-
cultural University, Titabor, Jorhat, Assam.

19.2.7  Treatments

All the laboratory as well as greenhouse experi-
ments were done with the following treatments 
throughout the entire period of investigation:

(1) R. oryzae-sativae alone, (2) P. aeruginosa 
alone, (3) R. oryzae sativae +P. Aeruginosa, and 
(4) Control (no bacteria, no fungus).

19.2.8  Inoculation

Ceratorhiza spp. bioassays were performed es-
sentially as described in Rodrigues (2003). Four-
week-old plants were challenged by placing a 1 cm 
toothpick colonized by Ceratorhiza spp. inside the 
sheath of the second youngest fully expanded leaf. 
Inoculated plants were maintained inside humid 
inoculation chambers (≥ 92 % relative humidity; 
30 ± 4 °C) for 72 h and thereafter, transferred to 

greenhouse conditions. Five days after the chal-
lenge infection, disease incidence was assessed by 
observation of water-soaked lesions.

19.2.9  Growth Promotion and Disease 
Suppression Studies Under 
Greenhouse Condition

Seed bacterization was done according to Kumar 
and Bezbaruah (1996). Seeds of commercial rice 
(Oryza sativa L.) were surface disinfected with 
1 % sodium hypochlorite for 2 min and rinsed 
three times with sterile distilled water prior to 
sowing. For bacterization, bacteria grown on KB 
medium for 48 h were scrapped with a sterile glass 
rod and mixed with moist sterile soil to prepare a 
paste (approximately 1.0 × 107 cells/g soil). The 
rice seedlings were placed in this paste for 12 h 
and 5 g of the soil paste was attached around the 
root portion of the seedling before planting. Seed-
lings treated with moist soil without any bacteria 
served as control. Both treated and control seed-
lings were planted in pots containing sterile field 
soil and maintained under greenhouse conditions. 
The experiment was laid out in completely ran-
domized design as with three set of replication. 
Under each replication three seedlings were treated 
as per treatment. Proper hygienic conditions under 
the greenhouse was maintained by weeding, light 
forking, and irrigation as and when required main-
taining the healthy condition of seedlings and min-
imizing the interference of external factors other 
than desired. After planting in pots, seedlings were 
again treated with respective PGPR strain at 15 
days interval. At 20, 40, and 60 days of infection, 3 
numbers of representative seedlings were selected 
randomly and data on growth promotion in terms 
of increase in shoot height, number of leaves were 
taken before uprooting of seedlings. These plants 
were then uprooted from the pots with utmost care 
to keep the roots intact and washed gently under 
running tap water to remove the adhering soil par-
ticles. Data on root length, chlorophyll contents of 
leaves, fresh and dry weight of shoot, root were 
recorded. Disease symptoms were recorded for ag-
gregate sheath blight spot on plant and after 20, 
40, and 60 days of treatment per cent disease inci-
dence was calculated.

M. A. Gad et al.
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19.2.10  Data Analysis

Data was subjected to analysis of variance 
(ANOVA) and critical difference used to com-
pare the means for all the variables within the 
experiment at ( P = 0.05).

19.3  Results

19.3.1  Antagonistic Activity  
of Phytopathogenic Fungi

Three potential bacterial strains were evaluated 
for their antifungal activity in vitro against rice 
fungal pathogens: P. grisea, R. solani, R. oryzae-
sativae, F. moniliforme, F. oxysporium, and C. 
oryzae as shown in Table 19.1.

From the result, P. aeruginosa “NEIST 
003”was found to show maximum inhibition 
zone for all rice fungal pathogens. This sug-
gested that P. aeruginosa “NEIST 003” was able 
to suppress the growth of all the selected rice 
fungal pathogens under laboratory conditions 
(Figs. 19.1, 19.2, 19.3, 19.4, 19.5 and 19.6).

19.3.2  In Vivo Greenhouse Studies 

19.3.2.1  Effect of Bacterization 
on Occurrence of Disease 
Incidence

Under greenhouse conditions, the non-bacte-
rized seedlings challenged with fungus showed 
87, 90, and 93.5 % disease incidence and 41, 
35, and 39 % disease incidence was recorded in 
seedlings bacterized with P. aeruginosa “NEIST 

003” and challenged with fungus at 20, 40, and 
60 days, respectively, as shown in (Fig. 19.7). 
Higher per cent disease incidence (41 %) was 
recorded in treatment with R. oryzae sativae +P. 
aeruginosa and lowest (35 %) at 20 and 40, re-
spectively. Seedlings treated with the pathogen 
alone showed per cent disease incidence (93.5) 
after 60 days of treatment (Fig. 19.8). The treat-
ment in which the pathogen was inoculated with 
bacterized rice seedlings, disease symptoms were 
observed after 20 days followed by 40 days and 
60 days in R. oryzae sativae  +P. aeruginosa. P. 
aeruginosa treated seedlings remained healthy 
up to the last day (60th day) of observation along 
with the control (Table 19.2).

19.3.2.2  Effect of Bacterization on Plant 
Growth Promotion

Seed bacterization had a significant effect on 
increase of shoot height, root length, tiller num-
ber, and number of leaves over the control under 
greenhouse conditions. Highest increase in 
shoot height (56, 59, 69 cm), root length (26, 34, 
36 cm), tiller number (13, 15, 14), and number of 

Table 19.1  In vitro antagonistic activity of potential bacterial strains against rice fungal pathogens
Test organisms Inhibition over control (%)

P. aeruginosa (NEIST 003) B. laterosporus (NEIST 041) B. safensis (NEIST 050)
Rhizoctonia sativae 35.11 6.44 21.89
Fusarium moniliforme 21.33 10 15.22
Rhizoctonia solani 33.11 10.89 17
Curvularia oryzae 25 19.33 18.56
Fusarium oxysporium 34.22 6.89 15.78
Pyricularia grisea 41.67 30.89 45.78
Control 0.00 0.00 0.00

Fig. 19.1  In vitro antagonism of bacterial strain 
NEIST 003 against R. oryzae
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leaves (77, 83, 78) were recorded in NEIST 003 
at 20, 40, and 60 days of treatment, respectively. 
R. oryzae-sativae infected seedlings showed de-
crease in shoot height, root length, tiller number, 
and number of leaves over control. Among the 
treatments, where pathogen and PGPR were ap-
plied, highest increase in shoot height (51, 52, 
60 cm), root length (21, 30, 31 cm), tiller num-

ber (11, 13, 13), and number of leaves (59, 62, 
62) were recorded in treatment R. oryzae-sativae 
+ NEIST 003 over the control at 20, 40, and 60 
days of treatment, respectively.

19.4  Discussion

Sheath diseases of rice caused by R. solani, R. 
oryzae, R. oryzae-sativae, and Sclerotium hy-
drophilum are important phytopathogens dis-
tributed worldwide and cause yield losses in 
rice-growing countries (Matsumoto 2003). Rice 
is grown as an important cereal crop all over the 
world, but mostly in Southeast Asian countries. 
Among different diseases that attack rice crops, 
sheath diseases have become one of the domi-
nant diseases causing significant reduction in 
rice yield. In addition, soil-borne diseases can 
contaminate the soil by establishing its inocula 
permanently in the soil. Therefore, it is important 

Fig. 19.6  In vitro antagonism of bacterial strain 
NEIST 003 against C. oryzae

 

Fig. 19.5  In vitro antagonism of bacterial strain 
NEIST 003 against F. moniliforme

 

Fig. 19.4  In vitro antagonism of bacterial strain 
NEIST 003 against F. oxysporium

 

Fig. 19.3  In vitro antagonism of bacterial strain 
NEIST 003 against P. grisea

 

Fig. 19.2  In vitro antagonism of bacterial strain 
NEIST 003 against R. solani
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to find out the control measures that are environ-
mentally safe to reduce the incidence of these 
pathogens. The aim of the present study was to 
investigate the effect of PGPR to suppress rice 
fungal pathogen R. oryzae-sativae and promote 
plant growth. Seint and Masaru (2011) found that 
the phytoextracts, cloves, neem leaf, rosemary, 
and pelargonium are potential phytoextracts to 
control phytopathogens of rice, such as R. solani, 
R. oryzae, R. oryzae-sativae, and S. hydrophilum 
under in vitro conditions. Linquist et al. (2006) 
found that the overall severity of AgSS was most 
pronounced at lower nitrogen (N) levels. AgSS, 
is one of the major rice ( Oryza sativa L.) diseases 

in California. It has been reported in Asia (Taheri 
et al. 2007), Australia (Lanoiselet et al. 2005a), 
the Middle East (Rahimian 1989), South America 
(Cedeno et al. 1998), and the USA (Gunnell and 
Webster 1984). In California, where rice is grown 
on over 200,000 ha, it has been observed since 
the late 1960s and is one of the prevalent rice 
diseases (Gunnell and Webster 1984). All culti-
vars currently grown in California are somewhat 
susceptible to AgSS (Miller and Webster 2001). 
Research in Australia has shown that AgSS can 
result in yield declines of up to 20 % (Lanoiselet 
et al. 2005). Two hundred bacterial strains be-
longing to Bacillus, Proteus, and Pseudomonas 
genera were screened for their ability to inhibit 
the growth of rice fungal pathogen in PDA. The 
P. aeruginosa strain “NEIST 003” showed best 
inhibition against the test pathogens followed 
by B. safensis “NEIST 050,” and B. laterospo-
rus “NEIST 041.” These strains were further se-
lected for detailed studies. Selection of potential 
strains for crop improvement and/or control of 
plant pathogens through in vitro antibiosis have 
been done by several workers (Chakraborty et al. 
2005b; Kumar and Bezbaruah 1997; Dekaboruah 
and Kumar 2002; Utkhede and Rahe 1983; Gad 
2007). Although the in vitro antibiosis test does 
not always co-relate with suppression of soil-
borne plant disease, but because of the magni-
tude of the rhizosphere population and the lack 
of a more reliable method, in vitro screening 
of organisms has been a valuable tool to select 
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the potential strains (Cirvilleri et al. 1999; Cook 
1993). In the present study, bacterization of rice 
seedlings with “NEIST 003” improved the plant 
growth leading to plant biomass improvement 
over the pathogen treated as well as control plants 
under greenhouse conditions. There are several 
reports that PGPR promote growth and control 
many diseases in several crops (Singh et al. 2002; 
Wei et al. 1991). Application of bacterial strains 
to the rhizosphere of tea plants for enhanced 
growth with increased number of leaves and lat-
eral branches are reported earlier (Chakraborty 
et al. 2005a, 2005b). Seed bacterization with 
fluorescent Pseudomonas has been a potential 
method for enhancement of plant growth as well 
as suppression of plant pathogenic fungi (Folders 
et al. 2001; Rao et al. 1999). Bacterization of rice 
seedlings with “NEIST 003” resulted in high-
est increase of shoot height, root length, number 
of leaves, fresh and dry weight of root and leaf. 
Increased shoot height and root length rang-
ing from 16–18 % and enhanced grain yield by 
22.61 % were also recorded by Nautiyal (1997), 
when chickpea seeds were bacterized with a 
Pseudomonas fluorescens strain. Bacillus spe-
cies particularly B. subtilis are reported to have 
growth-promotion and disease-suppression abil-
ity (Harish et al. 1998; Podile 1994; Podile and 
Prakash 1996; Utkhede and Rahe 1983a).

19.5  Conclusion

From the results, it is concluded that the PGPR 
strain was able to suppress rice fungal pathogens 
under in vitro conditions, and also showed a con-

sistent result as shown under greenhouse condi-
tions by inducing disease resistance in the host. 
This positive effect suggests the possible use of 
Pseudomonas strain NEIST 003 as a biocontrol 
agent against these destructive fungi. Therefore, 
the biological method of plant disease manage-
ment seems to be a better alternative to chemical 
fungicides that resulted in environmental pollu-
tion and ill health to biotic community as a whole 
and for that it plays an important role in food se-
curity.
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Abstract

Studies were carried out on the occurrence of a rice blast disease in south-
west Nigeria. Blast disease caused by the fungal pathogen Pyricularia 
oryzae which was not in existence in southwest region of Nigeria in the 
past is now assuming an economic dimension. Pathogenicity tests were 
carried out and assessment of the extent of damage in incidence and sever-
ity which caused considerable loss to the cultivation of rice were investi-
gated and ascertained. While 35–65 % incidence was obtained on the farm 
land, the severity ranged from 3.2 to 5.4. This was very devastating in rice 
production. From the studies conducted, 30–50 % of yield loss in rice is 
recorded and this has caused untold hardship to the rice researchers and 
farmers in the agro-ecological region of Nigeria. A weed, Panicum maxi-
mum, was identified as the alternative host of P. oryzae which may also 
hinder the pathogen’s control. As a preliminary control measure, aqueous 
extracts of three botanicals, namely Ocimum gratissimum, Gmelina arbo-
rea and Chromolaena odorata were employed at concentrations 20, 40, 
60 and 80 % on the growth and sporulation of P. oryzae, the causal organ-
ism of rice blast disease. G. arborea at 60 % and C. odorata at 80 % show 
some promise in reducing mycelial growth and sporulation of the causal 
organism. This served as a preliminary control strategy for rice blast. A 
single isolate is still being observed but molecular studies will be carried 
out to determine their variation.

Keywords 

Pyricularia oryzae · Incidence · Severity · Yield loss · Molecular · Pathogenicity · 
Blast

20.1  Introduction

Rice ( Oryza sativa) which is grown widely in 
most ecological locations in the world is the 
major food source for about 40 % of the world’s 
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human population (WARDA 1993). According to 
WARDA (1993), there are five major rice-grow-
ing ecologies which include the rain-fed upland, 
irrigated lowland, rain-fed lowland, mangrove 
and the deep water or floating rice ecologies. Ap-
proximately, the lowlands provide 75 % of the 
world’s rice while 10 % is grown on the uplands.

Rice has become a major staple cereal in most 
countries of Africa especially West Africa where 
it accounted for more than 25 % of the cereals 
consumed (Africarice 2004). Nigeria is the larg-
est producer of rice in West African subregion, 
producing about 45 % of the total production 
(Africarice 2004). The importance of rice in the 
economy of Nigeria and the availability of vary-
ing rice-growing ecologies and diverse produc-
tion systems led to the special focus placed on rice 
production in the country by Africarice (2004). 
In Nigeria, the importance of rice in the diet of 
the people is steadily on the increase. The annual 
consumption of the staple for an average Nigerian 
is as high as 24.8 kg of rice which represents 9 % 
of the total calorie intake (Akpokodje et al. 2001). 
In spite of the efforts made in increasing rice area 
under cultivation, yields remained very low; thus, 
the production has not been able to meet the con-
sumption level of the growing population. Rice 
production in Africa is seriously affected by dis-
eases. Some of the common diseases of rice in 
Africa are blast, bacterial blight, brown spot, leaf 
scald, sheath blight, sheath rot and Rice yellow 
mottle virus (RYMV) (Ou 1985).

Blast disease caused by the fungal pathogen 
P. oryzae which was not in existence in south-
western Nigeria in the past is now assuming an 
economic dimension as rice is becoming increas-
ingly important in Nigeria (Akpokodje et al. 
2001). For this reason, the government is invest-
ing heavily in the development of the domestic 
rice sector. However, the expensive efforts to 
increase rice production, by the development of 
irrigation schemes where water and water man-
agement are available, allowing double cropping 
and promotion of productive varieties from Asia 
might be hindered by the occurrence of rice blast 
disease due to its projected impact on the crop 
(Abo et al. 1998).

This work was therefore directed to the inves-
tigation of the sudden occurrence of rice blast 

disease in southwestern Nigeria and preliminary 
control measures to check its epidemics.

20.2  Materials and Methods

20.2.1  Experimental Observatory 
Locations

Observatory personnel of The Teaching and Re-
search Farm of The Federal University of Technol-
ogy, Akure, Nigeria brought to the Crop Protec-
tion Diagnostic Laboratory samples of rice blast-
diseased plants, found from some locations as 
reported by rice farmers in the southwestern rice-
farming locations of Nigeria. The rice samples in-
fected with blast were assessed in the laboratory.

Then, each state of the region was visited to 
assess the disease incidence and severity on the 
rice fields. The states visited were Ekiti, Kwara, 
Lagos, Ondo, Ogun, Osun and Oyo.

20.2.2  Disease Incidence and Severity

Disease incidence was determined by taking a 
count of infected plants and expressing it as a 
percentage of the total plants assessed:

Disease incidence = No of plants affected
Total number of plants

× 100
11

.

The disease severity ratings were recorded on 
a 1–6 point scale similar to that of Allen et al. 
(1981):

1 No disease symptoms
2 1–40 % leaves and 1–20 % petioles affected
3  41–60 % leaves and 21–50 % petioles and 

panicles affected
4  61–80 % leaves, 80 % petioles and panicles 

affected
5  Over 80 % leaves, petioles and panicles 

affected
6 Plant completely killed

The mean data of the farms were recorded for 
each state’s location.

Diseased plants were collected and taken to the 
laboratory for symptoms description, mycoflora  
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isolation and identification. The isolated organ-
ism was plated in 14 petri dishes of potato dex-
trose agar (PDA) (two per samples from each 
state) incubated at room temperature (28–30 °C) 
and observed daily for signs of fungal growth. 
Fungal mycelia from the plates were subcultured 
on freshly prepared PDA. At exactly 7 days after 
the culturing when spore would have ensued 
from the cultures, microscopic examinations of 
mycelia and spores produced were carried out.

20.2.3  Pathogenicity Test

Pathogenicity tests were carried out on freshly 
established rice plants in the screen house to as-
certain the role of P. oryzae as the causal organ-
ism of rice blast disease.

Twenty 10-L plastic pots three-quarters filled 
with sterilized loamy-sandy soil were utilized to 
raise 4-week-old rice seedlings (two plants per 
stand). Ten potted plants were for FARO-2 (sus-
ceptible variety) while ten were for NERICA-8 
(resistant variety).

Spore suspension (510 ml−1 water) of the iso-
lated P. oryzae was prepared and used as the in-
oculum for the experiment. The potted rice plants 
were sprayed until runoff and humidity was 
maintained by covering the potted plants, with 
polyethylene bags during the first 3 days with 
daily aeration for the growth and development of 
the pathogen to aid infection process. The plants 
were observed daily for the appearance of disease 
symptoms. The observations were also carried 
out till maturity of the rice.

20.2.4  Preliminary Control with 
Botanicals

As a preliminary control measure, botanicals 
were utilized since the epidemics need to be pre-
vented.

Botanicals used were Chromolaena odorata, 
Gmelina arborea and Ocimum gratissimum.

20.2.4.1  Botanical Extracts
Leaf samples of each of C. odorata, G. arbo-
rea and O. gratissimum were collected from the 

Teaching and Research Farm of The Federal 
University of Technology, Akure, Ondo state in 
the southwest of Nigeria. Southwest region of 
Nigeria falls into the rain forest area with thick 
forest ecosystem, a little above the equator and 
generally has 7–8 months of rain in a year. It has 
a considerable collection of biodiversity with 
many trees and shrubs from which many variet-
ies of plants are available.

Extracts of the botanicals were prepared by 
first air drying the leaves and pulverizing them 
into powdered form which was kept for use. 
Cold extraction was produced by dissolving 
20, 40, 60 and 80 g each of air-dried ground 
leaf samples of the plants in 100 ml distilled 
water and was left for 48 h. After soaking, 
they were filtered through four layers of sterile 
cheese cloth and the filtrate was kept for fur-
ther bioassay (Olufolaji 2006). The cold aque-
ous extracts of the filtrates were passed through 
membrane/millipore filter of pore size 0.2 µm 
to avoid any microbial contamination, and each 
of the extract’s concentrations were kept sterile 
in a 150 ml conical flask. The content in the 
flasks were exposed to UV light for further 
sterilization.

20.2.4.2  In Vitro Assay
The bioassay of each of the plant’s extracts at 
concentrations 20, 40, 60 and 80 % was carried 
out in determining the effect of concentrations 
and various plants extracts on the growth and 
sporulation of P. oryzae, as described by Nene 
and Thapliyal (1971) and Olufolaji (2006). The 
PDA crude extracts were prepared by spreading 
1 ml of the extract, separately on the surface of 
the molten PDA in the petri dishes and was al-
lowed to dissolve into the PDA before solidify-
ing. The control was PDA with distilled water 
spread on the surface. With the aid of 5 mm ster-
ile cork borer, disks were cut from the 7-day-old 
culture grown on PDA and placed at the centre 
of the petri dish containing the PDA crude ex-
tract. The set up was carried out for each of the 
species C. odorata and G. arborea. The whole 
set up which was in completely randomized de-
sign was replicated three times. The experiment 
was carried out under a temperature of 27 ± 2 °C 
and terminated at exactly 7 days, when the my-
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celia in the control would have covered the entire 
petri dish. Radial growth and sporulation was 
calculated (Olufolaji 2006). Statistical analysis 
was carried out for the data and mean separation 
was determined using standard error of the mean 
(SEM).

20.2.4.3  In Vivo Assay
The set up of the screen-house experiments was a 
randomized complete block design having seven 
treatments including the control. They were rep-
licated three times. The treatments comprised the 
three plant extracts in aqueous extraction and in 
concentrations 60 and 80 %. Thus, the total num-
ber of 10-L plastic buckets used in the screen 
house were 7 × 3 replicates totalling 21. The set 
up was a preventive mode of application. Thus, 
the plant extracts were applied by spraying until 
runoff on to the rice seedlings before inoculation 
with the spore suspension of the pathogen ( P. 
orazae).

20.3  Results

20.3.1  Disease Survey

The survey revealed that the disease is present at 
a very considerable proportion in the rice field 
of southwestern Nigeria. It was observed that 

the blast disease have wide epidemics in both 
upland and lowland ecosystems of southwestern 
Nigeria. Most of the farms visited had the pres-
ence of blast disease with varying degree of inci-
dence and severity (Table 20.1). The early stage 
of the disease was manifested as small circular, 
dark brown, water-soaked lesions about 0.5 and 
2 cm in diameter (Fig. 20.1). Infection begins on 
the lobes and sides of the leaf where water often 
seems to collect (Fig.  20.1) as explained by Af-
ricarice (2004).

The lesions enlarged and developed character-
istic yellow halos. A delicate white fungal fuss 
was consistently observed around the lesion on 
both sides of the leaf giving older lesions zona-
tion appearance (Fig. 20.2). A clear light-yel-
lowish fluid which turned bright yellow/golden 
when dry was observed from the centre of some 
of the lesions. These exudates eventually became 
crusty and dark brown on drying out (Fig. 20.2). 
Leaf lamina, petioles as well as stems were also 
affected (Fig. 20.1). Irregularly shaped lesions 
completely covered the leaf blade and dried it up, 
but these dried infected leaves did not drop from 
the petioles (Figs. 20.1 and 20.2). These symp-
toms observed in the fields and samples brought 
to the laboratory were similar to those described 
by other researchers (Ou 1985). The panicles 
were covered with brown patches characteristic 
of the blast disease.

Table 20.1  Impact of blast disease and varietal differences on rice cultivation in the states of southwestern Nigeria
S/N Location 

states
Variety Disease inci-

dence (%)
Disease 
severity

Cultivation type Yield t/ha (paddy) % Yield 
loss

1 Lagos NERICA-8 35 2.2 Lowland 2,9 29.5
FARO-2 36 2.3 Upland 2.2 34.5

2 Ogun NERICA-8 40 4.1 Lowland 2.5 45.6
FARO-2 44 4.2 Upland 2.1 35.6

3 Oyo NERICA-8 50 5.0 Lowland 2.3 47.5
FARO-2 53 4.8 Upland 1.8 50.5

4 Osun NERICA-8 53 5.2 Lowland 2.1 53.7
FARO-2 54 5.0 Upland 1.7 54.7

5 Ondo NERICA-8 52 4.9 Lowland 1.9 48.8
FARO-2 51 5.3 Upland 1.7 45.8

6 Ekiti NERICA-8 42 4.5 Lowland 1.8 43.7
FARO-2 39 4.7 Upland 1.7 43.6

7 Kwara NERICA-8 65 5.3 Lowland 1.4 50.4
FARO-2 66 5.4 Upland 1.2 52.4
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20.3.1.1  Disease Incidence and Severity
While 35–65 % incidence was obtained on the 
farm land, the severity ranged from 3.2 to 5.4. 
This was very devastating in rice production. 
From the studies conducted, 30–50 % of yield 
loss in rice is recorded and this has caused un-
told hardship to the rice researchers and farmers 
in the agro-ecological region of Nigeria. A weed, 
Panicum maximum, was identified as the alter-
native host of P. oryzae which may also hinder 
the pathogen’s control. As a preliminary control 
measure, aqueous extracts of three botanicals, 
namely O. gratissimum, G. arborea and C. do-
rata were employed at concentrations 20, 40, 
60 and 80 % on the growth and sporulation of P. 
oryzae, the causal organism of rice blast disease. 
G. arborea at 60 % and C. odorata at 80 % show 

some promise in reducing mycelia growth and 
sporulation of the causal organism.

20.3.2  Preliminary Blast Disease 
Control with the Botanicals

20.3.2.1  In Vitro Studies
The three plant extracts ( C. odorata, G. arbo-
rea and O. gratissimum) significantly inhibited 
both mycelial growth and sporulation of P. ory-
zae, the causal organism of blast disease of rice 
(Figs. 20.3 and 20.4). Furthermore, the inhibitory 
effects of the plant extracts on mycelial growth 
and sporulation increased as their concentrations 
increased with 80 % concentrations generally as 
the best.

However, C. odorata and G. arborea under 
cold aqueous extracts did not differ significantly 
in mycelial growth inhibition while O. gratissi-
mum was significantly the least in inhibiting my-
celial growth of the fungus. While G. arborea at 
60 and 80 % concentrations gave 71.4 and 75.6 %, 
C. odorata gave 68.5 and 71.3 % mycelial growth 
inhibition, respectively (Fig. 20.3). The effects 
of the plant extracts on sporulation of P oryzae 
followed the same trend as the mycelial growth 
inhibition. Among the cold aqueous extracts, G. 
arborea was the best in that at 80 % concentra-
tion it yielded 76.3 % as the highest sporulation 
inhibition level (Fig. 20.4). This was not signifi-
cantly different from that of 80 % concentration 
of C. odorata which had 70.6 % sporulation inhi-
bition. The least performance was observed in O. 
gratissimum with 41.2 % of sporulation inhibi-
tion under 80 % extract concentration (Fig. 20.2).

It was observed from the in vivo studies that 
the plant extracts had a significant reduction in 
the impact of the blast disease on rice (Fig. 20.5). 
In the impact on disease incidence, cold extracts 
of the three plants at 80 % concentration was 
the best with 56, 42 and 70 % inhibition for C. 
odorata, G. arborea and O. gratissimum, respec-
tively. However, each of them was not signifi-
cantly higher than those of 60 % concentration 
(Fig. 20.5). On the severity of the blast disease, 
80 % extracts concentration of all the cold aque-
ous extracts were significantly the best among 

Fig. 20.2  Blast lesions on foliar parts (leaves, petioles 
and stems) of rice

 

Fig. 20.1  Blast lesions on foliar parts (leaves and 
stems) of rice
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all the tested concentrations. The three botanical 
extracts at 80 % concentration gave 3, 2.5 and 
5.4 % inhibition for C. odorata, G. arborea and 
O. gratissimum, respectively, while at 60 % ex-
tracts concentrations, they yielded severity levels 
of 2.8, 3 and 5.8 % inhibition for C. odorata, G. 
arborea and O. gratissimum, respectively.

20.4  Discussion

It is quite evident from the survey, and the im-
pact of disease incidence and severity, that rice 
blast could cause a great deal of loss on the all 
important crop. However, its occurrence in the 
rice field shows a sign of threat to rice produc-

tion in southwestern Nigeria in which rice is a 
very important staple food.

The use of the botanicals as fungicides for 
plant disease control has been explored in recent 
times by plant protectionists worldwide (Olufo-
laji 2008; Srivastava et al. 2009; Olufolaji 2011).

Reduction of mycelial growth and sporula-
tion of the rice blast disease fungus ( P. oryzae) is 
an indication of the presence of toxic principles 
inside the various plant extracts utilized in this 
study. This also conforms with the findings of 
some previous workers who studied the effects 
of some related plant extracts on the pathogens of 
some crop plants (Srivastava et al. 1999; Olufo-
laji 2006, 2008, Shcheribakova 2011).

Fig. 20.4  Effect of 
aqueous plant extracts 
on mycelial growth in-
hibition of Pyricularia 
oryzae, I = standard 
error

Fig. 20.3  Effect of 
aqueous plant extracts 
on mycelial growth in-
hibition of Pyricularia 
oryzae, I = standard 
error
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The negative impact of rice diseases has 
caused a great yield reduction in rice and re-
sultant loss in rice production (Olufolaji 1999). 
However, the reduction of this negative impact 
by the botanicals has demonstrated that the use 
of botanicals is a promising way of controlling 
the disease and increasing the rice production. It 
is thus evident from this study that botanicals are 
coming up to replace the synthetic fungicides, if 
we care for safe food and pollution-free environ-
ment.
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21.1  Introduction

The own production of apple nursery helps in 
the rejuvenation of old apple orchard and estab-
lishment of new apple orchard. It reduces the 
dependency of orchardist on other agency for 
procurement of apple saplings. Most of the apple 
nurseries are at the altitude between 1,200 and 

Abstract

Cultivation of apple has become the main occupation and major source 
of economy to the farming community of Himachal Pradesh, India. The 
production and supply of healthy apple nursery is key factor in the estab-
lishment of healthy orchard. The nursery production can be carried out at 
lower elevation at an altitude of 1,200–2,500 m. One-year-old seedlings 
embrace the price tag of ` 30–70. It can be a good prospective for small 
farmers with limited input. The biocontrol agent Trichoderma viride (at 
the rate 100 g/m2) and its combined use with other soil amendment, viz. 
Vitex leaves (at the rate 1 kg/m2), soil heating by burning and soil solariza-
tion, influences the soil microflora and growth parameters of seedling in 
apple nursery. The experiment was conducted during the year 2009–2010 
to compare effects of various nonchemical methods and recommended 
chemical methods on the growth of seedlings raised through seeds in Kar-
sog valley of Himachal Pradesh at farmer’s field. Apple saplings growth 
parameters, health, vigorous, population of soil micro flora, pH, electri-
cal conductivity, and organic carbon/matter contents were affected by soil 
amendments in nursery at all experimental sites.
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2,700 m above mean sea level in the Himalaya 
ranges. Apple cultivation requires 1,000–1,500 h 
of chilling below 7 °C during winter to break the 
rest period. Soil depth, drainage and pH deter-
mine the suitability of soil types. Loamy soils, 
rich in organic matter having a pH of 5.5–7.5 
with gentle to moderate slope, proper drainage, 
and good aeration are most suitable. The average 
summer temperature should be around 21–24 °C 
during active growth period. In winter, the aver-
age temperature should not exceed the chilling 
requirement i.e., below 7 °C. The rainfall of 100–
125 cm throughout the growing season is favor-
able (Kishore et al. 2006). Verma et al. (2009), 
investigated that the improvement in soil mois-
ture availability, pH, organic carbon, and nutri-
ent status of the soil was significant after input of 
organic manure. Growth parameters, fruit char-
acteristics, and yield were recorded maximum 
with the application of organic manure. Soil 
solarization for 12 weeks resulted in maximum 
reduction in the population of fungi, bacteria, 
and actinomycetes, at 5, 10, and 15 cm depths 
with 19.56, 35.00, and 40.00 % survival of De-
matophora necatrix propagules at these depths, 
respectively (Sharma and Sharma 2005). Soil 
solarization carried out for longer durations can 
be utilized for soil-borne disease management in 
temperate regions (Sharma et al. 2005). Effect of 
integration of cultural, chemical, and biocontrol 
methods was studied on the incidence of white 
root rot of apple caused by Dematophora neca-
trix to devise a suitable management strategy 
in nursery. In pot culture, all the combination 
gave cent per cent disease control, and no dis-
ease incidence was recorded even after 60 days 
of inoculation. However, under nursery condi-
tions, maximum disease control was recorded 
in a combination of deodar needles+ neem cake 
+carbendazaim (0.1 %) + Trichoderma treatment. 
All the combinations were effective in improving 
the plant health except the individual treatments 
in pot culture. In addition, all treatments were ef-
fective in improving the plant health under nurs-
ery conditions (Rana et al. 2010). Sanchez et al. 
(2006), evaluated the effects of soil management 
on yield, growth, and soil fertility in an organic 
apple orchard cv. Royal Gala/EM 26 and cover 

crop treatments were applied to the inter-row 
spaces planted at 4 × 2 m. Soil organic matter in-
creased in the topsoil especially with permanent 
cover crops, but decreased due to both annual 
soil tillage and less input of groundcover bio-
mass. It is concluded that tree growth and yield 
are affected by soil management. Perennial cover 
crops perform better than annual common vetch. 
Disking is not a recommended practice because 
it may decrease the content of soil organic matter 
and lead to poor tree vigor that corresponds to 
low fruit bearing potential. However, even with 
the use of permanent cover crops the addition of 
organic fertilizers is necessary in order to sustain 
good yields and proper tree vigor. Measurement 
of pH, electrical conductivity (EC) parameters 
provides valuable information for assessing soil 
condition for plant growth, nutrient cycling, and 
biological activity. Soil and crop management 
practices having significant effect on pH and 
EC are considered good indicators of change. 
Elevated pH values indicate potential losses of 
nitrate and subsequent water contamination. The 
tendencies for soil acidification suggest insuffi-
cient use of ammoniac fertilizers and increased 
leaching losses (Smith and Doran 1996). Has-
san et al. (2009), inoculated 1-year-old apple 
seedling of cv. “Red Delicious” with biocontrol 
agents, viz., Glomus mosseae (an endomycorri-
hza), Laccaria laccata (an ectomycorrhiza) and 
Trichoderma harzianum (a fungal antagonist) in 
presence of root rot pathogen, Pythium ultimum, 
to assess their impact on seeding growth and 
disease control. All the biocontrol agents signifi-
cantly enhanced plant height, seedling diameter, 
root length, and plant biomass as compared to 
uninoculated or pathogen-inoculated controls. 
Molin and Rabello (2011), in their study clearly 
indicated that EC relates with soil texture and 
moisture, and may represent an important and 
low price tool for collecting data and characteriz-
ing soil physical properties. The objectives of the 
present study was, firstly to use easy, cost free, 
and eco-friendly practices in the production of 
healthy apple nurseries for orchards, biodynami-
cally. Secondly, recycling of organic waste of 
fields, energy input along with soil amendments 
to make nursery production practice familiar and 
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recognizing its economic importance along with 
use of biocontrol agents to regulate soil health 
and the production of healthy and vigorous stan-
dard rootstocks for grafting with scion of desired 
variety.

21.2  Materials and Methods

The present investigation was carried out at IARI, 
Regional Station (CHC), Shimla-4 and data was 
recorded from experimental field (Fig. 21.1) at 
Churag, in Mandi district of Himachal Pradesh 
(India) situated at an elevation, above mean sea 
level of 1,740 m 31°20′ N latitude 77°08′ E lon-
gitudes. The present study was aimed for the 
production of healthy apple sapling in nurseries 
and evaluation for growth parameters, viz., plant 
height, stem girth, fresh root weight, dry root 
weight, and leaf area against soil characteristics 
i.e., pH, EC, and organic carbon/matter after ap-
plication of soil amendment treatments, viz., soil 
solarization (SS), soil heating by burning (SHB), 
Trichoderma viride (TV), Vitex leaves ( vitex ni-
gundo) (VL) at farmer’s field during 2009–2010. 
The treatments were applied during growing sea-
son while growth parameters were recorded dur-
ing dormancy period in winter. The soil charac-
teristics were recorded consequently during rainy 
and winter season of same year also.

The overall details of the treatments at experi-
mental field were as follow:
• T1—Application of TV at the rate 100 g/m2

• T2—Soil amendments i.e. Vitex/garlic leaves 
at the rate 1 kg/m2

• T3—SHB straw/SS
• T4—T1+T3
• T5—T1+T2+T3
• T6—T1+T2+T3+T8 (if required)
• T7—T1+T2
• T8—Application of chemicals
• T9—SS (polythene sheet, i.e., 25 µm thick)
• T10—Control
The soil samples were drawn from experimental 
fields consequently during same growth season 
to determine the soil characteristics, viz., pH, EC, 
microbial population, organic carbon and matter 
as presented in Table 21.1. The pH and EC was 
determined by “Lab Quest” 1:2 soil:water sus-
pension. The soil samples were further analyzed 
for the estimation of organic carbon and organic 
matter collected from experimental nurseries. 
The chromic acid titration/rapid digestion meth-
od was used for its estimation (Walkley 1947). 
Plant growth characteristics such as plant height, 
girth, leaf area, fresh and dry root weight were 
recorded for each treatment at experimental sites 
and presented in Table 21.2. The plants were se-
lected randomly and plant height was recorded 
from stem base to the tip of the seedlings. Plant 
girth was measured with the help of vernier cali-
per and recorded in millimeter. Leaf area mea-
surements were recorded with the help of leaf 
area meter and expressed in square centimeter. 
Ten leaves were taken from each treatment. Root 
weight was recorded after uprooting three plants 
at random from each treatment. The root portion 
was cut from the stem base, washed in tap water, 
air dried, and fresh root weight was recorded in 
grams per plant. After that the roots were dried 
in oven at 50 °C for 5–6 days till constant dry 
weight was achieved. The data so obtained for 
different characters was averaged and analyzed 
statistically.

21.3  Results and Discussion

Soil moisture, pH, organic carbon, and available 
nitrogen (N), phosphorous (P), and potassium 
(K) were recorded maximum after the applica-
tion of commercial organic manure at the rate 
20 kg tree−1 treatment and farmyard manure at 

Fig. 21.1  Experimental field of apple ( Malus × domes-
tica) nursery
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the rate 100 kg tree−1. Better quality apple fruits 
were also obtained under the application of com-
mercial organic manure at the rate 20 kg tree−1 
and farmyard manure at the rate 100 kg tree−1 
during the years of experimentation (Verma et al. 
2010). The study to assess the effects of inte-
grated, organic, and conventional apple produc-
tion systems on horticultural performance, soil 
quality, and orchard profitability indicated that 
the integrated and organic production systems 
maintained higher soil quality than did the con-
ventional system (Glover et al. 2000). The appli-
cation of composted apple pruning promotes the 
growth of apple nursery trees and is an effective 
method of improving the chemical properties of 

soil (Sakamoto et al. 2010). The growth param-
eters of apple saplings and soil characteristics, 
viz., pH, EC, organic carbon, and organic matter 
were evaluated to find out best treatments at trial 
sites. The soil samples were analyzed for micro-
bial population, pH, EC, organic carbon/matter 
status, and compared with the growth character-
istics as follow.

21.3.1  pH

The pH of all samples ranged from 6.48(T8) to 
6.89(T1). Increase in the pH value toward neu-
tral i.e., pH 7 increased the plant height and girth 

Table 21.2  Effect of different treatments on plant growth characteristics at nursery trial site
Treatment No Average 

seedling 
height (cm)

Average fresh 
root weight (g)

Average dry 
roots weight (g)

Average 
leaf area 
(cm2)

Average 
seedling 
girth (mm)

T1—Trichoderma viride 73.50 2.30 1.19 19.75 5.44
T2—Soil amendment—Vitex leaves 91.80 3.80 1.52 22.08 6.77
T3—Soil heating by burning stubbles 85.60 2.28 1.47 23.65 6.65
T4—(T1+T3) 88.19 1.97 0.85 25.94 6.68
T5—(T1+T2+T3) 107.10 1.69 0.75 23.99 7.18
T6—(T5+T8 if required) 105.00 3.25 1.28 22.10 6.87
T7—(T1+T2) 98.10 2.06 0.93 21.99 6.67
T8—(Bavistin at the rate 0.1 %) 91.70 2.23 0.95 21.82 5.99
T9—Soil solarization 94.50 2.07 0.84 20.30 6.07
T10—Control 95.40 1.27 0.53 23.71 5.93

Table 21.1  Status of microbial population, organic carbon/matter, pH, and electrical conductivity of soil at experi-
mental nursery site
Treatments pH Average microbial population Organic 

carbon 
(%)

Organic 
matter (%)

Electrical 
conductiv-
ity in µs/cm 
Range(0–2,000)

Fungi 
103 cfu/g

Bacteria 
104 cfu/g

Actino-
mycetes 
104 cfu/g

T1 (Trichoderma viride) 6.89 1.33 7.00 6.33 1.15 1.98 485
T2 (soil amendments) 6.79 0.33 8.33 5.33 1.07 1.84 428
T3 (soil burning) 6.68 0.66 10.33 7.00 0.98 1.68 462
T4 (T1+T3) 6.80 0.33 9.00 4.66 1.00 1.72 470
T5 (T1+T2+T3) 6.75 0.33 5.66 5.00 1.27 2.18 454
T6 (T1+T2+T3+T8 

(if required)
6.81 0.33 8.33 4.66 1.20 2.06 471

T7 (T1+T2) 6.78 1.00 7.66 6.00 1.23 2.12 405
T8 (application of chemicals) 6.48 0.66 6.00 5.00 1.13 1.94 395
T9 (soil solarization) 6.63 0.33 5.33 5.66 1.10 1.89 472
T10 (control) 6.60 0.33 9.66 9.66 0.95 1.63 480

J. K. Verma et al.
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value. The fresh root weight (3.80 g) and dry 
root weight (1.52 g) had maximum value at pH 
6.79 (T2). The maximum leaf area (25.94 cm2) 
was observed at pH 6.80 (T4). Shoot growth in-
creased with soil pH. The highest yield (boxes/
tree) was obtained at pH 6.0–6.5 and the largest 
fruits were produced at pH 5.5–6.9. Low soil pH 
was associated with high concentrations of man-
ganese (Mn) in the leaves and fruit and a reduc-
tion in fruit red skin color (Raese 1995).

21.3.2  Electrical Conductivity (EC)

The EC (0–2,000 µs/cm) ranged from 395µs/
cm (T8) to 485 µs/cm (T1). The maximum plant 
height and girth was observed on EC value 
454.00 µS/cm (T5). The maximum value of fresh 
and dry root weight was observed at EC value 
428.00 µS/cm (T2).The maximum leaf area was 
observed at EC value 470.00 µS/cm (T4). It is 
clearly indicated that EC relates with soil texture 
and moisture, and may represent an important 
and low price tool for collecting data and char-
acterizing soil physical properties (Molin and 
Rabello 2011).

21.3.3  Organic Carbon/Matter 
Contents

Organic matter (OM) and organic carbon (OC) 
ranged from 1.63 % (T10) to 2.18 % (T5) and 
0.95 % (T10) to 1.27 % (T5), respectively. The 
maximum plant height and girth were observed 
at the OC value of 1.27 % and OM value of 
2.18 % in T5. The maximum fresh and dry root 
weight were observed at the OC value of 1.07 % 
(T2) having OM value 1.84 %. The maximum 
leaf area was observed at the OC of 1.00 % and 
OM 1.72 % in T4. Organic fertilization and soil 
management can interfere directly on the yield 
and growth of apple trees, especially in shallow 
soils. The application of litter poultry promoted 
the recovery of plant growth and in a more ef-
ficient way when herbicide was used as weed 
control (Nava 2010).

21.3.4  Microbial Population

Microbial count showed that the fungal popula-
tion ranged from 0.33 × 103 (T10) to 1.33 × 103 
(T1) and the bacterial population ranged from 
5.33 × 104 (T9) to 10.33 × 104 (T3). Similarly, ac-
tinomycetes population ranged from 4.66 × 104 
(T4) to 9.66 × 104 (control).The microbial popu-
lation of bacteria, fungi, and actinomycetes were 
maximum in T3, T1, and control, respectively. 
The minimum values for the same were observed 
in T9, T10, and T4, respectively (Fig. 21.2). 
The higher organic content was associated with 
higher fungal diversity and population levels and 
quality of poor soil can be altered by enriching 
and modifying the microbial flora of the soil 
(Wahegaonkar et al. 2009).

21.3.5  Growth Parameters

Maximum average plant height was 107.10 cm in 
T5 followed by T6 (105.00 cm), and minimum 
average height was 73.50 cm (T1). The seedling 
girth was ranged from 5.44 mm (T1) to 7.18 mm 
(T5). The fresh root weight ranged from 1.27 g 
(control) to 3.80 g (T2), and dry weight ranged 
from 0.53 g (control) to 1.52 g (T2). The aver-
age leaf area ranged from 19.75 cm2 (T1) to 
25.94 cm2 (T4).

The soil characteristics of above treatments 
gave maximum growth parameter values in T2 
and T5. The fresh root weight (3.80 g) and dry 
root weight (1.52 g) had maximum value at pH 
6.79 (T2). The maximum leaf area (25.94 cm2) 
was observed at pH 6.80 (T4). The maximum 
plant height and girth was observed at EC value 
454.00 µS/cm (T5) and pH 6.75 (T5). The 
maximum value of fresh and dry root weight 
was observed at EC value 428.00 µS/cm (T2).
The maximum leaf area was observed at EC 
value 470.00 µS/cm (T4).The maximum plant 
height and girth were observed on OC value 
1.27 % and OM value 2.18 % in T5. The maxi-
mum fresh and dry root weight were observed 
on OC value 1.07 % (T2). The OM value for 
the same was 1.84 % (T2). The maximum leaf 
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area was observed on value OC 1.00 % and 
OM 1.72 % in T4. The microbial population of 
bacteria, fungi, and actinomycetes was examined 
maximum in T3, T1, and control, respectively. 
The treatment wise growth characteristics are 

presented in Fig. 21.3. These soil amendment 
treatments can overcome the drawbacks of con-
ventional method of apple nursery production 
and ensure organic nursery production with de-
sired traits.

Fig. 21.3  Effect of treatments on growth characteristics of apple ( Malus × domestica) saplings

 

Fig. 21.2  Treatment wise average microbial population
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21.4  Conclusions

The application of biocontrol agent TV at the rate 
100 g/m2 mixed with FYM and its combined use 
with other soil amendments, viz., VL at the rate 
1 kg/m2, SHB i.e., TV+VL+SHB influenced the 
soil characteristics and growth parameters at ex-
perimental field. The effect of treatments on biotic 
and abiotic factors of apple nursery revealed that 
pH of treated nursery soil ranged from 6.48 (chem-
icals) and 6.89 (TV). The fungal population ranged 
from 1.33 × 103 (TV) to 0.33 × 103 (control). The 
bacterial population ranged from 5.33 × 104 (SS) to 
10.33 × 104 (SHB). The actinomycetes population 
ranged from 4.66 × 104 (TV and SHB) to 9.66 × 104 
(control). The organic matter and carbon ranged 
from 1.63 % (control) to 2.18 % (TV, VL, and 
SHB) and 0.95 % (control) to 1.27 % (TV, VL, and 
SHB), respectively. The average plant height was 
maximum 107.10 cm (TV+VL+SHB) and mini-
mum 73 cm (control) whereas plant girth ranged 
from 5.44 mm (TV) to 7.18 mm (TV+VL+SHB). 
The fresh root weight ranged from 1.27 g (control) 
to 3.80 g (VL). The dry root weight ranged from 
0.53 g (control) to 1.52 g (VL). The leaf area ranged 
from 25.94 cm2 (TV and SHB) to 19.75 cm2 (TV). 
It indicates that health and vigorousity was affected 
by the soil amendments in nursery at the present 
geographical experimental sites. The use of bio-
control agents and chopped leaves of the medicinal 
plant VL along with SHB overcomes the draw-
backs of conventional method of apple nursery 
production and ensures the production of an organ-
ic nursery with vigorous and healthy saplings. The 
less input along with organic waste recycling in the 
cultivation of apple nursery impact soil health and 
growth parameters of apple sapling. It regulated 
the population of soil microflora and increased the 
organic carbon or matter contents also.
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Abstract

An indigenous insect pathogenic fungi Metarhizium anisopliae (TK09) 
was isolated and evaluated for antifungal activity against phytopathogenic 
fungi Fusarium oxysporum, Cladosporium herbarum and Curvularia cla-
vata. The dichloromethane (DCM) solvent was used for the extraction of 
fungal secondary metabolites and was assessed against plant pathogenic 
fungi at various concentrations ranging 500–1,200 µg/ml by agar disk dif-
fusion method. As a result, the fungal crude metabolite showed the highest 
inhibitory activity against C. herbarum and lowest to F. oxysporum. Thus, 
the overall results suggest that isolate TK09 may be used as a control for 
plant pathogens and insects pest as well.

Keywords 

M. anisopliae · Insecticidal activity · Antifungal activity · Plant pathogens

22.1  Introduction

Fungal phytopathogens are the major causative 
agent of many plant diseases with subsequent 
loss of crop yields, especially in subtropical and 
tropical regions (Brimner and Boland 2003). In 
the present scenario, numerous reports are avail-
able on potential usages of biocontrol agents 
(Bacteria, Fungi), as a novel alternative of ag-

rochemicals (Yang et al. 2008). Microbial as-
semblage present in the soil is an essential part 
of soil ecosystem for sustainable agriculture, for 
controlling pest population and suppressing the 
soil-borne pathogens. The soil environment rep-
resents an important reservoir for a diversity of 
entomopathogenic fungi (EPF) which can con-
tribute significantly to the regulation of insect 
population. Many species belonging to Hypocre-
ales inhabit the soil for a significant part of their 
life cycle as dormant conidia in the vicinity of 
dead host cadaver with limited saprobic growth. 
The infective propagules cause muscardine dis-
ease in living insect host for a relatively short 
period of time. Beauveria and Metarhizium spp., 
were the two most widely used EPF to combat 
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insect population which has been exploited to 
develop as a biocontrol agent for many impor-
tant insect and plant pathogens. This fungus has 
been deemed safe, environmentally acceptable 
alternative to chemical pesticides (Zimmermann 
1986).

Selection of indigenous M. anisopliae may 
be the best-suited control agent to local pest in 
that area by producing variety of bioactive com-
pounds for the development of an efficient and 
eco-friendly formulation of biopesticides. There-
fore, the study was focused on the isolation of 
EPFs from agricultural soils and evaluation of its 
crude metabolites against phytopathogens.

22.2  Material and Methods

22.2.1  Isolation of EPF

Entomopathogenic fungi were isolated from soil 
samples using the ‘‘Galleria bait method’’ (GBM) 
(Zimmermann 1986). After isolation, the isolate 
was evaluated for virulence against model insect. 
Further, the isolate TK09 was cultivated on oat-
meal agar medium and incubated for 7 days at 
27 °C or until sporulation. For long-term stor-
age, TK09 conidial suspensions were prepared in 
20–30 % glycerol solutions and stored at − 80 °C 
as a stock culture which will be subcultured for 
further analysis (Zimmermann 1986).

22.2.2  Preparation of Crude 
Extract of TK09

The aerial conidium of TK09 was harvested from 
15-day-old sporulating cultures by scraping the 
surface with a spatula and suspended the conidia 
in sterile 0.05 % aqueous (w/v) Triton X-100. The 
isolate was further cultivated in 250 ml Erlen-
meyer flasks containing 100 ml of Czapek Dox 
agar medium with 0.5 % (w/v) bacto peptone, 
pH 7.0. The flasks were inoculated with 1 ml of 
conidial suspension containing 107 conidia/ml 
and incubated at 25 ± 1 °C on an orbital shaker at 
150 rpm for 9–12 days. The mycelium and impu-
rities were removed by centrifugation (8,000 g, 

30 min, 4 °C). In addition, the culture filtrate 
was filtered through a Buchner funnel lined with 
Whatman filter paper No. 1 to ensure complete 
removal of conidia and hyphen debris. The crude 
culture filtrate was mixed with dichloromethane 
solvent (3 × 500) for 2 h followed by cheesecloth 
filtration to remove the biomass. Then the solvent 
was saturated with rotary vacuum evaporator for 
solvent-free extracts. The extracted metabolites 
were further stored at − 4 °C for further study.

22.2.3  Antimicrobial Assay

The extracted metabolite of TK09 was further 
mixed with dimethyl sulfoxide (DMSO) for anti-
fungal activity against plant pathogenic fungal F. 
oxysporum, C. herbarum and C. clavata. The test 
pathogens were procured from the department of 
Biotechnology and maintained on potato-dex-
trose-agar (PDA) plates. Different concentration 
of DMSO-mixed extract was prepared and evalu-
ated against pathogens by disk diffusion method 
and plane DMSO was used as a control. Plates 
were monitored for the development of zones of 
inhibition every 24 h for 4 days. Three replicates 
were used for each pathogen.

22.3  Results

22.3.1  Pathogenicity of EPF 
on Preliminary Screening

EPF was evaluated for its efficacy and pathoge-
nicity using a model insect Galleria mollenella 
larva (Koch’s postulates). The M. anisopliae 
TK09 isolate was assayed for its virulence and 
infectivity rate ranges from 30 to 100 % within 
3–5 days. The TK09 isolate produced 100 % 
mortality rate on fourth day and exhibited ex-
posed green mycelial development in cadavers.

22.3.2  Growth Inhibitory Action

The potential strain of M. anisopliea (TK09) fun-
gal crude extracts was tested against plant patho-
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gens such as, F. oxysporum, C. herbarum and C. 
clavata (Fig. 22.1b). Entomopathogenic fungus 
of M. anisopliea was found to be very effective 
for fungal pathogens when checked by a well-dif-
fusion method. The minimum inhibitory concen-
tration was determined according to the different 
concentrations (500–1,200 µg/ml) by isolated 
compounds. It showed highest activity against 
C. herbarum (20.6 ± 2.5/1,200 µg/ml) and lowest 
activity against F. oxysporum (17.2 ± 2/1,200 µg/
ml) (Table 22.1) when the zone of inhibition was 
measured. In DMSO, no activity was observed. 
The dichloromethane crude extraction of M. an-
isopliea showed a significant variation in con-
centration between 700 and 1,200 µg/ml against 
plant pathogens.

22.4  Discussion

Biological control agents are perceived to have 
specific advantages over synthetic fungicides, 
including fewer nontarget and environmen-
tal effects, efficacy against fungicide-resistant 
pathogens and reduced probability of resistance 
development (Harman 2000; Cook 1988; Anony-
mous 1999; Tsror et al. 2001). Insecticides have 
a potential to affect the various developmental 

stages of entomopathogenic fungi. All tested in-
secticides displayed varying degree of potential 
to inhibit growth and conidial germination of 
both entomopathogenic fungi which corroborate 
with previous findings (Mietkiewski and Gorski 
1995; Gupta et al. 1999). They observed varia-
tions in toxicity response of entomopathogenic 
fungi from synergistic, antagonistic or neutral to 
insecticides. Hassan and Charnley (1989) also 
reported inconsistent interaction between fungus 
and insecticides. Fungitoxic effects of insecti-
cides vary as a function of the chemical nature 
of the products and interacting microbial species 
(Antonio et al. 2001).

A given insecticide may have different fun-
gitoxic effects on various developmental stages 
of the fungus (Li and Holdom 1994). The poten-
tial inhibitory effects of pesticides on germina-
tion and mycelial growth of entomopathogenic 
fungi vary among taxa and strains (Vanninen 
and Hokkanen 1988). Effect of insecticides on 
conidial germination is the most important as-
pect to evaluate fungus–insecticide compatibil-
ity (Neves et al. 2001; Hirose et al. 2001). This 
happens because the fungi infect insects through 
the conidial germination which is the first step 
of the infection process (Oliveria et al. 2003). 
Our results suggested that conidial germination 

Table 22.1  Antifungal activity of M. anisopliae against plant pathogenic fungi
Test organisms Concentraction (µg/ml)/zone of inhibition

500 600 700 800 900 1,000 1,100 1,200
F. oxysporum – 2.9 ± 0.3 3.9 ± 0.9 6.5 ± 0.3 6.7 ± 0.2 7.9 ± 0.5 12 ± 1.1 17.6 ± 2.0
C. herbarum – 2.1 ± 0.2 4.6 ± 0.2 5.3 ± 0.5 9.0 ± 1.5 11 ± 1.5 14 ± 1.1 20.6 ± 2.5
C. clavata – 4.3 ± 1.5 7.0 ± 0.5 8.6 ± 0.5 10.3 ± 0.5 10.6 ± 1.1 16 ± 2.0 19.6 ± 2.0
DMSO – – – – – – – –
a DMSO - Negative control
b Values are represent mean± SE of three experiments

Fig. 22.1  Galleria biting technique (a), Antifungal activity against three plant pathogenic fungi on Fusarium oxyspo-
rum (b) Curvularia clavata (c) and Cladosporium herbarum (d) plates after 7 days at 25 ± 1°C
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was more sensitive to insecticides than myceliel 
growth of the fungi. The germination of conidia 
is more severely affected than the growth of ento-
mopathogenic fungi in the presence of pesticides 
(Hall 1981).

Low-cost production and field dispersal meth-
od of the biocontrol agent should be developed 
to improve production, effectiveness and sustain-
ability. M. anisopliae continues to remain as the 
most potential biological control agent, for plant 
pathogens and pest attacking, to plant. The fungi 
infects and inhibits pathogenic growth and there-
fore has the potential to provide longer-term sup-
pression of subsequent pest generations and to 
develope suitable agro ecosystem.
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Abstract
Cucurbitaceae is the largest group of summer vegetables which includes 
about 118 genera and 825 species and most of which are known to possess 
medicinal values. Several major pathogens are known to infect cucurbits 
and cause yield loss up to 70–80 %. Among them, Fusarium wilt and black 
rot are prevalent in and around Mysore, Karnataka, India. Plant growth 
promoting bacteria (PGPR) in the rhizosphere, enhances plant growth by 
exerting their beneficial effects through metabolites that directly or indi-
rectly influence the plant growth. In the present study, seven bacterial iso-
lates were isolated from the rhizosphere soils of Cucurbitaceae crops near 
Mysore, India. The bacterial isolates were identified based on the morpho-
logical and biochemical tests. The root rot pathogen Fusarium oxysporum 
and black rot causing Phoma sp. were isolated from Cucurbitaceae crops. 
The antifungal activity of PGPR isolates against F. oxysporum and Phoma 
sp. was studied by dual culture assay.

All the isolates were screened for their plant growth promoting traits 
such as phosphate solubilisation and ability to produce—indole acetic acid 
(IAA), siderophore, hydrogen cyanide (HCN) and enzymes. The PGPR 
strains showing more than two traits also showed good antifungal activity 
against F. oxysporum and Phoma sp. An increase in the growth rate ac-
companied by decreased disease intensity was noticed in the plants treated 
with selected PGPR.

Keywords 

PGPR. · Fusarium oxysporum · Antagonism

23.1  Introduction

The increasing population worldwide necessitat-
ed the practices to ensure food security to combat 
against the population growth-related problems 
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such as malnutrition and energy deficiency. The 
need for food security also emphasised by other 
factors such as climate change, desertification, 
lack of water and increased resistance in patho-
gens. Infectious diseases have long been a major 
threat to food security, directly relevant to a world 
population that has been growing at an annual 
rate. The modernization of agriculture empha-
sises on excessive use of chemicals and change 
in traditional cultivation practices. But this has 
resulted in the deterioration of physical, chemical 
and biological health of the soil (Cummings 2009; 
Mader et al. 2011). This scenario will exert an in-
creased demand on the available agricultural land 
for more production to meet the requirement. In 
the developing world, to control or minimize the 
use of chemicals in agriculture and to increase 
the nutrient availability for the plants, plant 
growth promoting rhizobacteria (PGPR) is being 
used from past three decades. They replenish mi-
cronutrients to soil, promote the plant growth as 
well as increase the crop yield and help in dis-
ease control by being associated with the plant 
rhizosphere (Rana et al. 2011; Glick 2012; Singh 
2013). The worldwide harvest of watermelons, 
cucumbers, melons, squashes and pumpkins was 
approximately 213,000,000 metric tons with 
33 % growth in 2010. Watermelon, muskmelon, 
cantaloupe along with other melons constitute 
126,000,000 metric tons with 12 % growth in 
2010 (Egel and Martyn 2007; FAOSTAT 2011).

Many microorganisms that inhabit the rhizo-
sphere can be grouped into bacteria, fungi, acti-
nomycetes, algae and protozoa. Agrobacterium, 
Azospirillum, Azotobacter, Bacillus, Burkhold-
eria, Pseudomonas, Serratia, Streptomyces, 
Rhizobia are some of the bacterial strains used 
as biofertilizers as well as biocontrol agents to 
increase the yield of the crops. There are many 
direct and indirect mechanisms to enhance the 
growth of plants such as the production of hor-
mones like indole acetic acid (IAA) (Zhao 2012) 
and gibberellic acid (GA) (Liu et al. 2013), pro-
duction of cell wall-degrading enzymes like 
chitinase and β-1,3-glucanase (Kumar et al. 
2012), production of hydrogen cyanide (HCN) 

(Jayaprakashvel et al. 2010), iron-chelating 
siderophores (Yu et al. 2011), mineralization 
or solubilisation of phosphorous (Gupta et al. 
2011) and antagonism (Kumar et al. 2010). All 
these multiple plant growth-promoting traits 
represents the potential of PGPR. In this study, 
consideration is given to control cucurbit dis-
eases and promote plant growth using PGPR.

23.2  Materials and Methods

23.2.1  Sample Collection and 
Microbial Isolation

Rhizosphere soil was collected from six differ-
ent Cucurbitaceae fields located in Mysore and 
Mandya. The bacteria were isolated from soil by 
plating the serially diluted soil samples on nutri-
ent agar medium (NA). The PGPR strains were 
confirmed by the rapid screening bioassay (Silva 
et al. 2003).

The fungal cultures of Fusarium oxysporum 
and Phoma sp. were isolated from cucurbit 
samples with disease symptoms from the native 
fields whose pathogenicity was confirmed by 
reinoculation. These pathogens were used for in 
vitro and in vivo experiments.

23.2.2  Standard PGPR Strains

Pseudomonas aeruginosa MTCC2581, Bacil-
lus coagulans MTCC3543, Bacillus subtilis 
MTCC2763 and Bacillus circulans MTCC7194 
were procured from Microbial Type Culture Col-
lection (MTCC) Chandigarh and used as stan-
dard PGPR strains.

23.2.3  Confirmation of PGPR Traits

Rhizobacterial samples were characterised on 
the basis of biochemical tests as described by 
Cuppuccino and Sherman (2008). The PGPR 
traits were confirmed by following standard tests.

T. S. Avinash and R. V. Rai
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23.2.4  Phosphate Solubilisation

The rhizobacterial isolates were inoculated on 
the Pikovskaya’s agar media and the plates 
were incubated for 4 days. A clear zone around 
the bacterial colonies confirms phosphate 
solubilisation (Laslo et al. 2012).

23.2.5  HCN Production

Glycine (4.4 g/l) and iron chloride hexahydrate 
(FeCl3 · 6H2O, 0.3 mM) were amended with 10 % 
trypticase soy agar slants. Whatman no.1 filter 
papers were cut into uniform strips saturated with 
alkaline picrate solution and placed in the sides 
of the agar slants. The relative quantification of 
HCN was done spectrophotometrically at 625 nm 
as described by Nagarajkumar et al. (2004).

23.2.6  IAA Production

The fermented broth of bacterial isolates were 
subjected to qualitative screening for IAA using 
Salkowski’s reagent (2 % of 0.5 M FeCl3 in 35 % 
HClO4) by spectrophotometer (Rana et al. 2011).

23.2.7  Siderophore Production

Siderophore production was tested based on 
the method of Hu and Xu (2011) using chrome 
azurol S, a blue indicator dye. Bacterial isolates 
exhibiting an orange halo after 3 days of incuba-
tion at 37 ± 2 °C were considered positive for the 
production of siderophores.

23.2.8  Production of Enzymes

PGPR isolates were tested further for their ability 
to produce the following enzymes.

23.2.8.1  Amylase
Bacterial isolates were streaked onto starch me-
dium and incubated for 2–3 days at 37 °C. The 
plates were flooded with Lugol’s iodine solution 

and observed for zone of hydrolysis. Appearance 
of clear zone of hydrolysis around and under the 
bacterial growth indicates hydrolysis of starch 
(Cuppuccino and Sherman 2008).

23.2.8.2  Cellulase
Production of cellulase was determined in basal 
medium supplemented with carboxymethyl cel-
lulose (CMC) (10 g/l) incubated at 37 °C for 24 h 
(Kavamura et al. 2013).

23.2.8.3  Protease
The test bacteria were inoculated onto the ster-
ile skimmed milk agar plates and incubated for 
48 h at 28 °C. The agar plates were observed for 
formation of clear zones around the colonies 
(Suresh et al. 2010).

23.2.8.4  Chitinase
The rhizobacterial strains were inoculated on the 
colloidal chitin agar plates incubated at 37 ± 2 °C 
for 4 days. The plates were stained with 0.1 % 
Congo red solution after incubation to detect the 
production of chitinase indicated by halo zones 
around the colony (Shanmugaiah et al. 2008).

23.2.8.5  β-1,3-glucanase
β-1,3-glucanase is detected using the sterilized 
media amended with laminarin and incubated 
for 2–3 days at 37 ± 2 °C. The bacteria forms 
halo zone by producing laminarin-degrading 
β-1,3-glucanase (Kumar et al. 2012).

23.2.9  In Vitro Antagonism Assay

Antagonistic nature of all selected rhizobacterial 
isolates against two phytopathogens F. oxysporum 
and Phoma sp. isolated from the cucurbitaceous 
field was determined by employing a dual culture 
technique. Bacterial isolates were seeded at the 
edges of a 90 mm petri plate containing PDA and 
incubated for 36 h at 28 ± 2 °C. A 9 mm diameter 
plug of fungus was placed on the centre of the 
circle. Plates were incubated at 28 ± 2 °C for 7 
days. The radii of the fungal colony towards and 
away from the bacterial colony were measured. 
The percentage of growth inhibition was calcu-
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lated using the formula given by (Pastor et al. 
2012).

% Inhibition = (R − r)/R × 100

where r is the radius of the fungal colony oppo-
site to the bacterial colony, and R is the maximum 
radius of the fungal colony away from the bacte-
rial colony.

Each of the rhizobacterial isolates was main-
tained in triplicate and all the experiments were 
carried out in triplicates.

23.3  Results and Discussion

PGPR in the rhizosphere enhances plant growth 
by exerting their beneficial effects through me-
tabolites that directly or indirectly influence the 
plant growth. PGPR strains were reported to 
antagonize against the plant pathogens by sid-
erophore production, antibiotics and regulation 
of the ethylene level to protect plants, and they 
also managed to promote the plant growth (Ben-
eduzi et al. 2012). Mader et al. (2011) reported 
after an inoculation of the PGPR an increase in 
micronutrient was seen in wheat, rice and black 
gram soils. It increases yield by 41 % and pro-
tects soil nutrients for future crops in sustainable 
agriculture. The main aim of the study was to 
screen the potential PGPR from the cucurbita-
ceous fields against two main cucurbit pathogens  
F. oxysporum and Phoma sp. of Cucurbitaceae.

Along with eight PGPR strains isolated from 
rhizosphere soil, another four PGPR strains from 
MTCC were used as standards. Among the iso-
lates, two were Gram negative and ten were 
Gram positive (Table 23.1). All the isolates were 
rods, tolerant to salt and high temperature. Isolate 
MIC 1, MIC 6, MTCC 2581 and MTCC 2763 
helped in phosphate solubilisation and increased 
the soil fertility. Hariprasad and Niranjana (2009) 
reported the decrease in the incidence of F. oxy-
sporum wilt of tomato after the field treatment 
with the phosphate solubilising microorgan-
isms. The PGPR secretes organic acids which 
solubilise complex phosphorous molecules to the 
phosphorous (Singh and Satyanarayana 2011).

Microbes produce a row of enzymes trypto-
phan transaminase and decarboxylase to control 
the L-tryptophan-dependent pathway in the plant 
growth promotion (Idris et al. 2007). All PGPR 
isolates used in the study produced IAA by using 
tryptophan as substrate, out of which the pro-
duction was significantly high in MIC 6 isolate 
(212 mg/ml). Seedlings inoculated with PGPR 
showed a correlation between length and number 
of lateral and hair roots as ethylene biosynthesis 
in plant is mediated by bacterial IAA increasing 
surface area of the root (Bhattacharyya and Jha 
2012). Ahmed et al. (2008) confirmed the en-
hanced root growth due to enhanced IAA produc-
tion by Bacillus, Pseudomonas and Azotobacter 
in the presence of increased concentration of the 
tryptophan.

HCN is a volatile antibiotic produced by 
PGPR isolates against the microbes. In our tests 
only the isolates MIC 4 and MTCC 3543 pro-
duced HCN. George et al. (2013) reported that 
HCN produced by microbes is an important anti-
fungal trait to control root infecting fungi. Blom 
et al. (2011) summarized 43 strains of PGPR with 
different types of volatiles increase the growth of 
Arabidopsis thaliana.

Siderophores are metal chelating molecules 
produced by many PGPR microorganisms 
which increase the iron near the rhizosphere 
and enhance the growth of the plant. Sidero-
phore assay was based on competition for iron 
between ferric complex of an indicator dye—
CAS and chelator or siderophore produced by 
microorganisms to remove iron from the CAS. 
Four isolates MIC 1, MIC 6, MTCC 2581 and 
MTCC 2763 produced siderophores. Hu and Xu 
(2011) confirmed production of siderophore by 
Bacillus sp. in various media. In Oryza sativa, 
siderophore producing bacteria showed strong 
biological control against phytopathogens like 
F. oxysporum, Pyricularia oryzae, Sclerotium 
sp. and Pseudomonas aureofaciens (Chaiharn 
et al. 2009). Yu et al. 2011 reported that Bacillus 
subtilis induced systemic resistance by sidero-
phore production to give protection against the 
Fusarium wilt of the pepper.

PGPR microbes produce many enzymes such 
as chitinase, β-1,3 glucanase, protease, cellu-
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lase and lipase, which have the capacity to lyse 
or degrade the cell walls of fungi. The enzyme 
production capacity of PGPR strains used in the 
study is tabulated in Table 23.2. The strains mainly 
produced chitinase, β-1,3 glucanase and protease 
enzymes. Compant et al. (2005) reported that the 
biocontrol capacity of the PGPR strains is be-
cause of their capacity to produce chitinase and 
β-1,3-glucanase. Production of chitinase, cellu-
lase, pectinase, amylase, β-1,3 glucanase, protease 
and lipase was reported in Pseudomonas sp. gave 
protection to tomato plants from fungal pathogens 
(Pastor et al. 2012; Solanki et al. 2012).

PGPR isolates inhibited the fungal mycelial 
growth, when tested in vitro by dual culture assay. 
Isolates MIC 3 and MIC 5 showed good antago-

nistic activity against F. oxysporum and Phoma 
sp (Fig. 23.1). In the case of Fusarium, not only 
the mycelial growth was inhibited but the colour 
of the mycelia also changed from white to red-
dish brown. This shows that they were not only 
inhibited by antibiosis but also by other antifun-
gal metabolites such as siderophores, hydrogen 
ions and gaseous products including ethylene, 
HCN and ammonia (Idris et al. 2007). Laslo et al. 
(2012) reported 47 strains of the PGPR tested 
against the Alternaria and Fusarium given the 
positive antagonism. Bacillus and Pseudomonas 
were reported to be most effective against the wilt 
pathogens, by showing more than 50 % inhibition 

Table 23.1  Morphological, physiological and biochemical characteristics of bacterial isolates from Cucurbitaceae roots
Characteristics Bacterial 

isolates
MIC 1 MIC 

2
MIC 
3

MIC 
4

MIC 
5

MIC 
6

MIC 
7

MTCC 
2581

MTCC 
2763

MTCC 
3543

MTCC 
7194

Gram’s test −ve −ve +ve −ve +ve +ve +ve −ve +ve +ve +ve
Shape Rod Rod Rod Rod Rod Rod Rod Rod Rod Rod Rod
Endospore + + + + + − + + − + +
Growth at 40 °C + + + + + + + + + + +
KOH test + + − + − + − + + + +
Urease test − − − − + − − − − − −
Catalase test + − + + − + − + + + −
Gelatin 

hydrolysis
+ − − − + + − + − − −

Oxidase test − − − − − + − − − − −
Lipase medium − − − − − − + − − − −
H2S production − − − − − − − − − − −
Indole 

production
+ + − − − + − + + + -

Citrate 
utilization

+ − − − − + − + − + +

MR test + − − − − − − − − − −
VP test + − + + − − + + + + +
2% NaCl 

tolerance
+ + + + + + + + + + −

Carbohydrate utilization
Glucose Gas − − − − − − − − − + +

Acid + + + + + + + − + + −
Lactose Gas − − − − − − − − − − −

Acid − − − − − − + − − − −
Sucrose Gas − − − − − − − − − + −

Acid + + + + + + + − + + −
For each bacterial isolates all the tests were repeated thrice
+ Positive reaction, − Negative reaction, A Acid formation, G Glucose formation
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to the pathogen and also by increasing the yield 
of the crop (Solanki et al. 2012; Gul et al. 2013).

23.4  Conclusion

The PGPR produced different types of en-
zymes, siderophores and gaseous products in-
cluding ethylene, HCN as well as ammonia by 
inhibiting the pathogen against F. oxysporum 
and  Phoma sp. in vitro. PGPR strains MIC 3 
and MIC 5 exhibited good antagonistic activity 
against F. oxysporum and Phoma sp. confirmed 
by the dual culture assay and can be used as an 

effective biocontrol agent. They produce in-
creased IAA in vitro compared to others. PGPR 
was very effective as well as has potential for 
enriching the soil fertility and enhancing the ag-
ricultural yield. Current and future progress in 
our understanding of PGPR diversity, coloniza-
tion ability, mechanisms of action and applica-
tion could facilitate their development. PGPR 
supplies phosphorous, minor nutrients and min-
erals to the barren region and improves the yield 
as reliable components in the management of 
sustainable agricultural systems.

Table 23.2  Different Traits and Enzyme Production by PGPR
Isolates PGPR 

traits
IAA HCN Siderophore Phosphate Cellulase Starch Pectinase Chitinase Protease β-1,3-

glucanase
MIC 1 + + + + − − − + − −
MIC 2 + + − − + + + − + −
MIC 3 + − − − + + + + + −
MIC 4 + − − − + + + − + −
MIC 5 + + − − + + − + − −
MIC 6 ND + + + + − − − + +
MIC 7 ND − − − − − + − − −
MTCC 

2581
+ + + + − − − + − +

MTCC 
2763

+ + + + − + + − − −

MTCC 
3543

+ − − − − + − − − −

MTCC 
7194

+ + − − − + − − − −

For each bacterial isolates all the tests were repeated thrice
+ Positive reaction, − Negative reaction, ND Not done

Fig. 23.1  Antagonist 
activity of PGPR against a 
MIC 3 with F. oxysporum 
and b MIC 5 with Phoma 
sp.
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Abstract

Experiment was conducted in laboratory and field to find out the com-
parative performance of few biocontrol agents and fungicides and their 
integration for management of web blight ( Rhizoctonia solani Kühn) 
in French bean. Efficacy of four bioagents, Trichoderma viride, Tricho-
derma harzianum, Trichoderma virens and Aspergillus niger was tested 
in vitro. All the bioagents significantly inhibited the mycelial growth as 
well as number of sclerotia of R. solani. The maximum mycelial growth 
inhibition (62.12 %) was observed by T. harzianum followed by T. viride 
(57.28 %), T. virens (51.38 %) and A. niger (46.72 %), respectively. The 
per cent reduction in the number of sclerotia was also maximum by T. 
harzianum (69.76 %) followed by T. viride (65.28 %), T. virens (60.05 %) 
and A. niger (52.82 %) after 168 h of incubation in lab.

Keywords 

Phaseolus vulgaris · Web blight · Rhizoctonia solani · Bioagents · 
Fungicides and management

production of dry beans was 23 million met-
ric t. The area harvested for dry beans was over 
30 million hectares. World production of green 
beans in 2010 was 17.7 million tons, harvested 
in 15.1 million ha (FAO 2011). It suffers from 
a number of diseases. Among them, web blight 
caused by Rhizoctonia solani Kühn is gradual-
ly becoming a serious menace in cultivation of 
French bean. Losses from web blight vary gen-
erally in different localities from year to year. 
Several workers have reported varying degree of 
losses due to web blight in various parts of the 
world. Deighton (1928) reported huge losses of 
French bean in Sierra Lione. Weber (1939) also 

24.1  Introduction

French bean ( Phaseolus vulgaris L) is an impor-
tant pulse crop and plays important role in the 
supply of the proteins, vitamins and minerals 
to vegetarian population. In 2010, total world 
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reported serious losses of snap bean in Florida 
over a period of several years. Rajnauth (1987) 
reported 25–100 % yield losses during rainy sea-
son in Trinidad. Sanchez and Cardenas (1988) 
observed that the pathogen affected the plant 
population from emergence to the first 30 days of 
crop growth. In Brazil, under favourable environ-
mental conditions, the bean crop was destroyed 
within 48–72 h (Sartorato 1988). Galvez et al. 
(1989) reported that web blight causes mild to 
severe foliage blight resulting in bean seed yield 
losses up to 90 % in Central America. In India, 
Sharma and Sohi (1980) reported that yield loss-
es of green pod at different stages of plant growth 
varied from 8.45 to 64.68 %.

The main symptoms of disease are appearance 
of greyish brown spots on leaves, leaf stalks and 
stem of affected plants. Smaller water-soaked 
spots on leaves, stem, pods and foliage of much 
lighter colour were also reported by various work-
ers (Weber 1935; Zaumeyer and Thomas 1957; 
Rajnauth 1987; Sartorato 1988). Mathew and 
Gupta (1996) and Upmanyu (2002) reported that 
defoliation occurred in advanced stage of infection 
and tan brown to radish brown discolouration was 
also observed on infected seed, located immedi-
ately below the spots on the affected pods.

Being soil and seed borne in nature, the man-
agement of disease is difficult. Frequent use of 
synthetic fungicides has led to the emergence of 
several problems like, environmental pollution, 
residual effect, killing of beneficial organisms 
and development of fungicides-resistant strains 
of pathogen. Among the various control methods, 
integrated management with bioagents and fun-
gicides is cheap, safe and ecofriendly. Therefore, 
keeping in view the importance and seriousness 
of the disease, present study was undertaken to 
find out the most effective combination of bioag-
ents and fungicides for managing the disease in 
laboratory and field conditions.

24.2  Materials and Methods

R. solani causing web blight of French bean was 
isolated from infected leaf, stem and pods on po-
tato dextrose agar (PDA). French bean leaves and 

pods showing characteristic web blight symptoms 
were collected from Student’s Instructional Farm 
of Narendra Deva University of Agriculture and 
Technology, Kumarganj, Faizabad, U.P., India 
and brought to the laboratory for isolation of the 
pathogen. Infected leaves were washed with ster-
ilized water. Smaller pieces having half healthy 
and half diseased portion were cut down. Thus, 
obtained pieces were surface sterilized with 0.1 % 
mercuric chloride solution followed by thor-
oughly washing thrice with sterilized water. Ex-
cess water was  removed by placing on the folds 
of sterilized blotting paper. These pieces were 
 subsequently  transferred to petri dishes and PDA 
slants under aseptic conditions. Petri dishes were 
properly marked with glass marker and incubated 
at 26 ± 1 °C in biological oxygen demand (BOD) 
incubator.

The culture of R. solani was purified by using 
hyphal tip method. Water suspension of myce-
lium (1.0 ml) was poured aseptically over mol-
ten but still warm plain agar (2 %) petri dishes 
to form a very thin layer. The growth of fungus 
was allowed on plain agar for 24–48 h and was 
critically observed under the microscope. The 
areas having hyphal tip were marked with a glass 
pencil on the back of petri dish. The hyphal tips 
along with medium was scooped out and trans-
ferred to slants to obtain a single hyphal tip cul-
ture. After proper growth of fungus was obtained 
by hyphal tip, regular subculturing was done to 
check contamination at 15 days interval. These 
PDA slants having R. solani were kept in refrig-
erator at 6–8 °C for further studies.

24.2.1  Efficacy of Bioagents Against 
R. solani In Vitro

Four bioagents, viz. Trichoderma viride, Tricho-
derma harzianum, Trichoderma virens and As-
pergillus niger were obtained from the Bio-agent 
laboratory, Department of Plant Pathology of G. 
B. Pant University of Agriculture and Technol-
ogy, Pantnagar to test their efficacy against R. so-
lani by using dual culture technique (Upadhyay 
and Rai 1987). About 20 ml of sterilized melted 
PDA was aseptically poured in sterilized petri 
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dishes (90 mm) and allowed to solidify. Then, 
5 mm disc of each antagonist and test pathogen 
was cut with the help of sterilized cork borer 
from the edge of 3-day-old culture and placed op-
posite to each other, 60 mm apart on PDA in four 
replications. Petri dishes only with R. solani bits 
served as check (control). The petri dishes were 
incubated at 25 ± 1 °C in incubator.

Observations were recorded on colony growth 
and number of sclerotia formation of R. solani at 
72 and 168 h of incubation, respectively, in dual 
culture and control. Percent inhibition of my-
celial growth was calculated as per the formula 
(Vincent 1947):

Where, I = Percent inhibition; C = Colony diam-
eter in control (mm); T = Colony diameter in dif-
ferent treatments (mm)

24.2.2  In Vivo Effect of Fungicides, 
Bioagent and Their Integration

24.2.2.1  Inoculum Preparation and 
Spraying

Potato dextrose broth medium was used for prep-
aration of the inoculum in large quantity. Two 
hundred gram peeled potatoes were cut in 12 mm 
cubes. Two hundred gram of potatoes cubes were 
rinsed in water and boiled for 20 min in 500 ml 
water. Potato broth was filtered through cheese 
cloth and filled in the measuring cylinder. Twen-
ty gram dextrose was added in it. The final vol-
ume was made up to 1,000 ml by adding distilled 
water. The pH was adjusted to 7.0.

Potato dextrose broth medium was collected in 
conical flasks and sterilized at 15 psi for 20 min 
in an autoclave. Three discs of pure culture of R. 
solani grown in petri dishes were cut by 5 mm 
cork borer and then transferred to each flasks 
containing potato dextrose broth after cooling. 
These flasks were incubated at 26 ± 1 °C for 3 
days and were shaken daily by hand to achieve 
high growth of R. solani. For artificial inocula-
tion, contains of each flask were ground by pestle 
and mortar after 5 days of incubation and filtered 

C TI 100C
-= ×

through cheese cloth. This mycelial suspension 
were used for artificial inoculation of the plants.

24.2.2.2  Spraying of Bioagents
Spore suspension of bioagents was prepared by 
suspending one full plate of 7-day-old culture 
growth in 1 L of water and filtered through mus-
lin cloth to prepare the spore suspension of ap-
proximately 107 spores per ml concentration. A 
total of 10 L suspension was used to spray all the 
plants for treatment with the help of hand sprayer 
after 30 days of planting.

Among bioagents, T. harzianum was selected 
for field study based on its best performance in 
vitro. Efficacy of fungicides and bioagent used as 
seed dresser, foliar sprays alone or in combination 
against web blight in French bean was studied in 
field conditions. Field trail was conducted during 
rabi 2005–2006 and 2006–2007, crop seasons, in 
randomized block design with three replication 
using highly susceptible cultivar, contender. Three 
different fungicides, viz. Carbendazim, Bitertanol 
(Baycor) and Hexaconazole and a biocontrol agent 
T. harzianum were used. The seed treatment with 
Carbendazim (0.2 %) and T. harzianum was done 
24 h prior to sowing. Seeds without any treatment 
served as check. The plot size was 2.7 × 2.7 m2 
with inter and intra-row spacing of 45 and 10 cm, 
respectively. Recommended agronomical practic-
es were followed for raising good crop.

The fungicides, viz. Carbendazim (0.1 %), 
Bitertanol (0.1 %), Hexaconazole (0.1 %) and T. 
harzianum (0.5 %) were sprayed thrice at 15 days 
interval starting from first appearance of disease. 
Control plot was sprayed with water. Details of 
the treatments are as follows:

T1 (seed treatment with Carbendazim at the 
rate 0.2 %), T2 (seed treatment with T. harzia-
num at the rate 0.5 %), T3 (foliar spray of Car-
bendazim at the rate 0.1 %), T4 (foliar spray of 
Bitertanol at the rate 0.1 %), T5 (foliar spray of 
Hexaconazole at the rate 0.1 %), T6 (foliar spray 
of T. harzianum at the rate 0.5 %), T7 (T1 + T3), T8 
(T1 + T4), T9 (T1 + T5), T10 (T1 + T6), T11 (T2 + T3), 
T12 (T2 + T4), T13 (T2 + T5), T14 (T2 + T6) and T15 
(control)

The percent disease intensity (PDI) was calcu-
lated as follow:
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The percent disease control (PDC) was determined 
by using the following formula:

The per cent avoidable loss was calculated as fol-
lows:

24.3  Results and Discussion

24.3.1  In Vitro Efficacy of Bioagents 
Against R. solani

All the bioagents significantly inhibited the my-
celial growth as well as number of sclerotia of 
R. solani. Maximum percent inhibition in myce-
lial growth (62.12 %) was observed for T. har-
zianum followed by T. viride (57.28 %), T. virens 
(51.38 %) and A. niger (46.72 %), respectively. 
The inhibition differed significantly from each 
other after 72 h of incubation (Table 24.1).

The percent reduction in number of sclerotia 
was maximum by T. harzianum (69.76 %) fol-
lowed by T. viride (65.28 %), T. virens (60.05 %) 
and A. niger (52.82 %) after 168 h of incubation. 
The reduction in the number of sclerotia differs 
significantly from each other (Table 24.1).

Sum of all numerical ratingPDI
Total number of leaves examined maximum grade 

100

=
×

×

PDI in unprotected plot  PDI in protected plotPDC   
PDI in unprotected plot 

1 00

×
=

×

Percent avoidable loss
Yield in protected plot Yield in unprotected plot

Yield in protected plot
100

-=

× 

The inhibitory effect of these bioagents against 
R. solani has also been reported by several work-
ers (Hadar et al. 1979; Hazarika and Das 1998; 
Mathew and Gupta 1998). Kim and Roh (1987) 
and Sen (2000) also reported the antagonistic ac-
tivity of T. harzianum, T. viride, T. virens and A. 
niger against R. solani. These are in agreement 
with the present findings.

24.3.2  Effect of Fungicides, Bioagent 
and Their Integration in Field

24.3.2.1  Effect on Seed Germination
Maximum seed germination (91.05 %) was re-
corded in T14 (seed treatment with T. harzianum 
+ foliar application of T. harzianum) followed 
by T11 (88.89 %), T12 (87.96 %), T13 (87.20 %), 
T2 (86.78 %), T10 (85.03 %), T7 (84.26 %), 
T8 (83.32 %), T9 (82.55 %), T1 (82.23 %), 
T3 (73.46 %), T6 (73.43 %), T4 (72.69 %), T5 
(72.22 %) and T15 (71.30 %), respectively. Seed 
germination was significantly higher in T14 treat-
ment. However, it was at par with T11, T12, T13 
and T2 but showed significantly higher seed ger-
mination in comparison to T10. The treatment 
T10, T7 and T8 were non-significant to each other 
(Table 24.2). The present finding is in agreement 
with the report of Hadar et al. (1979). Mathew and 
Gupta (1998) and Upmanyu (2002) also reported 
the seed  treatment with T. harzianum + foliar ap-
plication of T. harzianum significantly increased 
seed germination. It seems that higher seed ger-
mination was obtained when bioagent was used 
as seed treatment along with foliar application of 
T. harzianum. This might be due to suppression 
of R. solani present in soil and seed since early 

Table 24.1  Effect of bioagent on per cent inhibition on mycelial growth and reduction in number of sclerotia against  
R. solani in vitro
Bioagents Mycelial growth inhibition  

(%) after 72 h
Reduction in number of sclerotia 
(%) after 168 h

Trichoderma viride 57.28 (49.20) 65.28 (53.91)
T. harzianum 62.12 (52.00) 69.76 (56.60)
T. virens 51.38 (45.80) 60.05 (50.77)
Aspergillus niger 46.72 (43.11) 52.82 (46.61)
Control  0.00 (0.00)  0.00 (0.00)
SEM ±  0.98  0.89
CD at 5 %  1.92  1.76
Figures in parentheses are arcsine-transformed value
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stages of the crop. Furthermore, spraying of T. 
harzianum on standing crop, also reduced disease 
intensity by inhibiting R. solani as it was clearly 
indicated by in vitro test.

24.3.2.2  Effect on Disease Intensity
The first appearance of disease was noticed 5–7 
days after inoculation. Minimum disease inten-
sity (11.72 %) was recorded in T7 (seed treatment 
with Carbendazim + foliar application of Carben-
dazim) followed by T8 (15.39 %), T9 (19.27 %), 
T11 (21.61 %), T12 (25.16 %), T13 (28.39 %), 
T3 (28.55 %), T4 (32.66 %), T5 (36.27 %), T10 
(36.77 %), T14 (40.55 %), T1 (40.94 %), T2 
(44.83 %), T6 (48.50 %) and T15 (68.44 %), re-
spectively. The PDI significantly differed in T7, 
T8, T9, T11, T12, and T13. However, no significant 
difference was observed in between T13 and T3, 
T5 and T10, T14 and T1 (Table 24.2).

24.3.2.3  Effect on Percent Disease 
Control (PDC)

The PDC is calculated from the data of PDI with 
the formula described in materials and methods. 
Maximum disease control (82.88 %) was re-
corded in T7 (seed treatment with Carbendazim 
+ foliar application of Carbendazim) followed 
by T8 (77.52 %), T9 (71.84 %), T11 (68.42 %), 
T12 (63.23 %), T13 (58.52 %), T3 (58.28 %), 
T4 (52.29 %), T5 (47.01 %), T10 (46.28 %), T14 
(40.75 %), T1 (40.18 %), T2 (34.50 %) and T6 
(29.14 %), respectively. The PDC differed signif-
icantly in T7, T8, T9, T11, T12, and T13. However, 
PDC was statistically similar in between T13 and 
T3, T5 and T10, T14 and T1 (Table 24.2). Hence 
the PDC was higher in those treatments where 
disease intensity was lower. Similar results were 
also reported by various workers (Mathew and 
Gupta 1996; Tiwari and Tiwari 1998; Gupta and 
Singh 2002).

24.3.2.4  Effect on Green Pod Yield
Maximum green pod yield (106.10 q/ha) was re-
corded in T7 (seed treatment with Carbendazim + 
foliar application of Carbendazim) followed by 
T8 (100.68 q/ha) T9 (94.44 q/ha), T11 (87.93 q/
ha), T12 (82.11 q/ha), T13 (76.22 q/ha), T3 
(76.12 q/ha), T4 (69.84 q/ha), T5 (63.26 q/ha), T10 

(62.19 q/ha), T14 (56.37 q/ha), T1 (55.69 q/ha), 
T2 (49.46 q/ha), T6 (44.16 q/ha) and T15 (35.87 q/
ha), respectively. The green pod yield significant-
ly differs in T7, T8, T9, T11, T12, and T13. How-
ever, green pod yield was at par in between T13 
and T3, T5 and T10, T14 and T1 (Table 24.2).

24.3.2.5  Effect on Dry Seed Yield
Maximum dry seed yield (16.58 q/ha) was re-
corded in T7 (seed treatment with Carbendazim 
+ foliar application of Carbendazim) followed by 
T8 (15.85 q/ha) T9 (14.98 q/ha), T11 (14.17 q/ha), 
T12 (13.42 q/ha), T13 (12.76 q/ha), T3 (12.75 q/ha), 
T4 (11.82 q/ha), T5 (10.90 q/ha), T10 (10.74 q/ha), 
T14 (9.92 q/ha), T1 (9.83 q/ha), T2 (8.83 q/ha), T6 
(8.03 q/ha) and T15 (6.63 q/ha), respectively. The 
dry seed yield significantly differs in T7, T8, T9, 
T11, T12, and T13. However, it was statistically 
similar in between T13 and T3, T5 and T10, T14 
and T1 (Table 24.2).

Thakur et al. (1991), Mathew and Gupta 
(1996), Upmanyu et al. (2002) also reported that 
highest yield of green pods and dry seeds were 
obtained in pre-seed treatment with Carbendazim 
followed by foliar spray of Carbendazim. The 
present findings were similar to the above reports.

24.4  Conclusion

French bean ( P. vulgaris L) is one of the most 
important pulse crops in the world. It plays a vital 
role in providing nutritional security to human 
health as it is the rich source of the proteins, nu-
trients, vitamins, minerals, antioxidants and other 
growth promoting phytochemicals. Shifting from 
a non-vegetarian diet to vegetarian, global rec-
ognition of importance of the pulses for human 
health, and their medicinal and nutritional value 
have contributed to be a steady upward trend in 
pulse production. The productivity per unit area 
of French bean in developing countries is much 
lower as compared to developed countries due to 
different diseases. Disease pressures in the stand-
ing crop from the seedling stage to harvest are 
the main constraints in total French bean produc-
tion. Among diseases, web blight caused by R. 
solani Kühn is the main reason for the extensive 
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damage of French bean, especially in tropical and 
subtropical countries.

The management of web blight of French 
bean is difficult because of soil-borne nature of 
the pathogen, wide host range of the pathogen, 
long survivability of sclerotia and unstable source 
of resistance due to high level of variability in 
pathogen. Though, web blight has been managed 
through use of fungicides but due to its high cost 
and detrimental effect on environment, soil and 
also by killing of non-target organism(s), its use 
should be minimized. Hence, losses caused by 
this disease could be minimized by integrated 
disease management by using fungicide and bio-
agents alone or in combination.

Maximum disease control (82.88 %) was re-
corded in T7 (seed treatment with Carbendazim 
+ foliar application of Carbendazim) followed 
by T8 (T1 + T4) (77.52 %), T9 (T1 + T5) (71.84 %), 
T11 (T2 + T3) (68.42 %), T12 (T2 + T4) (63.23 %), 
T13 (T2 + T5) (58.52 %), T3 (three foliar spray of 
Carbendazim at the rate 0.1 % at fortnight inter-
vals) (58.28 %), T4 (three foliar spray of Baycor 
at the rate 0.1 % at fortnight intervals) (52.29 %), 
T5 (three foliar spray of Hexaconazole at the 
rate 0.1 % at fortnight intervals) (47.01 %), T10 
(T1 + T6) (46.28 %), T14 (T2 + T6) (40.75 %), T1 
(seed treatment with Carbendazim at the rate 
0.2 %) (40.18 %), T2 (Seed treatment with T. 
harzianum at the rate 5 g/kg seed) (34.50 %) and 
T6 (three foliar spray of T. harzianum at the rate 
5 g/L water at fortnight intervals) (29.14 %), re-
spectively, in field and seed germination and 
yield were also higher.
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Abstract

Biocontrol involves harnessing disease-suppressive microorganisms to 
improve plant health. Biocontrol agents are successfully being used to 
control plant diseases and are now commercially being used to control 
the phytopathogens. Mostly they are used to control soil-borne diseases. 
Some of the most important biological control agents which are being 
used to control phytopathogenic fungi of some important crops are re-
viewed in this chapter.
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25.1  Introduction

Agriculture has increased many folds after the 
green revolution. Nowadays, agricultural practic-
es totally depend on the chemical fertilizers and 
pesticides to enhance the productivity of various 
crops. These chemical fertilizers to some extent 
have increased the crop productivity but have 
posed devastating effects on the fertility of the 
soil and also various pests have become resistant 
to these pesticides. That is why sustainable agri-

culture is the main need of our modern society. 
We should focus on such agricultural practices 
which are more ecofriendly. One of the most ap-
propriate approaches for getting sustainable agri-
culture is the use of microbial technology. Plants 
are found to be susceptible to different types of 
pathogens which are responsible for destruc-
tion of plants. These phytopathogens reduce the 
plant growth or may cause the death of the plant 
(Gupta and Sharma 2008). Many phytopathogens 
are most complicated and challenging ones and 
causes economic loss (Naik et al. 2008). Bio-
logical control of these phytopathogens can be 
brought about by antagonistic microorganisms 
(Vittal Rao and Rao 1966). The biological con-
trol agents have enormous antimicrobial poten-
tial. They are very effective in curing infectious 
diseases; therefore, biological control agents can 
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be successfully exploited as an agricultural meth-
od for phytopathogens (Papavizas and Lumsden 
1980). The present review is an effort to draw at-
tention on biological control of phytopathogenic 
fungi of some important crops.

25.2  Biological Control

Biocontrol or biological control is another al-
ternative source of pathogen control, involving 
disease-suppressive microorganisms to improve 
plant health. Disease suppression by biocontrol 
agents is the sustained manifestation of inter-
actions among the plant, the pathogen, the bio-
control agent, the microbial community on and 
around the plant and the physical environment 
(Handelsman and Stabb 1996). Biocontrol of 
soil-borne diseases is particularly complex be-
cause these diseases occur in the dynamic envi-
ronment at the interface of root and soil (Rovira 
1965, 1969, 1991; Hawes 1991; Waisel et al. 
1991)

25.3  History of Biological Control

The study on biological control started in 1921 
with the introduction of 12 isolates of saprophyt-
ic fungi and one bacterium in nursery bed for 
the control of damping off of pine seed caused 
by Pythium debaryanum (Hartley 1921). Inter-
est in biological control aroused after finding of 
parasitization of hyphae of Rhizoctonia sp. and 
production of antifungal compound gliotoxin by 
Trichoderma sp. (Weindling 1932). Least atten-
tion on biocontrol agents was paid during 1936–
1970 for their ecofriendly approach of disease 
management. Later on, species of Trichoderma 
were reported to show high antagonistic poten-
tiality against chickpea wilt pathogen ( Fusarium 
oxysporum f.sp. ciceri) under cultural conditions 
(Padwick 1941). Certain inhibitory substances 
such as geodin, terricin, terric acid, aspergillic 
acid, dermadin etc. are produced by antagonists to 
inhibit the growth of plant pathogen (Brian et al. 
1945). The fungistasis of soil have been reported 

by many investigators (Lingappa and Lockwood 
1961; Lockwood 1977). It was found that fungis-
tasis of soil caused inhibition of the plant patho-
gens. The antagonistic action of Trichoderma 
sp. against F. oxysporum f.sp.ciceri was studied 
and reported that the Trichoderma species re-
leased antibiotic substances aerially and in nu-
trient media that killed F.oxysporum f.sp. ciceri; 
causal organism of chickpea wilt (Khodzhayan 
1970). Trichoderma viride, Trichoderma harzia-
num, Aspergillus, F. oxysporum and Rhizoctonia 
bataticola were also reported to be antagonis-
tic against Sclerotium rolfsii causing root rot of 
sugar beet (Mathur and Sarbhoy 1971).Effective-
ness of antibiotics varies according to the nature, 
quality and quantity of the antibiotics secreted by 
the antagonists (Dennis and Webster 1971; Skid-
more and Dickinson 1976).

Trichoderma koningii was found to be strong-
ly inhibitory against F.oxysporum and Fusarium 
culmorum but less effective to Fusarium solani. 
The inoculation of T. koningii at the time of sow-
ing increased the seed germination and reduced 
the number of infected plants at the seedling, 
flowering and at maturity stages by 20.3, 29.6 
and 34.7 %, respectively, both under in vitro and 
natural conditions (Kirik and Steblyuk 1974). 
The activity of T. harzianum and Bacillus subtilis 
were demonstrated to be antagonistic against S. 
rolfsii causing collar rot of lentil (Agarwal et al. 
1975). Seed treatment of T. harzianum with car-
boxin constantly showed the best performance in 
minimizing wilt incidence and enhancing seed 
germination and grain yield under sick field con-
ditions. The co-inoculation of Trichoderma and 
carboxin was found to be superior over any one 
treatment alone, due to combined effect of the 
treatments and variations in the mode of action 
of the fungicides and bioagents. The pathogen 
as well as soil microflora were weakened by the 
chemical and are therefore, better controlled by 
Trichoderma (Henis et al. 1978; Henis and Pa-
pavizas 1982). The species of Trichoderma were 
reported to be highly antagonistic towards the 
soil-borne pathogens (Papavizas and Lumsden 
1980). The antagonistic activity of isolates of T. 
viride, three of T. harzianum and Myrothecium 
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sp. against Fusarium moniliformae, Rhizoctonia 
solani, Rhizoctonia fragariae, Phythium ulti-
mum and Verticillium dahlia were demonstrated 
(D’Ercole et al. 1983).

Trichoderma species were reported to be 
highly antagonistic towards different plant patho-
genic fungi. Under in vitro condition, most of 
Trichoderma spp. overgrew the growth of patho-
gens, and the metabolite in the culture filtrate of 
Trichoderma spp. inhibited the linear growth of 
pathogens. Trichoderma spp. is now the most 
common fungal biological control agents that 
have been extensively researched and deployed 
throughout the world (Pande 1985). The prima-
ry mechanism of antagonism in Trichoderma is 
mycoparasitism (Chet 1987). Lytic activity is the 
key feature responsible for the expression of my-
coparasitism against several fungal pathogens. 
Biological control agent can be easily combined 
with fungicide seed dressing to enhance the ef-
ficacy for controlling diseases (Cook 2000; Har-
man and Taylor 1990).

Trichoderma and Gliocladium spp. were ob-
served to be the most potent ones in inhibiting the 
Phytophthora root and crown rot of apple (Smith 
et al. 1990). Under field conditions, Gliocladium 
virens and T. harzianum have been recognized 
as the most effective antagonists for biological 
control of several plant pathogens. G. virens in-
fluences the infectivity of sclerotia of S. rolfsii 
(Papavizas and Collins 1990). The relationship 
between suppressiveness to Fusarium wilt of 
flax (caused by F. oxysporum f.sp.lini) and in-
digenous microflora of the soil with special em-
phasis on nonpathogenic Fusarium was studied 
and reported that F. oxysporum is more important 
in the mechanism of suppression than F. solani 
and Fusarium roseum (Tamietti and Pramot-
ton 1990). Nine strains of F. oxysporum and F. 
solani were compared for their specific ability 
to colonize sterilized soil and the cortex of flax 
roots growing in the soil precolonized by these 
strains, observed that the two nonpathogenic 
strains that were best in reducing the percentages 
of plants infected by the pathogen were also the 
best root colonizers. However, a relationship be-
tween the ability of the strains to colonize roots 

and to induce biological control of wilts was not 
confirmed (Nagao et al. 1990). The population of 
T. harzianum and B. subtilis in the soybean sper-
mosphere gradually increased after sixth day of 
sowing, and R. bataticola ( Macrophomina pha-
seolina) and S. ( Corticium) rolfsii associations 
decreased. It is suggested that these increases 
and decreases are due to the antagonistic activity 
of T. harzianum and B. subtilis on M. phaseolina 
and C. rolfsii (Kumar and Khare 1990). Differ-
ent Fusarium strains decrease vascular fusari-
osis of flax. The most competent strains reduced 
crop losses by 80 %, while the least competent 
ones had virtually no effect. When the abilities 
of strains to colonize disinfected soil were esti-
mated by enumeration on agar plates, F. oxys-
porum strains were proven superior to F. solani 
due to production of more numerous conidia and 
therefore greater numbers of colonies, without 
significantly increasing biomass (Amir 1991). 
Seventy-four strains of fluorescent Pseudomonas 
were tested for their ability to reduce Fusarium 
wilt of flax (caused by F. oxysporum f.sp. lini) 
when applied alone or in association with one 
preselected nonpathogenic strain of F. oxyspo-
rum (Fo47). Based on the effect of bacteria on 
disease severity on their own or in association 
with Fo47, four classes were established and was 
found that most of the strains did not modify the 
percentage of wilted plants, but 10.8 % of them, 
although having no effect on their own, signifi-
cantly improved control due to Fo47 (Lemanceau 
and Alabouvette 1991). Twelve fungi were iso-
lated from Sclerotinia-infested soils of pea fields 
out of which seven fungi viz. Penicillium cyclo-
pium, Paecilomyces lilacinus, Aspergillus niger, 
Aspergillus fumigatus, Acremonium implicatum, 
Penicillium sheari and Trichothecium roseum 
were antagonistic to Sclerotinia sclerotium, the 
causal agent of white mould of peas. T. har-
zianum destroyed sclerotia within 15 days. T. 
roseum gave 100 % inhibition of sclerotial ger-
mination after 30 days of co-incubation in soil 
(Singh 1991). T. harzianum and T. koningii was 
found to be strongly antagonistic to R. solani, the 
causal agent of adzuki bean root rot disease. In 
order to improve biocontrol efficacy and survival 
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in the field, benomyl resistance was induced in 
the structure of T. koningii without affecting the 
mycoparasitic lytic and antibiotic activity against 
R. solani (Liu 1991).

25.4  Microbial Biocontrol Agents

The integrated control of chickpea wilt complex 
by Trichoderma and chemical methods and re-
ported that chickpea wilt complex was effective-
ly controlled by T. harzianum alone or in com-
bination with fungicides. The soil application of 
T. harzianum showed a decrease of 53.5–85.7 % 
in the disease under glasshouse conditions (Muk-
hopadhyay et al. 1992). Seed treatment with vi-
tavox-200 (carboxin + thiram) and ziram resulted 
in 29.9 % disease control which increased to 
63.3 % with the addition of T. harzianum (Kaur 
and Mukhopadhyay 1992). The culture filtrate 
of Trichoderma lignorum and T. viride inhibited 
growth of Fusarium oxysporum f.sp. psidii by 70 
and 71.4 %, respectively, and T. harzianum by 
60 and 64 % of F. solani and Fusarium longipes 
(Dwivedi 1992). T. harzianum was reported to 
increase the root development in maize and sev-
eral other crop plants both under greenhouse or 
field conditions (Harman 2000). Soil fungistasis 
plays an important role in the biological control 
of Fusarium udum in the soil. The inoculation 
of the antagonists might have increased the fun-
gistasic activity of the treated soil through time 
due to the production of certain substances of 
antibiotic/toxic nature in soil (Upadhyay 1992). 
The combination of Captafol and G. virens con-
trols the F. oxysporum f.sp. ciceri causing wilt in 
chickpea very successfully (Singh et al. 1993). A. 
niger, A. terreus, G. virens, Penicillium citrinum, 
T. harzianum and species of Bacillus control the 
soil-borne diseases (Whipps and McQuilken 
1993). Antagonistic activity of T. harzianum was 
studied under in vitro condition on artificially in-
oculated plants of cucumber cv. straight eight and 
bean ( Phaseolus vulgaris) cv. Porrillo sintetico 
(Elias et al. 1993). The efficacy of two species 
of Trichoderma ( T. harzianum and T. viride) as 
a biological control against Rhizoctonia solan-
ikühn isolated from string bean root rot in Italy 

was studied. The two species of Trichoderma 
were found to be more effective than other an-
tagonistic fungi. T. viride produced more effec-
tive nonvolatile compounds than T. harzianum 
when grown on cellophane membrane (Roberti 
et al. 1993).

Out of 17 fungi isolated from the rhizosphere 
of Vigna radiata cultivars SML-32 and ML-5 
during spring (March–May) and kharif (July–
October) seasons, Epicoccum purpurascens ( E. 
nigrum), T. harzianum and T. viride were antag-
onistic to M. phaseolina (Singh et al. 1993). E. 
nigrum and T. viride showed antibiosis, while 
T. harzianum exhibited hyperparasitism as the 
mechanism of pathogen inhibition. Aspergillus 
flavus, A. niger and T. viride amended in soil 
suppressed the growth of F. oxysporum f.sp. 
ciceri and exhibited strong fungistatic activity 
against germination of conidia of test pathogen 
(Bashar and Rai 1994). Two nonpathogenic iso-
lates of F. oxysporum were examined for their 
ability to counteract Fusarium solani f.sp. pisi 
which causes foot and dry rot in peas. Both 
nonpathogenic F. oxysporum isolates reduced 
disease severity and prevented the plant weight 
losses caused by F. solani f.sp. pisi in sterilized 
soil. Precolonization of sterilized soil with non-
pathogenic isolates increased the antagonistic 
effect (Oyarzun et al. 1994). The antagonistic 
potential of 14 Trichoderma isolates collected 
from seven beans ( Phaseolus vulgaris) and 
cowpea growing areas were tested against C. 
rolfsii. Inhibition of mycelial growth and pro-
duction of sclerotia, hyperparasitic activity 
and reduction of preemergence damping off in 
Proteus vulgaris seedlings grown under green-
house conditions were evaluated. Isolates TN-
50, TN-21 and TN-52 gave the best inhibition 
of mycelia growth; TN-21, TN-50 and TR-1 
gave the best control of sclerotia production and 
isolates TN-21 and TN-16 showed the greatest 
hyperparasitic activity towards sclerotia of the 
pathogen. Overall, TN-21 isolate gave the best 
control of S. rolfsii (Silveira et al. 1994).

Penicillium chrysogenum and its antifungal 
extracts were evaluated as potential biological 
control agents against Botrytis fabae on faba 
beans. Antagonistic fungal ( P. chrysogenum) 
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isolates (AP1.S20, AP2.R16, Z1.S23 and AP2.
R19), from root and soil samples of faba bean 
crops, inhibited mycelia growth of B. fabae in 
vitro by up to 44.9 %, producing clear inhibition 
zones (Jackson et al. 1994). The paired cultures 
and cellophane paper technique was used to se-
lect Trichoderma spp. with better antagonistic 
performances against Colletotrichum lindemu-
thianum races in vitro. T. harzianum T25, T. 
koningii T15, T. pseudokoningii T26, T. aureo-
viride T10 and T. viride Tr2 were used against 
races Ba2 and Ba10 of C. lindemuthianum. It 
was observed that five Trichoderma spp. caused 
morphological changes in the hyphae of the two 
phytopathogenic races indicating an antagonis-
tic reaction. In case of Ba10, T. viride being the 
most efficient whereas T. pseudokoningii did not 
cause a significant decrease in growth of race 
Ba10 (Barros et al. 1995). The effects of T. har-
zianum and T. viride on cowpea stem and root 
rot fungus M. phaseolina in vitro was studied 
and reported to inhibit M. phaseolina growth on 
potato dextrose agar (PDA), but T. viride caused 
greater inhibition (Singh and Majumdar 1995). 
Integrated control of soil-borne plant pathogens 
by solar heating and antagonistic microorgan-
isms was observed. The application of polyeth-
ylene mulching alone allowed significant con-
trol of R. solani on bean ( Phaseolus vulgaris), 
Pythium ultimum on cucumber ( Cucumis sati-
vus) and Fusarium oxysporum f.sp. basilicum 
on basil ( Ocimum basilicum). The biological 
control agents were effective on P. vulgaris, but 
not on cucumber or basil when sown in non-
solarized soils (Minuto et al. 1995).

The potential antagonist of F. solani f.sp. pisi 
isolate 48(Fs48) in increasingly complex system 
which were selected from soil samples with vary-
ing degrees of receptivity to this pathogen. Most 
species tested in vitro was able to antagonize 
Fs48. In soils naturally infested with pea root rot 
pathogens, which were stored in humid condi-
tions at 4 °C for a period > 1 year, various isolates 
of Fusarium, Gliocladium and Penicillium spp. 
were able to reduce root rot (Castejon-Munoz 
and Oyarzun 1995).

The effect of Arachniotus sp. along with soil 
amendments for the control of F. oxysporum f.sp. 

ciceri was assessed and found that the activity 
of F. oxysporum f.sp. ciceri was suppressed by 
the addition of antagonist Arachniotus sp. The 
antagonistic activity of Arachniotus sp. was en-
hanced by the addition of wheat straw and fur-
ther increased by addition of glucose and urea 
(Ansar et al. 1996a). Out of five different organic 
substrates viz., wheat straw, rice husk, rice shell, 
berseem ( Trifolium alexandrium L.) straw and 
chickpea stalk along with Arachniotus sp., wheat 
straw showed better results in the control of 
chickpea wilt caused by F. oxysporum f.sp. ciceri 
(Ansar et al. 1996b). The bioagents like T. viride, 
T. harzianum and Trichoderma hamatum were 
effective in controlling pigeon pea wilt caused 
by F. oxysporum f.sp. udum (Somasekhara et al. 
1996). The antagonistic fungi viz., T. harzianum 
(T1 and T2), T. viride (T3 and T4), T. koningii (T5) 
and G. virens (G1 and G2) were tested to control 
chickpea root rot caused by F. solani. The result 
showed that the antagonistic fungi decreased root 
rot by 40, 56, 69, 44, 64, 36 and 32 %, respec-
tively. The antagonists in order efficacy were T3 
> T5 > T2 > T4 > T1 > G1 > G2 (Okhovat and 
Karampour 1996). The study on biological con-
trol of chickpea seed rot and damping off caused 
by P. ultimum using an antagonistic fungus T. 
harzianum, T. viride and G. virens was done. The 
results indicated that G. virens, T. viride + meta-
laxyl treatments gave significant control of P. ul-
timum (Shahriary et al. 1996).

The antagonistic activity of three Trichoder-
ma species ( T. viride, T. harzianum and T. kon-
ingii) against F. udum, the causal agent of wilt 
of pigeon pea, at different temperature; pH and 
C/N ratio and found that the antagonistic poten-
tial of Trichoderma spp. was not much altered by 
changing the environmental conditions suggest-
ing that Trichoderma spp. can withstand a wide 
range of variations in C/N ratio without losing 
their antagonistic vigour. However, Trichoder-
ma spp. showed maximum antagonistic poten-
tial against F. udum at 35 + or −2 °C and pH 6.5 
(Bhatnagar 1996).

The effects of biocontrol agents viz., T. viri-
de, T. harzianum and B. subtilis on the growth 
of M. phaseolina, the causal agent of leaf blight 
of Vigna aconitifolia (moth bean) were observed 
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and found that of the three antagonists T. har-
zianum caused maximum growth inhibition of 
M. phaseolina (Majumdar et al. 1996). T. viride, 
T. harzianum and G. virens were highly effec-
tive in the management of chickpea wilt (Gurha 
et al. 1997). Three fungal antagonists viz., two 
isolates of Trichoderma and one isolate of E. ni-
grum mycelia strain affects the growth of chick-
pea plants and wilt caused by F. oxysporum f.sp. 
ciceri. In sterilized and unsterilized soil inocu-
lated with T. harzianum and F. oxysporum f.sp. 
ciceri, 80 and 60 % of chickpea plants remain 
healthy, respectively. Similarly 33.3 % and 40 % 
of plants in sterilized soil and 20 and 40 % of 
plants in unsterilized soil were healthy in the 
presence of T. viride and E. nigrum respectively 
(Singh et al. 1997).

The antagonistic property of Penicillium au-
rantiogriseum to the soybean stem canker agent 
Diaporthe phaseolorum f.sp. meridionalis was 
tested in vitro using the dual culture technique 
on PDA medium and it was proved that P. au-
rantiogriseum was a good biocontrol agent, 
inhibiting the mycelia growth of the pathogen 
and performing well at 25 °C and 20 °C (Arias 
et al. 1997).

An isolate of Gliocladium roseum was prov-
en to be highly antagonistic to Botrytis cinerea. 
Sporulation of B. cinerea on chickpea seed natu-
rally infected or inoculated with B. cinerea was 
suppressed by seed treatment with conidial sus-
pensions of G. roseum at 107 and 108 conidia/
ml, respectively (Burgess et al. 1997). Isolation 
of T. harzianum from nine soil samples was car-
ried out using Trichoderma specific medium 
and found that only isolate T1 was an effec-
tive antagonist against F. oxysporum f.sp.udum 
( F. udum), the wilt pathogen of pigeon pea, as 
it overgrew mycelial growth of the pathogen by 
up to 50 %. Except for isolate T9, all the isolates 
overgrew mycelial growth of R. solani by more 
than 50 %. Isolate T2 and T5 gave the highest 
degree of overgrowth of up to 89.1 and 90.2 %, 
respectively. It was also found that isolate T5 was 
least antagonistic to Fusarium and most antago-
nistic to Rhizoctonia (Biswas 1999). T. harzia-
num has been proven as a potential bioagent of 

soil-borne plant pathogens (Dubey 1998, 2000, 
2003) and was also found effective against F. 
oxysporum f.sp. ciceri. It can be used alone or 
in combination with carboxin as a seed treatment 
for the management of the disease. Chickpea wilt 
was effectively controlled with seed treatment 
by Rhizobium, T. viride, T. harzianum and Azo-
tobacter sp. (Kolte et al. 1998). The concept of 
active defense mechanism in plants was studied 
and reported that some soil inhabiting microor-
ganisms can reduce damage caused from disease 
by inducing host resistance (Hutchinson 1998). 
The biological control of brown collar rot in-
duced by R. solani in many cropped plants has 
been studied among which annual pulses were 
studied (Sesan et al. 1998). Several T. viride iso-
lates were tested against R. solani to control Rhi-
zoctonia disease in bean ( Phaseolus vulgaris). A 
number of the 16 isolates tested were proven to 
be highly antagonistic to this pathogen. Applica-
tion of T. viride to soil and seed, and seven mu-
tants originating from the isolate Td5 (TdC, TdE, 
TdI, TdK, TdM, TdN) as seed dressing provided 
protection of bean seedling. The best efficacy 
was shown by the mutant TdK, followed by TdN, 
TdM, TdJ, TdI under both greenhouse and field 
(Uzlina and Tulcea, Romania).

The antagonistic activity of microflora iso-
lated from soybean root nodules was investigated 
toward Bradyrhizobium japonicum in Udaipur, 
Rajasthan, India. Cultures of A. flavus, A. niger, 
F. solani, M. phaseolina and R. solani were an-
tagonistic to B. japonicum (Singh and Lodha 
1998).

The efficiency of microbiological dressing of 
pea ( Pisum stivum L.) against pathogenic soil-
borne fungi was tested. Seed dressing prepared 
from individual strains of antagonistic micro-
organisms ( Bacillus spp.; Pseudomonas spp.; 
Trichoderma spp.; Gliocladium spp.; and Ser-
ratia mercescens 9) and also mixtures of bacte-
ria and fungus ( Bacillus sp. 100 + Trichoderma 
koningii 41 and Pseudomonas fluorescens 4 + T. 
koningii 41) were tested against plant pathogenic 
fungi on 6-year old pea monocultures. Mixtures 
of Bacillus sp. 100 + T. koningii 41 and P. fluo-
rescens 4 + T. koningii 41 gave the best protec-
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tion against infection by soil fungi. Serratia 
mercescens 9 was the least effective treatment. 
Seed dressings prepared from individual strains 
of antagonistic microorganisms ( Bacillus spp., 
Pseudomonas spp., Trichoderma spp. and Glio-
cladium spp.) and also mixtures of bacteria and 
fungi ( Bacillus sp. S1 + Trichoderma koningii 
51 and P. fluorescens 7 + T. koningii 51) was to 
be antagonistic against plant pathogenic fungi 
on 8-year old soybean ( Glycinemax (L.) Merrill) 
monoculture. The most effective treatment was 
Bacillus sp. S1 + T. koningii 51 and P. fluorescens 
7 + T. koningii 51, and the least effective were 
Bacillus mycoids 27 and Gliocladium fimbriatum 
31 (Pieta et al. 1998). Field trials were done to 
determine protective ability of antagonistic mi-
croorganism’s viz. cells of B. subtilis 7 and P. 
fluorescens 17 and the spores of Trichoderma 
koningii 31, T. viride 27, Gliocladium catenu-
latum 19 and G. roseum 43 against infection by 
soil-borne pathogenic fungi. These antagonists 
were used as a seed treatment of soybean, pea 
and common bean ( Phaseolus vulgaris). B. sub-
tilis 7, T. koningii 31 and T. viride 27 provided the 
best disease control (Pieta 1998).

The effects of commercial and indigenous mi-
croorganisms of Fusarium wilt development in 
chickpea were observed. Three antagonistic mi-
croorganisms, namely B. subtilis, nonpathogenic 
F. oxysporum isolate Fo 90105 and T. harzianum 
were applied alone or in combination to chickpea 
genotypes ICCV4 and PV61 with differing levels 
of resistance to Fusarium wilt ( F. oxysporum f.sp. 
ciceri) to determine if they could effectively sup-
press disease development caused by the high-
ly virulent F. oxysporum f.sp. ciceri race 5. All 
three antagonists effectively colonized the roots 
of both chickpea genotypes whether alone or in 
combination, and suppression was higher and 
more consistent in PV61 than in ICCV4 (Hervas 
et al. 1998). Two biological control agents, non-
pathogenic Fo47 and Pseudomonas putida WCS 
358 were evaluated for suppression of Fusarium 
wilt of flax grown in nutrient solution and for 
suppression of the population density and meta-
bolic activity of the causal organism F. oxyspo-
rum f.sp. lini strain Foln 3GUS on root surfaces. 

It was found that suppression of Fusarium wilt 
of flax by Fo47 is related to reductions in the 
population density and metabolic activity of the 
pathogen on the root surface; WCS 358 can en-
hance the biological control activity of Fo47, but 
this enhancement depends on the population of 
Fo47 relative to the pathogen; and Pseudobactin 
contributes to suppression of Fusarium wilt by 
the combination of Fo47 and WCS 358 on roots 
(Duijff et al. 1999).

The biocontrol agents viz., six species of 
Trichoderma (T. hamatum, T. harzianum, T. kon-
ingii, T. pseudokoningii, T. longibrachiatum and 
T. viride), G. virens, B. subtilis and P. fluorescens 
were tested for their antagonistic activity against 
seed-borne C. lindemuthianum in Phaseolus vul-
garis. T. viride recorded the maximum inhibition 
of mycelia growth followed by P. fluorescens 
and T. harzianum in a dual culture technique. 
The culture filtrate of T. viride exerted the maxi-
mum inhibition of pathogen spore germination 
and mycelia growth (Ravi et al. 1999). The an-
tagonistic effect of saprophytic microorganisms 
(T. koningii, T. viride, Gliocladium catenulatum, 
G. roseum, Bacillus, Pseudomonas and Erwinia) 
was studied on pathogenic fungi (Botrytis ci-
nerea, Fusarium culmorum, F. oxysporum f.sp. 
glycines, F. solani, Phoma exigua, Pythiumde-
barianum, R. solani and Sclerotinia sclerotiorum 
isolated from affected soybean roots. All isolates 
of T. koningii and T. viride were antagonistic to 
the studied pathogenic fungi. This effect, in case 
of genus Gliocladium was noted on average in 
70 % of the tested isolates. However, in the genus 
Bacillus and Pseudomonas the antagonistic ef-
fect was observed in 65 and 41 % of the exam-
ined colonies, respectively (Pastucha 1999).

T. viride exhibited an antagonistic effect 
against the chickpea grey mould pathogen, 
Botrytis cinerea. In dual culture the hyphal 
growth of the pathogen was inhibited at the zone 
of contact with the hyphae of the antagonist. Mi-
croscopic examination revealed that the hyphal 
tips of B. cinerea swelled and became curved. 
Seed treatment with the spore mass of the an-
tagonist at 200 and 500 mg/kg seed increased 
percentage of seed germination, roots and shoot 
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length (Agarwal and Tripathi 1999). Bacterial 
bioagent ( B. subtilis) and kalisena TMa commer-
cial formulation of A. niger, earlier found effec-
tive against wilt but they were not effective under 
sick field conditions (Sen 2000). The rhizospher-
ic interactions and the exploitation of microbial 
agents for the biological control of plant-patho-
genic fungi was studied and reported that some 
soil microorganisms can reduce damage from 
disease by inducing resistance against pathogens 
(Kerry 2000). Some microorganisms, particular-
ly those in soil, can reduce damage from diseases 
by promoting plant growth or by inducing host 
resistance against a myriad of pathogens (Cook 
2000). The rhizosphere of healthy pigeon pea (cv. 
Bihar) plants was heavily colonized by A. niger 
and Penicillium sp., while F. udum dominated 
the rhizosphere of diseased plants. There was a 
mixed population of Aspergillus spp., Penicil-
lium sp. and F. udum in non-rhizosphere soil of 
pigeon pea. Eleven fungi and four bacterial iso-
lates were screened for their antagonism to F. 
udum using dual culture technique. Isolates of 
T. harzianum, G. virens and T. viride exhibited 
strong antagonism by inhibiting hyphal growth 
of F. udum. None of the bacterial isolates were 
antagonistic to the pathogen (Pandey and Upad-
hyay 2000).

The effect of five biocontrol strains of Trich-
oderma was assessed on pea growth and their 
antagonistic activity against large P. ultimum in-
ocula. In the absence of P. ultimum, Trichoderma 
strain N47 significantly increased pea wet shoot 
weight by 15 %, but did not significantly affect 
dry weight, while T4 and N47 significantly in-
creased root weight by 22 and 8 % respectively. 
TH1 and N47 resulted in significantly greater 
root lengths (Naseby et al. 2000). Seven different 
formulations of G. virens were evaluated for their 
efficacy in preventing chickpea wilt complex in 
the glass house and in the field and found that 
out of seven, six were effective in controlling the 
disease (Tiwari and Mukhopadhyay 2001). The 
volatile compounds produced by T. virens (T9) 
were very effective and showed maximum inhi-
bition of growth of F. solani f.sp.pisi (Kumar and 
Dubey 2001). The fungal antagonists were evalu-
ated against Thanatephorus cucumeris causing 

web blight urad ( Vigna mungo) and mung bean 
( Vigna radiata).It was proven that T harzianum 
is an effective antagonist against several soil and 
seed-borne diseases (Dubey and Patel 2001).

T. viride and T. harzianum were reported to be 
best antagonists for growth inhibition of many 
soil and seed-borne plant pathogens. Both the 
Trichoderma spp. were highly effective as an-
tagonist against collar rot of French bean (Dubey 
2002). Two antagonistic fungi viz., T. harzianum 
(PDBCTH-10) and T. viride (PDBCTV) were 
observed against wilt ( F. oxysporum f.sp.ciceri) 
and wet root rot ( R. solani) of chickpea in field 
and reported that soil application of T. harzia-
num and T. viride 1 week before sowing as more 
effective than seed treatment in reducing wilt 
and wet root rot of chickpea (Prasad et al. 2002). 
Biological control of F. udum causing wilt dis-
ease of pigeon pea was studied in vitro, as well 
as, in vivo. A. flavus, A. niger, Bacillus licheni-
formis (strain-2042), G. virens, Penicillium ci-
trinum and T. harzianum, were found to be the 
most potent ones in inhibiting the test pathogen. 
The maximum reduction of the wilt disease was 
caused by G. virens both in pots and in fields 
(Singh et al. 2002). The efficacy of some an-
tagonists ( T. viride, T. harzianum, B. subtilis 
and P. fluorescens) was evaluated, singly or in 
combination with fungicides (carboxin, carben-
dazin, Topsin M-70 (thiophanatemethyl) and 
thiram) against F. oxysporum f.sp. ciceri, (chick-
pea cultivars (JG 62 and Ujjain 21)). The fungal 
antagonists did not reduce wilt incidence in JG 
62, but significantly reduce disease incidence in 
Ujjain 21. The lowest disease incidence (6.5 %) 
was recorded for P. fluorescens, T. harzianum + 
P. fluorescens and B. subtilis + P. fluorescens. 
In JG 62, wilt incidence was reduced only when 
T. viride and T. harzianum were applied with 
the fungicides (Agarwal et al. 2002). The im-
proved performance of linseed due to inocula-
tion of phosphate solubilizing fungi was studied. 
Thirty phosphate-solubilizing fungi (PSF) col-
lected from agriculture fields were evaluated for 
their potential to solubilize tricalcium phosphate 
under in vitro condition. Fusarium sp., Aspergil-
lus awamori and A. niger were reported of high 
potential. Their efficacy in improving the per-
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formance of the linseed in terms of growth and 
yield under greenhouse conditions was evalu-
ated. In general, all three PSF improved the per-
formance of the crop but only A. niger showed 
an all-around versatility in improving root/shoot 
biomass, P contents in shoots and yields (Kehri 
et al. 2002). Two isolates of T. viride 1 and 2, 
and one each of T. harzianum, G. virens, Chae-
tomium globosum and B. subtilis as biological 
control agent of pigeon pea wilt. The biologi-
cal control agents tested in vitro by dual culture 
method were antagonistic to F. udum. Inhibition 
in growth of F. udum was highest (38.3 %) with 
T. viride 1 followed by T. viride 2 (35.3 %). C. 
globosum was the least effective in controlling 
F. udum (Singh et al. 2002).

The bioagents were tested against F. oxyspo-
rum f.sp. ciceri causing chickpea wilt. The ef-
ficacy of T. harzianum, T. viride, T. hamatum, 
G. virens, P. fluorescens and B. subtilis in con-
trolling F. oxysporum f.sp. ciceri causing wilt in 
chickpea was determined in vitro and in field 
experiments. T. harzianum recorded the highest 
control of the pathogen both in vitro and under 
field conditions (Singh et al. 2003). A biological 
control agent colonizes the rhizosphere, the site 
requiring protection and leaves no toxic resi-
dues as opposed to chemicals. The first require-
ment of biological control is the identification 
and deployment of highly effective strains. The 
filamentous fungi, Trichoderma have attracted 
the attention because of their multipronged ac-
tion against various plant pathogens (Harman 
et al. 2004). The application of T. harzianum 
mutants and carbendazina were studied to man-
age chickpea wilt (F. oxysporum f.sp. ciceri). 
They reported that T. harzianum decreased wilt 
incidence of chickpea (Poddar et al. 2004). The 
antagonistic activity of T. viride, T. harzianum, 
T. virens (G. virens), A. niger, A. flavus and 
Penicillium citrinum were evaluated against F. 
oxysporum f.sp.ciceri. All biological agents in-
hibited the growth of the pathogen in dual cul-
ture technique and increased chickpea germina-
tion percentage. Growth inhibition after 120 h 
ranged from 14.8 % with T. virens to 43.4 % 
with P. citrinum and T. harzianum (Gangwar 
et al. 2004). An experiment was conducted to 

study the effect of T. harzianum and P. fluores-
cens, alone and in combination on the seeds of 
chickpea (Cicer arietinum) to control wilt, F. 
oxysporum f.sp. ciceri. Both biofungicides sup-
pressed wilt severity, the most effective being T. 
harzianum + P. fluorescens (66 %). On chickpea 
inoculated with the wilt, yield increased by 39 % 
with P. fluorescens, by 33 % with T. harzianum + 
P. fluorescens, by 44 % with T. harzinum (Khan 
et al. 2004). The most effective fungal biocon-
trol agents for the management of chickpea wilt 
were T. viride, G. virens and T. harzianum; T. 
viride was very effective and gave 77.8 % con-
trol after seed treatment (Harichand and Singh 
2005). Some important microbial (mainly fun-
gal) antagonists are listed in Table 25.1.

25.5  Conclusion and Future Aspects

More than 50 % of loss in crop yield occurs due 
to the diseases caused by microbes inhabiting 
the soil. Fungal pathogens are the most impor-
tant factors which are responsible for the serious 
damages and plant losses (Brimner and Boland 
2003). Chemical pesticides have been used for 
the control of several phytopathogens but it has 
created serious environmental and health prob-
lems in the world. It affects the environment 
and non-target organisms. To overcome these 
problems a new sustainable method such as use 
of microbial antagonists for the control of phy-
topathogenic fungi can be used (Spadaw and 
Gullino 2005). Biological control by using fun-
gal antagonists is an important alternative to the 
chemical pesticides for the control of the diseases 
of various crops and has no hazardous effect on 
human health and the environment (Khan et al. 
2012). Because of much recent interest in biolog-
ical control of soil-borne diseases it is difficult 
to find commercial exploitation of fungal antago-
nists this may be due to the inappropriate labora-
tory facilities. However, in order to enhance the 
marketing of these antagonistic microfungi as 
biological control agents, feasible commercial 
production processes are of greatest importance 
(Verma et al. 2007).
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282

Crop Pathogen/disease Bioagent Reference
Potato Ralstonia solanacearum Bacillus subtilis, T. album and T. 

hamatum
Abd-El-Khair and 

El-Nasr (2012)
Sugar beet Fusarium lateritium (Nees), Fusarium 

xylarioides (Steyaert) and Fusarium 
camptocearas (Wollenw and 
Reinking)

Trichoderma harzianum Abo-Elnaga and Heidi 
(2012)

Banana Mycosphaerella fijiensis and Cordane 
musae (Black sigatoka and Cordana 
leaf spot)

Trichoderma harzianum DGA01 and 
Bacillus anylolique faciens DG14

Alvindia (2012)

Tomato Fusarium oxysporum f.sp. lycopersici A. niger, P. citrinum, T. harzianum and 
Penicillium sp.

Alwathnani and Per-
veen (2012)

Wheat Sclerotium rolfsii Talaromyces flavus 
(NAIMCC-F-01948)

Chakraborty et al. 
(2012)

Pea Sclerotium rolfsii Talaromyces flavus 
(NAIMCC-F-01948)

Chakraborty et al. 
(2012)

Bean Sclerotium rolfsii Talaromyces flavus 
(NAIMCC-F-01948)

Chakraborty et al. 
(2012)

Tomato Fusarium oxysporum f.sp. lycopersici Trichoderma spp. Devi et al. (2012)
Guava Fusarium solani Aspergillus flavus, Aspergillus 

luchuensis, Penicilliun citrinum 
P. chrysogenum and Trichoderma 
viride

Dwivedi and Dwivedi 
(2012)

Bean Root rot Trichoderma harzianum and T. viride Hameed et al. (2012)
Apple Botrytis cinerea (grey mould), Col-

letotrichum acutatum (bitter rot) or 
Penicillium expansum (blue mould)

Aureobasidium pullulans, strains L1 
and L8

Mari et al. (2012)

Brinjal Fusarium solani Glomus fasciculatum and Salicylic 
acid (0.5 and 1.0 mM)

Ojha et al. (2012)

Potato Fusarium solani Trichoderma ( T. brevicompactum 
(T1), T. longibrachiatum (T5) and 
T. asperellum (T2))

Ommati and Zaker 
(2012)

Capsicum Fusarium pallidoroseum ( Fusarium 
wilt)

Trichoderma harzianum and Tricho-
derma viride

Pandey and Namdeo 
(2012)

Kinnow Penicillium digitatum (Green mould 
rot)

Trichoderma hamatum (HP-20), T. 
harzianum (TG-1), T. viride- 1, T. 
viride- 2, Gliocladium deliquescens, 
G. virens and Chaetomium globo-
sum (HP-29)

Sharma et al. (2012)

Tomato Ralstonia solanacearum (bacterial 
wilt)

Trichoderma harzianum and T. viride Sharma et al. (2012)

Groundnut Aspergillus niger, Apergillus flavus, 
Sclerotium rolfsii, Thievaliopsis 
basicola, Rhizoctonia solani and 
Pythium phanidermatum

Trichoderma harzianum (Th3) Sharma et al. (2012)

Safflower Fusarium oxysporum f.sp. carthami Trichoderma harzianum and T. viride Shinde and Hallale 
(2012)

Sugar beet Sclerotium rolfsii Pseudomonas fluorescens strain pf1 
and T. asperellum strain TTH1 or 
Bacillus subtilis strain EPCO-16

Thilagavathi et al. 
(2012)

Maize Fusarium moniliforme (Post flowering 
stalk rot)

Trichoderma viride Thori et al. (2012)

Bean Root rot/Fusarium solani, Rhizoctonia 
solani, Sclerotium rolfsii and Mac-
rophomina phaseolina

Essential oils and Trichoderma 
harzianum

Abdel-Kader et al. 
(2011)

Table 25.1  List of some microbial biocontrol agents
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Crop Pathogen/disease Bioagent Reference
Chickpea Fusarium oxysporum f.sp. ciceri; F. 

solani and Rhizoctonia solani
Trichoderma virens and T. viride Ansari et al. (2011)

Okra Powdery Mildew/Erysiphe 
pumcichoracerum

Epicoccum nigrum, E. minitans, Epi-
coccum sp., Trichoderma harzia-
num, T. viride and Bacillus pumilus 
with or without Penconazole

Derbalah et al. (2011)

Squash Powdery Mildew Epicoccum nigrum, E. minitans, Epi-
coccum sp., Trichoderma viride and 
Bacillus pumilus

Elkot and Derbalah 
(2011)

Tomato Bacterial spot and early 
blight/Xanthomonas euvesicatoria 
and Alternaria solani

Trichoderma spp. Fontenelle et al. 
(2011)

Brinjal Verticillium dahliae Nonpathogenic Fusarium oxysporum 
F2 strain

Gizi et al. (2011)

Safflower Wilt/Fusarium Oxysporum f.sp. 
carthami

Trichoderma harzianum, Bacillus sub-
tilis and Pseudomonas fluorescens

Govindappa et al. 
(2011)

– Fusarium oxysporum, F. solani, Mac-
rophomina phaseolina, Aspergillus 
japonicum var aculeatus and Clado-
sporium cladosporioides

Penicillium italicum and P. 
simplissimum

Khokhar et al. (2011)

Cotton Verticillium wilt Glomus etunicatum Kobra et al. (2011)
– Rhizoctonia solani, Macrophomina 

sp. Sclerotium rolfsii and Pythium 
aphanidermatum

Trichoderma spp., T. koningii and T. 
viride

Kumar et al. (2011)

Sesame Alternaria blight, White rust, Powdery 
mildew and Sclerotinia rot

Garlic bulb extract, Trichoderma 
harzianum and Pseudomonas 
fluorescens

Meena et al. (2011)

Capsicum Damping off/Pythium 
aphanidermatum

Bacillus licheniformis, T. harzianum Mehetre and Kale 
(2011)

Brinjal Wilt/Fusarium solani f.sp. melongenae Gliocladium roseum, Paecilomyces 
varioti, Trichothecium roseum and 
Aspergillus flavus, Trichoderma 
viride (isolate-I&II); Trichoderma 
harzianum (isolate-I &II); Pseudo-
monas fluorescens

Najar et al. (2011)

Bean Anthracnose/Colletotrichum 
lindemuthianum

Trichoderma viride, T. harzianum, T. 
hamatum and Gliocladium virens

Padder and Sharma 
(2011)

Chickpea Sclerotinia sclerotiorum Trichoderma virens, T.harzianum 
andPseudomonas fluorescens

Pandey et al. (2011)

Tomato Fusarium wilt/F. oxysporum f.sp. 
lycopersici

Nonpathogenic Fusarium moniliforme 
(Fu3, Fu7 and Fu24), Fusarium 
oxysporum (Fu2, Fu4), F. solani (Fu 
25) and F. merismoides (Fu1)

Patil et al. (2011)

Pigeon pea Wilt/Fusarium udum Trichoderma viride, Pseudomonas 
fluorescens and P. aeruginosa

Ram and Pandey 
(2011)

Tomato Fusarium oxysporum f.sp. lycopersici 
race 1CU1 (Fol)

Penicillium sp.EU0013 Sartaj et al. (2011)

Bean Root rot/Macrophomina phaseolina Burkholderia sp. strain TNAU-1 Satya et al. (2011)
Guava Fusarium oxysporum f.sp. psidii Trichoderma spp., Aspergillus niger, 

Penicillium spp.
Srivastava et al. 

(2011)
Sesame Wilt and root rot/Fusarium oxysporum 

f.sp. sesame (Zap.) cast and Macro-
phomina phaseolina (Moubl) Ashby

Glomus spp. and Lums spp. Tricho-
derma viride or Bacillus subtilis

Ziedan et al. (2011)
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Crop Pathogen/disease Bioagent Reference
Wheat Spot blotch/Bipolaris sorokiniana Chaetomium globosum (Cg1, Cg5, 

Cg6, Cg7 and Cg8)
Agarwal et al. (2010)

Bean Root rot/Fusarium solani Arbuscular Mycorrhizal Fungi (AMF) 
Glomus mosseae, G. intraradices, 
G. clarum, Gigaspora gigantea and 
Gigaspora margarita

Al-Askar and Rashad 
(2010)

Apple Penicillium expansum Trichoderma virens Bordbar et al. (2010)
Safflower Root rot/Macrophomina phaseolina Trichoderma harzianum, Pseudomo-

nas fluorescens, Bacillus subtilis
Govindappa et al. 

(2010)
Guava Fusarium wilt/Fusarium oxysporum 

f.sp. psidii and F. solani
Tricoderma spp. ( T. virens and T. 

viride)
Gupta et al. (2010)

Banana Fusarium wilt/F. oxysporum f.sp. 
cubense

Nonpathogenic, endophytic Fusarium 
oxysporum strains, Trichoderma 
harzianum Eco-T®, silicon and 
mulching using macadamia husks

Kidane and Laing 
(2010)

Apple Stem brown canker or Botryosphaeria 
canker

Arbuscular mycorrhizal fungi Krishna et al. (2010)

Tomato Verticillium albo-atrum Talaromyces flavus Naraghi et al. (2010)
Capsicum Fruit rot/Colletotrichum 

gloeosporioides
T. viride and Pseudomonas fluorescens Ngullie et al. (2010)

Bengal 
gram

M. phaseolina Trichoderma spp. Pan and Jash (2010)

Potato Black scurf/Rhizoctonia solani Trichoderma viride, Bacillus cereus 
strain B4 and B. subtilis strain B5

Somani and Arora 
(2010)

Tomato Fusarium wilt/Fusarium oxysporum 
f.sp. lycopersici

Fluorescent Pseudomonas, Tricho-
derma harzianum and Glomus 
intraradices

Srivastava et al. 
(2010)

Paddy Rhizoctonia solani Aspergillus spp.(A. ochraceous, A. 
niger, A. fumigatous, A. flavus and 
A. terreus) T. virens

Vibha (2010)

Brinjal Damping off/Rhizoctonia solani Bacillus subtilis CA32 and Tricho-
derma harzianum RU01

Abeysinghe (2009)

Capsicum Damping off/Rhizoctonia solani Bacillus subtilis CA32 and Tricho-
derma harzianum RU01

Abeysinghe (2009)

Bean Sclerotinia sclerotiorum (Lib.) de Bary Arbuscular Mycorrhizal Fungi (AMF) 
Glomus mosseae (Gm), Glomus 
fasciculatum (Gf) and Rhizobium 
leguminosarum biovar phaseoli 
(Rlp)

Aysan and Demir 
(2009)

Brinjal Wilt/eggplant ( Solanum melongena) Trichoderma harzianum and T. viride Chakraborty et al. 
(2009)

Potato Rhizoctonia solani Trichoderma harzianum Rifai MUCL 
29707

Gallou et al. (2009)

Banana Post-harvest crown rot/Lasiodiplodia 
theobromae and Colletotrichum 
musae

T. viride, T. harzianum and T.koningii Ganesan et al. (2009)

Guava Fusarium oxysporum f.sp. psidii Aspergillus niger, Trichoderma sp., 
Penicillium citrinum

Gupta et al. (2009)

Brinjal Collar rot/Sclerotium rolfsii Sacc. Trichoderma viride (T5) Jadon (2009)
Sesame Stem rot/Sclerotinia sclerotiorum T. harzianum-8, T. atroviride 

PTCC5220 and T. longibrachiatum 
PTCC5140

Matroudi et al. (2009)

Sesame Sclerotinia sclerotiorum/Sclerotinia rot T. harzianum isolate GR, FYM of T. 
harzianum isolate SI-02, garlic bulb 
aqueous extract

Meena et al. (2009)

Table 25.1 (continued) 
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Crop Pathogen/disease Bioagent Reference
Guava F. oxysporum f sp. psidii and F. solani Aspergillus niger,Trichoderma sp. ( T. 

virens, T. harzianum and T. viride) 
and Penicillium citrinum

Misra and Gupta 
(2009)

Tomato Fusarium oxysporum f.sp. 
radicis-lycopersici

Trichoderma koningiopsis (Th003) Moreno et al. (2009)

Cumin Fusarium oxysporum f.sp. cumini Trichoderma harzianum, T. viride, 
Pseudomonas fluorescens and 
Bacillus subtilis

Nitin and Gangopad-
hyay (2009)

Tomato Fusarium wilt/Fusarium oxysporum Trichoderma, T. harzianum, T. viride 
and T. hamatum

Ojha and Chatterjee 
(2009)

Capsicum Wilt/Fusarium solani Trichoderna viride-16, T. harzia-
num-10, Pseudomonas fluorescens 
(Pf-1)

Rani et al. (2009)

Tomato Ralstonia wilt/Ralstonia solanacearum Glomua mosseae, Trichoderma viride 
and Azotobacter +  Phosphobactrin

Sharma and Kumar 
(2009)

Maize Fusarium verticillioides T. harzianum (strain 1:/IMI 380934; 
strain 2: IMI 380935; strain 3:IMI 
380938)

Sobowale et al. 
(2009)

Brinjal Root-knot-wilt/Meloidogyne incognita 
and Fusarium solani

Aspergillus niger, Trichoderma har-
zianum, Paecilomyces lilacinus and 
Pseudomonas fluorescens

Vipin et al. (2009)

Brinjal Sclerotinia sclerotiorum Trichoderma harzianum and Amylo 
liquefaciens

Abdullah et al. (2008)

Banana Lasiodiplodia theobromae/Banana 
crown rot

Clonostachys byssicola, Curvularia 
pallescens, Penicillium oxalicum, 
Trichoderma harzianum

Alvindia and Natsuaki 
(2008)

Tomato Pre- and postemergence rots and foliar 
disease

Trichoderma viride, T. harzianum, 
Pseudomonas fluorescens and 
Aspergillus niger

Hooda et al. (2008)

Tomato Fusarium crown and root-
rot/Fusarium oxysporum f.sp. 
radicis-lycopersici

Fusarium equiseti GF191 and biode-
gradable pots (BPs)

Horinouchi et al. 
(2008)

Chickpea Charcoal rot/Macrophomina 
phaseolina

Trichoderma harzianum 25–92 Jyotsna et al. (2008)

Sesame Alternaria blight Allium sativum and Trichoderma 
harzianum

Meena et al. (2008)

Linseed F. oxysporum f.sp. lini Trichoderma viride, T. harzianum; T. 
viride + , T. harzianum + thiram; 
T. viride + thiram; T. harzianum + 
thiram, thiram; T. harzianum + T. 
viride and FYM (farmyard manure)

Singh et al. (2008)

Linseed Sclerotium rolfsii ( Corticium rolfsii)/
Collar rot

Trichoderma spp. Bhosale et al. (2007)

Bean Dry root rot/Macrophomina 
phaseolina

AM fungi viz., Glomus fasciculatum, 
G. mosseae, G. aggregatum, G. 
claroideum, G. macrocarpum, and 
G. multicaule

Chandra et al. (2007)

Brinjal Damping off/Fusarium equiseti Trichoderma harzianum and Aspergil-
lus niger

Datar (2007)

Tomato Fusarium oxysporum f.sp. lycopersici Fluorescent pseudomonas, nonpatho-
genic Fusarium strain and Tricho-
derma harzianum T-22

Fahri Yigit and Dikili-
tas (2007)

Pigeonpea Wilt/Fusarium udum Trichoderma harzianum Gade et al. (2007)
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Abstract

Crop protection has become a basic requirement of the sustainable agri-
culture to ensure increased crop production. Biological control has been 
actively practiced as a crop protection measure for more than five decades 
and the history of biocontrol, its successes and failures, have been ex-
tensively reviewed. Plant growth promoting rhizobacteria (PGPR) are an 
important group of microorganisms, which play a major role in the bio-
control of plant pathogens. All plant-associated microenvironments, espe-
cially the rhizosphere, are colonized in high abundances by antagonistic 
microbes. Between 1 and 35 % of the microbial inhabitants show antago-
nistic capacity to inhibit the growth of pathogens in vitro by various bio-
control mechanisms that include production of antibiotics, siderophores, 
lytic enzymes, HCN and induced systemic resistance. In recent years, the 
popularity of biocontrol agents has increased substantially, as extensive 
and systematic research has enhanced their effectiveness and consistency.

26.1  Introduction

Soil-borne fungal diseases cause worldwide 
economically significant diseases that affect im-
portant crops. Soil-borne fungal diseases are the 
limiting factors in the productivity of many crop 

systems. Controlling soil-borne fungal pathogens 
has always been very difficult. Fungicide drench-
es are expensive and impractical, and they have 
undesirable effects on the environment. Physi-
cal methods, such as soil sterilization by heat 
and soil solarisation, can sometimes be useful 
for reducing the pathogen inoculums. However, 
these techniques can have undesirable side ef-
fects on the plants and on beneficial microflora. 
Among the major soil-borne fungal pathogens, 
Rhizoctonia and the oomycete Pythium, are espe-
cially problematic in disinfected soil and soilless 

Keywords 
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substrates, where the microbial diversity and 
biological buffering present in natural soils are 
lacking. Moreover, sclerotia-producing fungi 
such as Botrytis, Sclerotinia and Sclerotium are 
very difficult to eradicate from the soil by exist-
ing methods. In this scenario, the use of antago-
nistic rhizospheric microorganisms would be an 
effective alternative means of control. In fact, the 
biocontrol of soil-borne fungal pathogens has 
probably been the subject of more research than 
any other form of plant disease biological control 
(Perez-Garcia et al. 2011).

These fungal pathogens need to be controlled 
by improving crop protection strategies, to pre-
vent damage, to ensure a substantial contribution, 
the food security and economy of people. The 
use of chemical fertilizers and pesticides in ag-
riculture had showed spectacular improvements 
in crop productivity over the past decades. How-
ever, the hazardous effects such as degradation of 
soil, undesirable effects on no target organisms, 
environmental pollution, etc. were seen. Further-
more, the growing cost of pesticides, particularly 
in less affluent regions of the world and consum-
er demand for pesticide-free food and ecofriend-
ly management strategies has led to search for a 
substitute for these agricultural inputs (Tapadar 
and Jha 2013).

Biological control of plant diseases has been 
considered a viable alternative method to manage 
plant diseases. Biological control is the inhibition 
of growth, infection or reproduction of one organ-
ism using another organism. Biocontrol is envi-
ronmentally safe, and in some cases is the only op-
tion available to protect plants against pathogens 
(Heydari and Pessarakli 2010). Total 14 bacteria 
and 12 fungi were registered by Fravel (2005) 
with the US Environmental protection agency for 
control of plant diseases. Among the 14 registered 
bacterial biocontrol agents (BCAs), 6 are based on 
Bacillus, 5 on Pseudomonas, 2 on Agrobacterium 
and 1 on Streptomyces. Pseudomonas spp. are par-
ticularly suited as a BCAs because they can use 
many exudates as nutrient source, are abundantly 
present in natural soils, especially in the rhizo-
sphere, have a high growth rate, can be directly 
plant-growth promoting and have the ability to 

control diseases by a variety of mechanisms. They 
are also the most extensively studied group of bac-
terial BCAs, since Pseudomonas bacteria are ame-
nable to mutation and modification using genetic 
tools (Hofte and Altier 2010).

Beneficial rhizobacteria capable of aggres-
sively colonizing the rhizosphere and facilitating 
plant growth are often termed as plant growth-
promoting rhizobacteria (PGPR) (Kloepper and 
Schroth 1978). Plant growth promoting rhizobac-
teria (PGPR) are free-living soil bacteria that can 
either directly or indirectly facilitate rooting and 
growth of plants. PGPR indirectly enhance plant 
growth via suppression of phytopathogens by a 
variety of mechanisms. These include the ability 
to produce siderophores that chelate iron, making 
it unavailable to pathogens; the ability to synthe-
size antifungal metabolites such as antibiotics, 
fungal cell wall-lysing enzymes or production of 
volatiles such as hydrogen cyanide, which sup-
press the growth of fungal pathogens; the ability 
to successfully compete with pathogens for nutri-
ents or specific niches on the root; and the ability 
to induce systemic resistance (ISR; Saraf et al. 
2010). Bacteria belonging to the genera Agrobac-
terium, Bacillus, Burkholderia, Enterobacter, Er-
winia, Lysobacter, Pseudomonas and Serratia are 
successfully used as BCAs against many plant 
diseases. Some of the fungal biocontrol genera 
used are Ampelomyces, Aspergillus, Coniothyri-
um, Gliocladium, Laetisaria, Penicillium, Phle-
biopsis, Sporodesmia, Talaromyces, Tilletiopsis, 
Trichoderma and Trichothecium (Mathivanan 
and Manibhushanrao 2004; Mathivanan et al. 
2006). In addition, several species of actino-
mycetes belonging to the genera Streptomyces, 
Actinoplanes, Actinomadura, Micromonospora, 
Streptosporangium, Streptoverticillium and Spi-
rillospora are used as BCAs. Interestingly, they 
produce biologically active secondary metabo-
lites that have a potential in controlling plant 
pathogens (Doumbou et al. 2002; El-Tarabily and 
Sivasithamparam 2006; Prabavathy et al. 2008; 
Ramesh 2009).

Pertaining to massive world population pres-
sure, increase in food grain production is a trou-
blesome task in today’s world. The need of the 
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day is sustainable agriculture without harming 
the balance of soil ecology as well as unlocking 
the mystery of biota influencing plant growth by 
using PGPR. PGPR are nowadays applied in a 
wide array of agro and allied industries in the 
form of inoculants (biofertilizer and BCA) in a 
range of agro-economically important plants in-
cluding leguminous and nonleguminous crops, 
trees and plants of forest, horticulture, sericulture, 
medicinal, fodder, oilseed and cash crops for en-
hancing their growth and productivity (Aeron 
et al. 2011).

PGPR, as BCAs have certain advantages 
over conventional chemical control compounds 
(Labuschagne et al. 2010). They are mentioned 
below:
1. PGPR are beneficial, naturally occurring 

microorganisms, which are environmentally 
friendly and nontoxic.

2. As per ecological perspective, their applica-
tion is sustainable (long term).

3. Another advantage of PGPR is the fact that 
they possess a diverse range of modes of 
action including antibiosis, production of 
siderophore, cell wall degrading enzymes, 
bio-surfactants and volatiles, and also induces 
systemic resistance in plants.

4. The fact that some PGPR by definition di-
rectly enhance the growth of plants is an ad-
ditional advantage.

In biocontrol research, screening is a critical step 
in the development of BCAs, and the ultimate 
success of biocontrol depends on how well the 
searching and screening process is done (Fravel 
2005). The places to look for potential control 
agents must be selected carefully and the con-
trol agent eventually selected must be able to 
survive and grow in the environment in which 
it is expected to show the biocontrol potential 
(Campbell 1989). Isolates from culture collec-
tions rarely prove useful organisms for the field 
because they are usually adapted to the high nu-
trient levels in common media. However, culture 
collections are important in biocontrol research 
because reference strains are needed in taxonom-
ic and phylogenetic studies to identify the newly 
isolated BCAs and to study their genotypic and 

phenotypic diversity. Some authors separate bio-
control strategies into two broad categories. One 
strategy, which could be considered preventive, 
follows a fundamentally ecological approach. 
This biocontrol strategy reaches a long-time plant 
protection against the pathogen, and it is mainly 
based on induction or improvement of suppres-
sive soils. On the other hand, a second strategy, 
which could be considered curative, uses mi-
croorganisms as biopesticides and resembles, in 
some important respects, the approach of chemi-
cal pesticide treatment, which aims for control at 
a limited period of time (Knudsen et al. 1997). 
These differences in control strategy should 
influence the choice of isolation as well as the 
screening method (Kohl 2009).

The mode of action of PGPR as biocontrol 
is discussed with reference to the production of 
antibiotics, siderophore, and cell wall degrading 
enzymes as well as induction of systemic resis-
tance, root colonization and rhizosphere compe-
tence. The aim of this chapter is to point out the 
status of biocontrol, related with its mode of ac-
tion and to draw the focus on research strategies 
for the development of better inoculants.

26.2  PGPR as a Biocontrol Agent 
Against Soil-Borne Pathogens

During interaction process of PGPR with 
phytopathogens, the former produce certain anti-
biotics, siderophore, HCN or induce systemic re-
sistance, and release of such metabolites decides 
the fate of the pathogen.

26.2.1  Antibiotics Production

Antibiotic production by biocontrol-PGPR is the 
most powerful mechanism of biocontrol against 
phytopathogens. Many different types of anti-
biotics produced and effective under laboratory 
conditions, may not necessarily be under field 
conditions. As the genes involved in the produc-
tion of some antibiotics are known, it is pos-
sible to enhance antibiotic activity, and hence 



296 U. Pandya and M. Saraf

enhance suppression of phytopathogens (Bashan 
and Bashan 2005). These antibiotics may be an-
titumor, antiviral, antimicrobial, antihelmenthic 
and cytotoxic (Fernando et al. 2005). Among 
various BCAs, fluorescent pseudomonads (FPs) 
are found to be the prolific producers of a wide 
variety of metabolites such as phenazines, pyr-
rolnitrin, pyoluteorin, oomycin A, viscosinamide 
and hydrogen cyanide (Dwivedi and Johri 2003). 
Bacillus spp. were found to produce many an-
tibiotics such as zwittermycin A, kanosamine, 
rhizocticin C, iturins, fungicin and saltavalin and 
they are also capable of producing thermostable 
antimicrobial peptides (Emmert and Handels-
man 1999; Kavitha et al. 2005). Among fungal 
BCAs, Trichoderma spp. produce a range of an-
tibiotic metabolites such as trichodermin, pep-
taibols, pyrones, etc. (Mathivanan et al. 2008). 
Other bacteria such as Agrobacterium radio-
bacter, Burkholderia cepacia, Lysobacter sp. 
and Pantoea agglomerans have been reported 
to produce various antibiotic compounds such as 
agrocin 84, pyrrolnitrin, pseudane, xanthobac-
cin A and herbicolin (Kerr 1980; Homma et al. 
1989; Islam et al. 2005; Sandra et al. 2001; Zhao 
et al. 2010).

Genetic analysis of many biocontrol strains 
of Pseudomonas indicated that there is a posi-
tive correlation between disease suppression and 
antibiotic production. It was demonstrated that 
with increasing populations of Pseudomonas spp., 
which produce the antibiotic DAPG, there was a 
rapid decline in Take-all disease in wheat caused 
by the fungus Gaeumanomyces graminis var. tritici 
(Labuschagne et al. 2010). Zhou et al. (2012) stud-
ied the main antimicrobial compound of Pseudo-
monas brassicacearum J12 which strongly inhibit-
ed the growth of Ralstonia solanacearum as 2,4-di-
acetylphloroglucinol (2,4- DAPG) by HPLC–ESI-
MS analysis. The gene cluster phlACBD, which is 
responsible for 2,4-DAPG production, was iden-
tified and expressed in the bacterial strain Esch-
erichia coli DH5 α. Bacillus subtilis strain PRBS-1 
and AP-3 inhibited five soybean seed pathogenic 
fungi, viz. Rhizoctonia solani, Colletotrichum 
truncatum, Sclerotinia sclerotium, Macrophomina 
phaseolina, and Phomopsis spp. under in vitro 
conditions (Araujo et al. 2005). Zhou et al. (2008) 

isolated Paenibacillus strain HT16 from locusts, 
which showed strong inhibition to Penicillium ex-
pansum and produced antifungal protein with the 
molecular weight of 4,517 Da. Pueyo et al. (2009) 
showed a large group of lipopeptides produced by 
soil bacterium B. megaterium and their antagonis-
tic activity similar to surfactins, lichenysins, itrurin 
A, and fengycins. The antifungal metabolite pro-
duced by Paenibacillus polymyxa strain HKA-15 
showed strong antagonism against Rhizoctonia 
bataticola causing charcoal rot disease in soybean. 
Two bioactive fractions collected from the culture 
filtrate of Paenibacillus polymyxa strain HKA-15 
by preparative HPLC were characterized as cy-
clic peptide and depsipeptide (Senthilkumar et al. 
2007). Paenibacillus lentimorbus strain WJ5, a soil 
isolate, produced antifungal metabolite, which was 
extracted with n-butanol. The FT-IR spectrum of 
the antifungal metabolite confirmed the presence 
of the peptide and glycosidic bonds (Lee et al. 
2008).

Romero et al. (2007) showed the involve-
ment of iturin and fengycin antibiotics from four 
B. subtilis strains UMAF6614, UMAF6616, 
UMAF6639 and UMAF8561 in the suppres-
sion of powdery mildew of cucurbits caused 
by Podosphaera fusca. The culture supernatant 
could successively inhibit the powdery mil-
dew at levels previously reported for vegetative 
cells (Romero et al. 2004). The chemical analy-
sis of culture filtrate together with the recovery 
of inhibitory components (surfactin, fengycin, 
and iturin A or bacillomycin) from the melon 
leaves treated with two strains (UMAF6614 and 
UMAF6639) strongly supported the evidence of 
in situ production of these antimicrobials. Bais 
et al. (2004) demonstrated the protective action 
of surfactin produced by B. subtilis against the 
infection caused by Pseudomonas syringae in 
Arabidopsis thaliana and suggested that surfac-
tin was not only necessary for root colonization 
but also provided protection against the patho-
gen. The disease suppression was correlated with 
inhibitory concentrations of surfactin produced 
by the organism on roots. Moyne et al. (2001) 
identified B. subtilis strain AU195 capable of 
producing antifungal peptides showing similarity 
with bacillomycin (group iturin A).
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26.2.2  Siderophore Production

PGPRs also exert their antagonistic activity 
against plant pathogens by means of secretion of 
siderophores. These low molecular weight com-
pounds (400–1, 500 Da) preferentially chelate 
iron (Fe+++) and transport it into the cell across 
the cell membrane. The siderophores bind most 
of the Fe+3 in the rhizosphere and effectively 
prevent the proliferation of fungal pathogens by 
depriving them of available iron. Suppression 
of the pathogens arises because iron deficiency 
causes growth inhibition, decrease in nucleic acid 
synthesis, inhibition of sporulation and causes 
changes in cell morphology (Labuschagne et al. 
2010). The production of siderophores by plant-
associated bacteria has received major attention 
because of their role in both biological control 
of diseases and in virulence of plant pathogens 
(Neilands and Leong 1986; Loper and Buyer 
1991). This is particularly true for siderophores 
of Pseudomonas spp., which are produced in a 
large variety to sustain survival and growth of 
bacterial cells under iron-limiting conditions. 
Possibly, production and utilization of sidero-
phores are evolutionary responses to the diverse 
and often adverse habitats in which these bacte-
ria live (Ishimaru and Loper 1993). Pyoverdines 
(or pseudobactins) are the prevalent class of sid-
erophores produced by fluorescent Pseudomonas 
spp. They are yellow–green water-soluble chro-
mopeptides, fluorescent under ultraviolet irra-
diation ( k = 366 nm), and with a rather complex 
structure compared to that of most of the micro-
bial siderophores described. They have both cat-
echol and hydroxamate groups that chelate iron 
(Leong 1986). Their molecular structures, gene 
clusters responsible for biosynthesis, excretion 
and uptake, and their regulation have been exten-
sively studied and reviewed (Crosa 1997; Meyer 
2000; Ravel and Cornelis 2003). Fluorescent sid-
erophores production was observed as a mecha-
nism of biocontrol of bacterial wilt disease in the 
fluorescent pseudomonads RBL 101 and RSI 125 
(Jagadeesh et al. 2001) while Akhtar and Sid-
diqui (2009) reported that siderophore producing 
Pseudomonas strains significantly reduced the 
root-rot disease in chickpea. Press et al. (2001) 

reported the catechol siderophore biosynthesis 
gene in Serratia marcescens 90–166 is associ-
ated with induced resistance in cucumber against 
anthracnose, while P. fluorescens inhibited the 
growth of Fusarium culmorum in vitro (Kurek 
and Jaroszuk-Scisel 2003). Enhanced plant 
growth caused by pseudomonad strains was often 
accompanied by the reduction in pathogen popu-
lations on the roots. There is convincing evidence 
to support a direct role of siderophore-mediated 
iron competition in the biocontrol activity ex-
hibited by such isolates (Leong 1986; Loper and 
Buyer 1991).

The antagonism depends on the amount of 
iron available in the medium; siderophores pro-
duced by a BCA and sensitivity of target patho-
gens (Kloepper et al. 1980; Weger et al. 1988). 
Battu and Reddy (2009) reported 10 strains of 
P. fluorescens based on preliminary screening of 
all these isolates for antifungal activity against 
rice fungal pathogens ( P.oryzae and R.solani); 
inhibited the growth of rice fungal pathogens in 
Fe-deficient King’s B medium that varied from 
3 to 58 % inhibition. Among these, Pf 003 strain 
completely inhibited the mycelial growth of two 
rice pathogens ( P.oryzae and R.solani) both in 
presence and absence of FeCl3 which indicated 
the siderophore mediation along with antifungal 
metabolites. Patel et al. (2011) reported hydroxy-
mate types of siderophores that ranged from 
11–50 mM under saline conditions.

26.2.3  HCN Production

HCN is an effective inhibitor of cytochrome c ox-
idase (Knowles 1976) and other metalloenzymes 
(Blumer and Haas 2000). Its production by PGPR 
is implicated in biological control of black root rot 
of tobacco (Voisard et al. 1989), root rot of tomato 
and Pythium damping off of cucumber (Ramette 
et al. 2003). Cyanogenesis by Pseudomonas spp. 
is the product of an HCN synthase, encoded by 
three biosynthetic genes (hcnABC) (Laville et al. 
1998). These three genes are sufficient for HCN 
biosynthesis from glycine, the primary precursor 
(Blumer and Haas 2000). Multiple mechanisms 
contribute to HCN resistance in P. aeruginosa. 
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These include rhdA, which encodes a rhodonase 
that detoxifies HCN (Cipollone et al. 2007); the 
cioAB gene pair, which encode a cyanide insen-
sitive terminal oxidase (Cooper et al. 2003); and 
the secretion of α-ketoglutarate, which detoxifies 
cyanide (Blumer and Haas 2000).

26.2.4  Induced Systemic Resistance

The increased level of resistance using exter-
nal agents, without modifying the genome of 
the plant, is known as induced or acquired re-
sistance. The expression of induced resistance 
can be local or systemic when it is expressed at 
sites not directly exposed to the inducers agent 
(Stadnik 2000). Several PGPR that colonize root 
systems by seed applications and protect plants 
against foliar disease include Pseudomonas fluo-
rescens, P. putida, Bacillus pumilus and Serratia 
marcescens. Fewer published accounts of ISR 
by Bacillus spp. are available that show specific 
strains of the species B. amyloliquefaciens, B. 
subtilis, B. pasteurii, B. cereus, B. pumilus, B. 
mycoides and B. sphaericus can elicit significant 
reductions in the incidence or severity of various 
diseases in diverse hosts (Choudhary and Johri 
2009). PGPR elicit ISR in plants by increasing 
the physical and mechanical strength of the cell 
wall as well as changing the physiological and 
biochemical reactions of the host. This results 
in the synthesis of defence chemicals such as 
chitinase-, peroxidase- and pathogenesis-related 
proteins (Ramamoorthy et al. 2001; Nandaku-
mar et al. 2001; Silva et al. 2004).

The difference between ISR and SAR is that 
ISR is induced by nonpathogenic rhizobacte-
ria, while SAR is induced systemically after 
inoculation with necrotizing pathogens. More-
over, ISR is independent of salicyclic acid but 
involves jasmonic acid and ethylene signalling, 
while SAR requires salicyclic acid as a signal-
ling molecule in plants. ISR is accompanied by 
the expression of sets of genes distinct from the 
PR genes whereas SAR is accompanied by the 
induction of pathogenesis-related proteins. Both 
ISR and SAR are effective against a broad spec-

trum of plant pathogens (Kuc 1982; van Loon 
et al. 1998). Fluorescent pseudomonads are also 
involved in the induction of plant resistance 
against insects and nematodes and specific me-
tabolites produced by these bacteria have been 
involved in elicitation of defence reactions of 
the host plants. Similar to classical induced re-
sistance, PGPR–mediated resistance is known to 
produce broad spectrum resistance, which is cor-
related with increased amounts of pathogenesis-
related (PR) proteins, peroxidase, chitinases and 
β 1, 3-glucanase in plant tissue (Pathma et al. 
2011). A salicylate overproducing recombinant 
of P.fluorescens strain P3 affords enhanced pro-
tection to tobacco against tobacco necrosis virus 
compared with the wild type P3, which indicates 
that salicylate might also stimulate defence. In 
another Pseudomonas biocontrol strain, a com-
bination of pyocyanin and pyochelin seems to 
be most effective for inducing resistance in to-
matoes (Audenaert et al. 2002). Fluorescent 
pseudomonads (SE21 and RD 41) are resis-
tance inducers (chitin and salicyclic acid) for 
plant growth promotion and biological control 
of damping off of pepper caused by Rhizocto-
nia solani. P. fluorescens strains CHA0 and Pf1 
were investigated by Rajkumar et al. (2008) for 
their biocontrol efficacy against Banana bunchy 
top virus (BBTV) in bananas ( Musa spp.) alone 
and in combination with chitin under glasshouse 
and field conditions.

Increased accumulation of oxidative enzymes, 
peroxidase (PO), polyphenol oxidase (PPO), phe-
nylalanine ammonia lyase (PAL), pathogenesis-
related (PR) proteins, chitinase, β-1,3-glucanase 
and phenolics were observed in CHA0 bioformu-
lation amended with chitin-treated plants chal-
lenged with BBTV under glasshouse conditions 
(Kavino et al. 2007). Bacillus subtilis AF1 isolat-
ed from soils are suppressive to pigeon pea ( Caja-
nus cajan) wilt caused by Fusarium sp. caused 
lysis of A. niger by stimulating the production of 
PAL and peroxidase by the plant thereby eliciting 
induction of systemic resistance (Kloepper et al. 
2004). Protection resulting from ISR elicited by 
Bacillus spp. has been reported against leaf spot-
ting fungal and bacterial pathogens, systemic vi-
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ruses, a crown rotting fungal pathogen, root-knot 
nematodes and a stem blight fungal pathogen as 
well as damping off blue mould and late blight 
diseases (Govindasamy et al. 2010).

26.3  Molecular Studies on PGPR  
as Biocontrol Agents

Genomic information describes the analysis of 
the mode of action, detailed investigations of in-
teractions as well as optimization of fermentation 
and formulation processes for biocontrol products 
(Gross and Loper 2009). De Bruijn et al. (2007) 
used genome mining to discover unknown gene 
clusters and their traits that are highly relevant 
and significant in the lifestyle of P. fluorescens 
SBW25. Proteomic and transcriptomic studies 
are interesting to study the function of BCAs. 
Garbeva et al. (2011) studied transcriptional and 
antagonistic responses of P. fluorescens Pf0–1 
to phylogenetically different bacterial competi-
tors ( Bacillus, Brevundimonas and Pedobacter), 
which demonstrated that Pf0–1 shows a species-
specific response to bacterial competitors. In an-
other transcriptomic study published by Hassan 
et al. (2010), a whole genome oligonucleotide 
microarray was developed for P. fluorescens Pf-5 
and used to assess the consequences of a gacA 
mutation: GacA significantly influenced tran-
script levels of 10 % of the 6,147 annotated genes 
in the Pf-5 genome including genes involved 
in the production of hydrogen cyanide, pyolu-
teorin and the extracellular protease. Transcrip-
tomic studies can also lead to new insights into 
plant responses on BCAs: Pseudomonas-primed 
barley genes indicated that, as is the case in di-
cots, jasmonic acid plays a role in host responses 
(Petti et al. 2010).

Metabolomics studies are important for the 
analysis of metabolites in situ and for registration 
procedures of products. Frimmersdorf et al. 
(2010) used a metabolomic approach to show 
how P. aeruginosa adapts to various environ-
ments. In addition, analysis of the mobilome of 
strains can result in interesting findings for bio-
control research as shown for P. fluorescens Pf-5 

by Mavrodi et al. (2009), in which mobile genetic 
elements contain determinants that contribute to 
Pf-5’s ability to adapt to changing environmental 
conditions and/or colonize new ecological nich-
es. Studying the colonization of plants has been 
greatly reported by the application of fluorescent 
proteins which are used as vital markers and re-
porter genes (Bloemberg 2007). New methods 
for the in situ analysis of antifungal gene expres-
sion using flow cytometry combined with green 
fluorescent protein (GFP)-based reporter fusions 
(de Werra et al. 2008), barcode pyrosequencing 
(Gomes et al. 2010), and ultra-deep sequencing 
(Velicer et al. 2006) are studied for biocontrol 
mechanisms.

Evolution of molecular tools has permitted 
the development of new screening strategies 
for BCA, such as the development of sequence-
based T-RFLP-derived molecular markers to 
direct the identification and isolation of novel 
bacteria. This technique provides a cost-effective 
approach to finding generalist populations that 
consistently contribute to suppression across en-
vironments. T-RFLP analyses compare the bacte-
rial community structure in soils differing in their 
disease-suppressive capacities, revealing the 
positive association of multiple bacterial popula-
tions (marked with different TRFs) with disease 
suppression (Pliego et al. 2011). Whole-genome 
sequences are now available for two biocontrol 
strains belonging to the P. fluorescens lineage 
(strain SBW 25) or a closely related species, as 
well as non biocontrol P. fluorescens Pf01. Com-
parative genomics, gene array-based expression 
studies and integrated, in situ molecular analy-
ses of microbe–host interactions have started to 
provide advanced knowledge on plant protection 
properties and rhizosphere competence of these 
BCAs (Couillerot et al. 2009).

26.4  Global Productions  
of Biocontrol Products Derived 
from PGPR

The process of developing biological control 
begins with in vitro and in vivo screenings 
that continues with the study of mechanisms 
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of control such as competition, antibiosis, sid-
erophore, HCN and induced systemic resistance 
under laboratory experiments. The next stage 
is the production of large amounts of efficient 
biomass at a low cost, which requires studies of 
microbial physiology and the use of biotechno-
logical processes. Adequate formulations and 
application methods have to be designed so that 
the microbial biomass will attain a high level of 
biocontrol activity (Schisler et al. 2004). The se-
lection of best antagonistic strain is carried out 
by screening for antimicrobial action against 
different soil-borne pathogens apart from the 
target pathogen. The plant, pathogen and an-
tagonists are then co exposed to controlled en-
vironmental conditions. Promising antagonists 
are further tested for their efficacy in field tri-
als along with standard recommended fungi-
cides (Pengnoo et al. 2000). Mass production 
is achieved through liquid (Manjula and Podile 
2001), semisolid and solid fermentation tech-
niques (Lewis 1991).

It is also important to focus on the critical 
stages of commercialization of BCAs. Screening 
of new agents should consider the biology and 
ecology of the pathosystem, as well as agricul-
tural practices associated with the crop (Fravel 
2007). This knowledge will help prevent varia-
tion in field performance which is responsible for 
lack of wider adoption of biocontrol for disease 
management. The formulation stage aims to de-
liver the BCA in a physiologically active state for 
the needed control. The formulation must be eco-
nomical with a good shelf life and in a suitable 
form for shipping, storage and application. Risk 
assessment of human health and to the environ-
ment are needed before releasing the new prod-
uct, and early in the screening, even microorgan-
isms with good biocontrol potential but capable 
of growing at human body temperature should be 
eliminated (Fravel 2007).

In the USA, organisms currently registered 
for biocontrol and active compounds isolated 
from plants or other organisms are listed at 
http://www.epa.gov/oppbppd1/biopesticides/in-
gredients/index.htm. A few examples of PGPR 
and their commercialised biocontrol products 
(Figueiredo et al. 2010) are: Agrobacterium ra-

diobacter K1026 (Nogall®), Bacillus pumilus 
QST 2808 (Sonata® TM), B. pumilus GB34 
(YieldShield®), B. subtilis GBO3(Kodiak®), 
Pantoea agglomerans C9–1 (BlightBan 
C9–1®), P. agglomerans E325 (Bloomtime®), 
Pseudomonas aureofaciens Tx-1(Spot-Less®T), 
P. syringae ESC-10 and ESC-11 (Bio-save®), 
P. fluorescens A506 (BlightBan®), P. chloro-
raphis MA 342 (Cedomon®), Streptomyces 
griseoviridis K61 (Mycostop®), and S. lydicus 
WYEC 108 (Actinovate®). Some of the impor-
tant PGPR strains as biocontrol product along 
with their commercial products are listed in 
Table 26.1.

Companies in India manufacturing biocontrol 
products for their commercialisation as listed in 
Table 26.2. In China, PGPRs have been success-
fully applied for over two decades in an area of 
20 million ha in different crop plants for com-
mercial development. Owing to the potentiality 
of Bacillus spp., more than 20 different com-
mercial products of Bacillus origin are sold in 
China to mitigate soil-borne diseases (Backman 
et al. 1997). Besides, Bacillus spp., certain other 
PGPR strains belonging to the genera such as 
Agrobacterium, Azospirillum, Bulkholderia, 
Pseudomonas and Streptomyces are also used for 
the production of several commercial products, 
which are generally being applied against several 
target pathogens like Botrytis cinerea, Penicil-
lium spp., Mucor pyroformis, Geotrichum candi-
dum, Erwinia amylovora, russet-inducing bacte-
ria, Fusarium sp., Rhizoctonia sp., Pythium sp., 
Fusarium sp., Phytophthora sp., and P. tolassii 
(Nakkeeran et al. 2005).

Droby et al. (2009) has well-documented com-
mercial antagonistic microorganisms available 
in the global market for postharvest control of 
decays of fruits and vegetable. These are Bio-
save ( Pseudomonas syringae Van Hall), which 
are registered in the USA and used mostly for 
the control of sweet potato and potato diseas-
es (Stockwell and Stack 2007), and “Shemer” 
( Metschnikowia fructicola Kurtzman and Droby) 
registered in Israel and used commercially for 
the control of sweet potato and carrot storage 
diseases (Kurtzman and Droby 2001; Blachin-
sky et al. 2007). The two yeast-based products, 
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AspireTM (Ecogen, US) and Yield Plus (Anchor 
Yeast, South Africa) developed in the USA and 
South Africa are no longer available (Droby et al. 
2009). Currently, BioNext (Belgium) and Leasaf-

fre International (France) have developed a com-
mercial product, based on the same yeast used in 
AspireTM, Candida oleophila. A similar yeast-
based product, Candida saitoana was developed 

Table 26.1  Commercial products developed using different PGPR strains. (Adapted Modified from Bhattacharya and 
Jha 2012)
PGPR Products Intended crop
Agrobacterium radiobacter Diegall, Galltrol-A, Nogall, 

Norbac 84 C
Fruit, nut, ornamental nursery stock and trees

Azospirillum brasilense Azo-Green Turf and forage crops
Bacillus subtilis Epic, HiStick N/T, Kodiak, 

Rhizo-Plus, Serenade, Subtilex
Barley, beans, cotton, legumes peanut, pea, 

rice and soybean
B. amyloliquefaciens GB99 Quantum 4000 Broccoli, cabbage, cantaloupe, cauliflower, 

celery, cucumber, lettuce, ornamentals, 
peppers, tomato and watermelon

Burlkholderia cepacia Blue Circle, Deny, Intercept Alfalfa, barley, beans, clover, cotton, maize, 
peas, sorghum, vegetables and wheat

Pseudomonas fluorescens BlightBan A506, Conquer, Victus Almond, apple, cherry, mushroom, peach, 
pear, potato, Strawberry and tomato

P. syringae Bio-save10 Citrus and pome fruit
Streptomyces griseovirdis K61 Mycostop Field, ornamental and vegetable crops
T. harzianum TRICHODEX Strawberry, tomato, rice
T. harzianum Rifai ATCC20476 Binab-TF-WP Cotton and other agricultural crops and 

vegetables
T. polysporum Rifai ATCC20475 Binab-TF-WP-Konc

Table 26.2  List of Indian companies manufacturing the biocontrol products. (DBT India 2010)
Company name Biocontrol agent Biocontrol product Sources
Ajay Bio-Tech (I) Limited, Pune T. viride

B. thuringiensis var. 
kurstaki

Trichoguard-WP, 
Trichoguard-L

Bio-Dart

Web: http://www.ajaybio.com

Bio-Control Research Laborato-
ries, Karnataka

Trichogramma
T. viride
T. harzianum

Tricho-Card
NIPROT
NIPROT

E-mail: bcrl@vsnl.com/jayan-
thk@vsnl.com

Biotech International Limited, 
New Delhi

B. thuringiensis var. 
kurstaki

T. viride
P. fluorescens
Trichogramma spp.

Biolep
Bioderma
Biomonas
Biogramma

E-mail: info@biotech-int.com
web: http://www.biotech-int.com

Bioved Research and Communi-
cation Centre, Uttar Pradesh

Trichoderma viride
T. harzianum
Aspergillus niger
Saccharomyces cervisiae

Biovidi
Biozim
Bionizer
Sachcer

E-mail: bioved2003d@yahoo.
com

Esvin Advanced Technologies 
Limited, Tamil Nadu

P. fluorescens
Beauveria bassiana
Beauveria bassiana
Verticillium lecanii
Trichoderma viride

Esvin Pseudo
Biolarvex
Biogrubex
Biosappex
Eswin Tricho

E-mail: admin@esvintech.com/
tsv@vsnl.com

International Panaacea Limited, 
New Delhi

Trichoderma sp.
Pseudomonas sp.
Beauveria sp.

Sanjeemni, WP
P-Suraksha, WP
Daman, WP

E-mail: info@iplbiotech.com
Web: http://www.iplbiotech.

com/

bioved2003d@yahoo.com
bioved2003d@yahoo.com
http://www.iplbiotech.com/
http://www.iplbiotech.com/
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by Neova Technologies (Abbotsford, British Co-
lumbia, Canada). Additionally, Spain has also 
developed a commercial formulation of Candida 
sake for use on pome fruit under the name “Can-
difruit”.

26.5  Conclusions

The inconsistent performance of BCAs in the 
field developed thus far has plagued efforts to 
exploit them for commercial applications. There 
is a compelling need to identify efficient and de-
pendable BCAs to be used singly or as mixtures, 
so as to ensure consistent performance in the 
farmer’s field. Biological control offers excit-
ing possibilities for the future. Opportunities for 
creating superior strains of BCAs and transgenic 
crops which express microbial secondary metab-
olites such as an antibacterial antibiotic and other 
antifungal proteins are endless. The choice of the 
right microbial candidates is one of the most 
important factors governing the success of bio-
control programs on a commercial basis. Ideal 
BCAs would reduce the severity of more than 
one pathogen, as this will make their application 
cost-effective. It needs to be remembered that 
most of the world’s farmers, who live in Asia, 
are resource poor. Therefore, only cost-effective 
formulations of BCAs that perform consistently 
in the field, either by themselves or as part of 
an integrated disease management package, will 
benefit low-income agricultural crop growers. In 
this lies the key to the ultimate success of bio-
control research for integrated disease manage-
ment.
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27.1 Introduction

Rice ( Oryza sativa L.) is one of the three major 
food crops of the world. Being grown world-
wide, it is the staple food for more than one 

and a half of the world’s population. India is 
the largest rice-growing country accounting for 
about one third of the world acreage under the 
crop. It is grown in almost all states of India, 
covering more than 30 % of the total cultivated 
area. India is the largest producer and exporter 
of basmati rice in the world. During the year 
2011, the rice variety Pusa Basmati 1121 was 
grown by the farmers on 1.35 million ha area, 
producing 5.8 million ton of basmati paddy 
worth 11,600 crores. However, bakanae disease 
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is major constraint for this highly popular va-
riety. Bakanae disease incidence was reported 
high from Punjab, Haryana, Uttar Pradesh and 
Uttarakhand. In the year 2011, up to 40 % dis-
ease incidence was reported from Kapurthala, 
Ropar, Patiala, Ludhiana, Amritsar, Gurudaspur 
and Hoshiarpur district of Punjab.

The disease is said to be known in Japan 
since 1828 and it was described and called 
foot rot in India by Thomas in 1931. Bakanae 
disease is one of the emerging diseases of rice 
( Oryza sativa L.). This disease has been re-
ported from the rice tracts of South Asia, Eu-
ropean countries and the USA (Fig. 27.1). It is 
emerging as a potential threat in Japan, Taiwan, 
Thailand and India (Webster and Gunnell 1992; 
Kini et al. 2002; Saremi 2005; Anonymous 
2007). The name bakanae means ‘bad’ or ‘fool-
ish’ seedlings in Japanese, referring to the elon-
gation symptoms specific for the disease, and 
caused by gibberellins production by the patho-
gen upon infection of the host. Bakanae is tra-
ditionally associated with rice, but water grass 
plants such as Echinochloa spp., with clas-
sic symptoms of bakanae were also observed 
in California in 2002 (Carter et al. 2008). Al-
though the bakanae disease usually causes die-
back or sterility of rice, mycotoxin contamina-
tion also poses a concern since the pathogen is 
seed borne.

The disease is said to have known in Japan 
since 1828 (Ito and Kimura 1931). It was first de-
scribed by Hori (1808) who identified the causal 
organism as Fusarium heterosporum Nees. Fuji-
kuro found the telomorph which was described 
as Lisea fujikuroi by Sawada (1917). It was later 

put on the genera G. fujikuroi (Sawada) Ito (Ito 
and Kimura 1931), with Fusarium moniliforme 
Sheld as its anamorph. Kurosawa 1926 dem-
onstrated hypertrophic or bakanae effect of the 
fungus on its hosts. This unique phenomenon at-
tracted the attention of the biochemists and plant 
physiologists and led to the isolation of gibberel-
lins and other growth regulators by Yabuta et al. 
1934. The disease was described and called foot 
rot in India by Thomas (1931).

27.2 Yield Losses

Ito and Kimura (1931), reported up to 20 % loss 
in Hokkaido (Japan). Pavgi and Singh (1964) 
stated that losses of 15 % occurred in eastern dis-
tricts of Uttar Pradesh (India) and Kanjanasoon 
(1965) found 3.7–14.7 % loss in northern and 
central Thailand. However, recent reports report-
ed 40 % losses in rice (Ou 1987).

27.3 Pathogen

Although bakanae disease was first described 
more than 100 years ago in Japan, it is still not 
clear which Fusarium species are associated with 
different symptoms. Early work in Japan identi-
fied the pathogen as F. moniliforme in a broad 
sense (Ou 1985); however, this taxon comprises 
a number of distinct species, now collectively 
termed the Gibberella fujikuroi species complex. 
Sun and Snyder (1981), produced perithecia 
by crossing strains of F. fujikuroi in the labora-
tory; then four reproductively isolated groups of 
G. fujikuroi were designated as groups A, B, C 
and D, with genetically interfertile strains from 
rice designated as mating group C (Hseieh et al. 
1977; Kuhlman 1982). Additional genetic studies 
have identified nine biological species or mating 
populations, designated A–I, within the G. fujiku-
roi species complex (Leslie 1995; Viljoen et al. 
1997; Leslie and Summerell 2006). G. fujikuroi 
species complex is generally designated as sec-
tion Liseola, comprising nine biological species 
(Table 27.1).

Three mating populations of section Lise-
ola (A, C and D) of the G. fujikuroi complex 

Fig. 27.1  Worldwide distribution of bakanae disease of 
rice
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from 0.25 to 9 %. Four Fusaria ( F. andiyazi, F. 
fujikuroi, F. proliferatum and F. verticillioides) 
were found associated with bakanae disease of 
rice. While three of the Fusaria were found in 
both African and Asian seed samples, F. fujiku-
roi was only detected in seed samples from Asia. 
Phylogenetic studies showed a broad genetic 
variation among the strains that were distributed 
into four different genetic clades. Pathogenicity 
tests showed that all strains reduced seed ger-
mination and possessed varying ability to cause 
symptoms of bakanae on rice, some species (i.e. 
F. fujikuroi) being more pathogenic than others. 
G. fujikuroi species complex were detected in 
popularly grown rice varieties with infection per-
centage ranging from 1 to 24 % in India (Bashyal 
and Aggarwal 2013), (Table 27.2). Three Fusari-
um spp. viz., F. verticillioides, F. fujikuroi and F. 
proliferatum were found associated with bakanae 
disease of rice in India (Fig. 27.2). Maximum in-
cidence of slender and chlorotic leaves were pro-
duced by F. fujikuroi (90 %) while maximum in-
cidence of crown rot and stem rot was produced 
by F. verticillioides (50 %).

have been associated with bakanae disease of 
rice. Mating population C (MP-C) (anamorph, 
Fusarium fujikuroi; Nirenberg 1976), was first 
identified in 1977 among strains from rice from 
Taiwan (Hseieh et al. 1977). It has been found re-
sponsible for bakanae disease in Italy (Amatulli 
et al. 2010). Mating population A (MP-A) (ana-
morph, Fusarium verticillioides (synonym, F. 
moniliforme)) and mating population D (MP-D) 
(anamorph, Fusarium proliferatum) have been 
isolated from rice from Asia, and MP-D has been 
isolated from rice from Africa, Australia and the 
USA (Desjardins et al. 1997; Amoah et al. 1996; 
Voigt et al. 1995). Thus, more than one species 
of Fusarium may be able to infect rice and cause 
symptoms of bakanae disease.

Wulff et al. (2010) isolated and characterized 
African and Asian populations of Fusarium spp. 
( G. fujikuroi species complex) associated with 
bakanae of rice ( Oryzae sativa L.) with respect 
to ecology, phylogenetics, pathogenicity and my-
cotoxin production. Independent of the origin, 
Fusarium spp. were detected in the different rice 
seed samples with varied infection rate ranging 

Table 27.1  Mating populations of Gibberella fujikuroi 
species complex
S. No. Anamorph Telomorph Mating 

population
1. F. verticillioides G. fujikuroi MP-A
2. F. sacchari G. fujikuroi MP-B
3. F. fujikuroi G. fujikuroi MP-C
4. F. proliferatum G. fujikuroi MP-D
5. F. subglutinans G. fujikuroi MP-E
6. F. thapsinum G. fujikuroi MP-F
7. F. nygamai G. fujikuroi MP-G
8. F. circinatum G. fujikuroi MP-H
9. F. konzum G. fujikuroi MP-I

Table 27.2  Rice varieties infected with Gibberella fuji-
kuroi species complex from India
S. No. Rice variety Infection (%)
1. Pusa Basmati 1121 24
2. Pusa Basmati-1 4
3. Tarori Basmati 20
4. Samba Mahsuri 2
5. Jaya 10
6. Ajaya 4
7. Vikramaraya 6
9. Swarnadhan 1
10. IR 50 4
11. IR 64 4
12. MTU 1010 4

Fig. 27.2  Bakanae disease 
pathogens a Fusarium 
fujikuroi. b Fusarium 
proliferatum. c Fusarium 
verticillioides



310 B. M. Bashyal et al.

27.4 Disease Symptoms

Yamanaka and Honkura (1978), classified five 
types of symptoms (a) elongation, (b) elongation 
and normal growth, (c) elongation then stunted 
growth, (d) stunted growth and (e) no growth. The 
amount of each type of the symptom varied with 
the isolate. Sun and Synder (1978) reported that 
varying inoculums potential produced different 
types of symptoms. Sasaki (1973), reported lesion 
formation on rice leaves but Sun (1975), consid-
ered that no vegetative parts above ground are 
sites for the infection. Sasaki (1976) reported the 
presence of elongation symptoms in ratoon plants 
in Japan.

The typical symptoms of bakanae are slen-
der, chlorotic and abnormally elongated primary 
leaves, however, not all infected seedlings show 
these symptoms, as crown rot is also seen, result-
ing in stunted rice plants. In crops reaching ma-
turity, infected plants show tall lanky tillers bear-
ing pale green flag leaves which are conspicuous 
above the general level of the crop. Infected plants 
usually have small numbers of tillers and leaves 

dry up one after another from below and die in 
few weeks. Occasionally infected plants survive 
until maturity but bear empty panicles. A white 
or pink mycelial growth may be noticed in lower 
parts of the infected plants (Fig. 27.3).

27.5 Disease Cycle

The disease is seed borne. Seeds are infected at 
the flowering stage. In moderately diseased rice 
fields, 100 % of seed yielded the pathogen and 
30 % of them showed bakanae symptoms when 
planted. Hino and Furuta (1968), reported the av-
erage embryo infection of 8.85% in July, 8.1 % in 
August and 0.03 % in September. When severely 
infected, the kernels develop a reddish discolou-
ration due to the presence of the conidia of the 
pathogen. Seto (1937) determined, that the most 
favourable stage for the development of seed in-
fection is the flowering time.

Kanjanasoon (1965), in Thailand showed that 
artificially inoculated soil caused 93 % infection 
immediately after inoculation. Infection decreased 

Fig. 27.3  Bakanae disease 
of rice in field showing a 
Elongation. b Rotting. c 
Mycelial growth. d Foot 
rot and adventitious root 
formation symptoms
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with the passage of time and only 0.7 % infection 
occurred after 90 days of the inoculation and no 
infection resulted after 180 days. This indicated 
that the fungus does not survive in soil for long in 
tropics. According to Sun (1975), fungus survives 
in soil for about 4 months in the form of thick-
walled hyphae or macroconidia.

Nishikado and Kimura 1941 found microco-
nidia and mycelium of the pathogen could be 
observed in vascular bundles especially in the 
large-pitted vessels and the lacunae of the xylem. 
The phloem and parenchyma were not invaded 
to any extent. The pathogen was found to be dis-
continuously distributed. The pathogen survives 
in the winter (summer in the tropics) in infected 
seeds or other parts of diseased plants. Kanjan-
soon (1965) found that the fungus is viable in 
seeds and other parts of the diseased plants up to 
4–10 months in room temperature and more than 
3 years in cold storage at 7 °C.

27.6 Disease Epidemiology

It is generally observed that bakanae plants are 
few or not observed at all when the temperature 
is low. The temperature of 35 °C is most favour-
able for seedling growth and also for infection. 
At the temperature of 25 °C, bakanae plants 
could still be found but at 20 °C they failed to 
appear. However, fungus was isolated from these 
outwardly healthy looking plants. The optimum 
temperature for the fungus is 27–30 °C; however, 
optimum temperature for the disease is 35 °C. 
It has been observed that damp soil conditions 
are favourable for elongated symptoms and dry 

soil conditions are favourable for stunt growth. 
Kanjanasoon (1965) obtained higher percentage 
of infection when dry seed were sown than pre-
soaked or germinated seeds.

27.7 Host Resistance

Although the disease attacks both scented and 
unscented groups of paddy, it is more common in 
high yielding dwarf and aromatic tall varieties (ex-
port quality). Rice variety Pusa 1121 was observed 
highly susceptible to the bakanae. However, the 
disease was observed in other basmati varieties 
too. In the year 2012, rice varieties Pusa 1401, Pusa 
2511, CSR 30, Dehradun basmati and Pakistani 
basmati were infected by the disease (Table 27.3). 
Some of the varieties identified with different de-
gree of resistance in India and Pakistan against 
bakanae disease are listed below (Table 27.4).

27.8  Molecular Detection of the 
Pathogen

Molecular methods are among the most precise 
tools for differentiation between species and 
identification of new strains/isolates collected 
from infected samples. They differ regarding dis-
criminatory power, reproducibility, ease of use 
and interpretation. DNA fingerprinting of Fusar-
ium has been successfully used for characteriza-
tion of individual isolates and grouping them into 
standard racial classes and groups. This is partic-
ularly useful when any unknown fungal sample 
is to be identified. A comparison at the DNA se-

Table 27.3  Incidence of bakanae disease in different rice varieties. (except Pusa 1121)
States Districts Disease  

incidence (%)
Variety grown Symptoms

Haryana Karnal  2 CSR 30 Elongation and rotting
Punjab Fatehgarh 10 1401 Elongation and rotting
Uttar Pradesh Aligarh 15 1401 Elongation and rotting

Buladshaher  2 2511 Elongation and rotting
Gautam Budh Nagar  3 1509 Elongation and rotting

Uttarakhand Haridwar  2 Dehradun Basmati Rotting
Udham Singh Nagar  2 Pakistani Basmati Rotting
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quence level provides accurate classification of 
fungal species and is beginning to elucidate the 
evolutionary and ecological relationships among 
diverse species (Mule et al. 2005).

The sequences most commonly used to distin-
guish Fusarium spp. are portions of the genomic 
sequences encoding the translocation elongation 
factor 1-α (TEF) (Wulff et al. 2010), β-tubulin 
(tub2) (O’Donnell et al. 1998), calmodulin 
(O’Donnell et al. 2000), internally transcribed 
spacer regions in the ribosomal repeat re-
gion (ITS1 and ITS2) (Waalwijk et al. 1996; 
O’Donnell and Cigelnik 1997) and the inter-
genic spacer region (IGS) (Yli-Mattila and Gag-
kaeva 2010). Other molecular techniques such as 
RAPDs (Du-Teau and Leslie 1991; Mitter et al. 
2002; Voigt et al. 1995), mitochondrial RFLPs 
(Correll et al. 1992), AFLPs (Chulze et al. 2000; 
Zeller et al. 2003) and CHEF-gel karyotypes (Xu 
et al. 1995) have been also used to differentiate 
members of the G. fujikuroi species complex. 
Based on the results of these analyses, the G. fu-
jikuroi complex has been delineated into three 
lineages, designated as the African, Asian and 
American clades (O’Donnell et al. 1998). Not 
all sequences work equally well for all species. 
TEF1 gene (primer ef1 (5′-ATGGGTAAGGA 
(A⁄G) GACAAGA C-3′) and primer ef2 (5′-
GGA (G⁄A) GTACCAGT (G⁄ C) ATCATGTT-3′) 
the most widely accepted across the genus. 
Phylogenetic analysis of ITS region produced 
dendogram consisted of three different clades 
in India (Bashyal and Aggarwal 2013). Clade I 
comprised of F. verticillioides isolates. Clade II 
consisted of F. fujikuroi and clade III was formed 

by F. proliferatum strains with 100 % bootstrap 
support (Fig. 27.4).

27.9 Management

Currently the most common management prac-
tice for bakanae disease is seed treatment with 
fungicides. Seed treatment with benomyl, thiram 
and benomyl combination, and carbendazim are 
effective. Dry seed coating with the fungicide 
benomyl or benomyl-T, 1–2 % seed weight and 
seed soaking in 1:1,000 for 1 h and 1:2,000 for 
5 h gave good control. Some workers have re-
ported that treatment is more effective in pre-
germinated seeds when the shoot is 1 mm long.

27.10 Conclusion

More than one pathogen of G. fujikuroi spp. com-
plex (mostly Fusarium fujikuroi, Fusarium ver-
ticilloides, F. proliferatum) has been associated 
with bakanae disease of rice. Only Fusarium fu-
jikuroi was found associated with typical symp-
toms of bakanae disease, i.e. slender and elon-
gated leaves and abnormal growth of the plant. 
In the last decade, the organization of Fusarium 
spp. into well-defined lineages and their map-
ping to specific geographic locations have been 
achieved by analysis of genes involved in myco-
toxin biosynthesis or other metabolic processes 
to study the pathogen populations prevalent in 
those regions. Knowledge of the distribution and 
aggressiveness pattern of Fusarium spp. is very 

Table 27.4  Genotypes showing different degree of resistance to bakanae disease of rice
Genotypes Disease ratingsa

BR 1067-84-1-3-2-1, BR 1257-31-1-1,BR 4367-8-11-4-9, IR 58109-109-1-1-3, IR-6, DR-
82,ADT-40, ADT-44,ADT-41, ASD-16, Amulya, Sabita, Ereimaphou, Prasanna, GR-4, IR-64, 
Akutphou, MTU-1010

HR

AS 34011, BG 936, CNA 3886, HKR86-104, IR 39464-54-1-3-2-1-3, PR 106, C 4-64 (green 
base), Karjat x 13-21, IR-8, DR-83, KS-282, DM-15-1-95

R

BR 802-118-4-2, BR 827-35-2-1-HR, 6, HKR 42, HKR 46, HKR 126, HKR 91-104, HKR 
91-108, HKR 91-110, HKR 91-112, HKR 91-119, HKR 91-120, IR 51673-50-2-1, IR 57301-
195-3-3, Jaya, PR 110, RP 2235-113-85-20, RP 2240-52-4-8, RP 49455-20-2-2-3-3-1, 52616, 
Guinata, Hansraj, HKR 91-417, Kamod, Lua Nhe, Macunting, Milpal, S-1732

MR

a Disease incidence of 0, < 1, 1–5 was rated as HR highly resistant, R resistant, MR moderately resistant, respectively
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useful for understanding and developing strate-
gies to control the bakanae disease of rice.
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Abstract

More than 100 different fungicide molecules are in use with global mar-
ket value of more than US$ 10 billion. These molecules were selected by 
random screening and might be with little knowledge about their mode 
of action on the fungi. A variety of technologies have given us different 
molecules like Triazoles, Imidazole, Morpholines, etc. to combat fungal 
pathogens. However, rapid development of resistance by fungi to these 
classes of molecules has generated further quest for new agrochemical 
fungicides. The obvious choice of new target is based on criteria like: 
(a) should be present in several pathogenic fungi, (b) should be essential 
for either growth or virulence of fungi, and (c) should be exclusive for 
fungi, i.e. preferably absent in plants or humans. The nontoxic nature of 
the molecules to the nontargeted organisms is a major concern too. One 
of the approaches can be the identification of targets through a combina-
tion of bioinformatics, comparative genomics and pathway analysis. The 
strategies for the identification of the targets, development of novel high 
throughput screening methods, generation of chemical libraries, perfor-
mance in the field of lead molecules, etc. will be discussed.

Keywords 

Fungicide· Phytopathogenic fungi · Antifungal agents · Crop protection 
agents

28.1  Introduction

A large variety of crops are cultivated in various 
parts of the world throughout the year, including 
rice, cereals, pulses, oil seeds, potato, sugar beet, 
fruits, vegetables and others. Due to their inten-
sive cultivation, they are prone to serious fungal 
diseases which, if not managed lead to severe 
crop losses. It is most striking, when the epidemic 
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is intensively spread over large areas and if all the 
plants are more or less susceptible to the devas-
tating pathogens. Major fungal pathogens affect-
ing crops of economic importance are listed in 
Table 28.1. A recent review published in Nature 
by Fisher et al. (2012) highlights jeopardizing of 
food security by plant disease epidemics. Based 
on the global harvests for the year 2009/2010 for 
five major crops, rice, wheat, maize, potato and 
soya bean, the estimated loss due to rice blast 
(10–35 %), soya bean rust (10–80 %), stem rust 
in wheat (10–70 %), corn smut in maize (2–20 %) 
and late blight in potatoes (5–78 %) is at least 
125 million t. Fisher et al. (2012) further sug-
gested that this could have fed 596–4287 million 

mouths for a year, i.e. 8.5–61.2 % of the world’s 
population. The only solution for the problem 
is effective prevention and timely control of the 
fungal diseases. Judicious use of available fungi-
cides and development of pathogen-specific new 
fungicides will be an important arsenal in achiev-
ing this goal.

28.2  Fungicides

The modern fungicide development started in the 
mid-seventeenth century with the observation 
that wheat seed recovered from sea was free of 
bunt. Farmers started brining of grain with salt 

Crop Disease Causative agent
Arecanut Koleroga Phytophthora arecae
Beans Anthracnose Colletotrichum lindemuthiamum
Black pepper Foot rot and root rot Phytophthora capsici
Cardamom Azhukal capsule rot Phytophthora parasitica
Chillies Powdery mildew Leveillula taurica

Die-back, fruit rot Colletotrichum capsici
Citrus Gummosis Phytophthora citrophthora

Powdery mildew Oidium tingitanium
Coconut Bud rot Phytophthora palmivora
Cucurbits Downy mildew Pseudoperonospora cubensis

Powdery mildew Sphaerotheca fulginea
Anthracnose Colletotrichum lagenarium

Cumin Powdery mildew Erysiphe polygoni
Blight Alternaria burnsii

Grapes Downey mildew Plasmopara viticola
Powdery mildew Uncinula necator
Anthracnose Gloeosporium ampelophagum

Green peas Powdery mildew Erysiphe polygoni
Groundnut Early and late leaf spots Cercospora spp.
Maize Downy mildew Sclerophthora raysii

Corn smut Ustilago maydis
Mango Powdery mildew Oidium mangiferae

Anthracnose Colletotrichum gloeosporioides
Potato Late blight Phytophthora infestans
Rice Sheath blight Rhizoctonia solani

Blast Pyricularia oryzae/Magnaporthe grisea
Brown leaf spot Drechslera oryzae

Rubber Abnormal leaf fall Phyyophthora meadii
Soya bean Soya bean rust Phakospora pachyrhizi
Tomato Fruit rot Phytophthora infestans

Early blight Alternaria solani
Wheat Stem rust Puccinia graminis

Table 28.1  Fungal patho-
gens affecting crops of 
economic importance
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water and then liming to control bunt. In 1755, 
Tillet demonstrated that seed-borne fungi ( Til-
letia tritici, T. laevis) caused bunt of wheat and 
that it could be controlled by seed treatment with 
lime, or lime and salt. First chemical fungicide, 
copper sulphate was discovered in 1807 by Pre-
vost based on his serendipitous observation that 
the growth of the wheat bunt causal agent was 
prevented when its spore suspension was held 
in a copper vessel. After eight decades, the fa-
mous Bordeaux mixture, i.e. a mixture of copper 
sulphate and lime was discovered by Millardet. 
A farmer in the Bordeaux region of France had 
used it to discourage thievery of grapes. Millar-
det noticed that the sprayed vines retained their 
leaves, whereas unsprayed plants were defoli-
ated by downy mildew. It was developed as the 
first foliar fungicide and even today many cop-
per-based foliar fungicides are used to control a 
variety of fungal diseases, particularly on fruits 
and vegetables (Klittich 2008; Morton and Staub 

2008). Thereafter, several fungicides were dis-
covered and currently > 150 different compounds 
are in use with a global end user market value of 
US$ 10 billion. The fungicide development prog-
ress is summarized in Fig. 28.1.

Most of the chemicals mentioned in Fig. 28.1 
were identified by random screening and seren-
dipity with little knowledge about their mode 
of action on the fungi. A variety of technologies 
have given us different molecules like Triazoles, 
Imidazole, Morpholines, etc. to combat fungal 
diseases. However, rapid development of resis-
tance by fungi to these classes of molecules has 
generated further quest for new agrochemical 
fungicides. For instance, Botrytis cinerea is one 
of the most serious plant pathogens, infecting 
more than 200 crop plants in the field as well as 
in storage. Chemical control of Botrytis infec-
tion is limited, mainly due to the development of 
fungicide-resistant strains. Apart from resistance, 
optimum level of persistence, extended duration 

Fig. 28.1  Timeline for fungicide development. (Compiled from Klittich 2008, Morton and Staub 2008)
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of action and safety to the environment are the 
other factors that demand development of new 
fungicides.

28.3  Target Identification

Most of the commercial fungicides have been 
developed from either a natural product lead or 
random screening of large number of compounds 
followed by an optimization program. In view of 
the need to develop novel fungicides to counter 
the resistance and to ensure environmental safety, 
it is increasingly becoming essential to develop 
not only new chemical classes of compounds but 
also to identify new targets or metabolic path-
ways that can be disrupted resulting in the effec-
tive control of fungal pathogens.

For the development of fungicides by target-
ing specific proteins/enzymes, the target protein 
must have qualities such as: (1) it should be 
present in several fungi, (2) it should not pref-
erably be present in plants, animals and humans 
and (3) it should be essential for either growth 
or virulence of fungi. By choosing such targets, 
one can ensure that the fungicides developed will 
be broad spectrum (i.e. active against most fun-
gal pathogens), but at the same time less toxic to 
plants, livestock and humans.

Table 28.2 lists commercial fungicides based 
on their mode of action and target site. Best ex-
ample of fungicide development based on a novel 
mode of biochemical action is the ergosterol bio-
synthesis inhibitor fungicides. More than 20 ag-
ricultural fungicides were developed based on N-
substituted 1,2,4-triazoles and imidazoles. How-
ever, resistance is now reported in various fungal 
pathogens. Moreover, resistance and toxicity 
have been reported for most of the mechanisms 
which have prompted researchers to identify 
new targets. Bioinformatics approach to identify 
novel antifungal targets present in most fungi, 
while absent in plants and humans, and which are 
essential for growth/viability of fungi can be em-
ployed. Winzeler et al. (1999) and Giaever et al. 
(2002) have experimentally demonstrated that 
~ 1,000 proteins are essential for yeast Saccharo-
myces cerevisiae. The sequences of these proteins 

can be downloaded from the Saccharomyces ge-
nome database (SGD; http://www.yeastgenome.
org/). The sequences of all the proteins encoded 
by the (near) completely sequenced genomes 
of humans, fungi Schizosaccharomyces pombe, 
Candida albicans, partially available sequences 
of Magnaporthe grisea, plant pathogens and few 
fungal-specific sequence databases are available 
and can be obtained from respective databases. 
The sequences of essential proteins of S. cere-
visiae after one by one comparison with all the 
sequences of the other databases, by using basic 
local alignment search tool (BLAST) would 
yield similar homologs. Only those proteins with 
similar proteins (homologs) in most of the fungi, 
but without any homolog in humans can be fur-
ther studied. The identified proteins should be 
then compared to the proteins in nonredundant 
database of NCBI resources to identify homologs 
in other fungi, and also to check the absence of 
homologs in plants.

External intervention with the fungal apop-
totic machinery has been shown to arrest or stop 
fungal development. Secondly, the proteins regu-
lating fungal apoptosis are adequately different 
from their mammalian or plant counterparts. 
Hence, development of novel antifungal drugs 
and fungicides that activates natural fungal cell 
death pathways is a feasible and attractive strat-
egy. Apoptosis inducers will affect proteins that 
are regulators of fungal apoptosis, thereby caus-
ing activation of global suicide response result-
ing in killing of the fungus (Sharon 2009).

After identification of a novel biochemi-
cal or molecular target, subsequent rational de-
sign and directed synthesis will lead to effective 
fungicides.

28.4  Screening for Fungicides

An in vivo fungicide testing assay developed by 
Boyce Thompson Institute using plants growing 
in glasshouse/greenhouse or controlled environ-
ment room was mostly employed by companies 
till recently and still is the cornerstone for screen-
ing of fungicides (McCallan et al. 1943; Sheph-
ard 1987). However, due to recent advances in 
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Site of action Target site Example Resistance
Nucleic acids 

synthesis
RNA polymerase I Metalaxyl, furalaxyl Well-known resistance 

and cross resistance in 
oomycetes

Adenosin-deaminase Bupirimate, dimethirimol Medium-risk resistance and 
cross resistance in powdery 
mildews

DNA/RNA synthesis Hymexazole, octhilinone Resistance not reported
DNA topoisomerase type II (gyrase) Oxolinic acid Resistance not reported in 

fungi
Mitosis and cell 

division
ß-tubulin assembly in mitosis Benomyl, carbendazim Resistance common in many 

fungi
Cell division Pencycuron Resistance not reported
Delocalisation of spectrin-like 

proteins
Fluopicolide Resistance not reported

Respiration Complex I: NADH oxidoreductase Diflumetorim Resistance not reported
Complex II: succinate-dehydrogenase Boscalid, bixafen Resistance known in various 

fungal species
Complex III: cytochrome bc1 (ubiqui-

nol oxidase) at Qo site ( cyt b gene)
Azoxystrobin, coumoxys-

trobin, enoxastrobin
Resistance known in various 

fungal species
Complex III: cytochrome 

bc1(ubiquinone reductase) at Qi 
site

Cyazofamid, amisulbrom Resistance risk unknown

Uncouplers of oxidative 
phosphorylation

Binapacryl, 
meptyldinocap

Resistance risk unknown

Inhibitors of oxidative phosphoryla-
tion, ATP synthase

Fentin acetate, fentin 
chloride

Low- to medium-risk 
resistance

ATP production Silthiofam Low-risk resistance reported
Complex III: cytochrome bc1 (ubiqui-

none reductase) at Q x (unknown) 
site

Ametoctradin Medium- to high-risk 
resistance

Amino acids 
and protein 
synthesis

Methionine biosynthesis (proposed) 
( cgs gene)

Cyprodinil, mepanipyrim Resistance known in Botrytis 
and Venturia

Protein synthesis Blasticidin-S, 
kasugamycin

Low- to high-risk resistance

Signal 
transduction

Signal transduction Quinoxyfen, proquinazid Resistance to quinoxyfen 
known

MAP/Histidine-Kinase in osmotic 
signal transduction ( os-2, HOG1)

Fenpiclonil, fludioxonil Resistance found sporadically

MAP/Histidine-Kinase in osmotic 
signal transduction ( os-1, Daf1)

Chlozolinate, iprodione Resistance common in 
Botrytis and some other 
pathogens

Lipids and 
membrane 
synthesis

Phospholipid biosynthesis, 
methyltransferase

Edifenphos, iprobenfos Resistance known in specific 
fungi

Lipid peroxidation Biphenyl, chloroneb, 
dicloran

Resistance known in some 
fungi

Cell membrane permeability Iodocarb, propamocarb Low- to medium-risk 
resistance

Microbial disrupters of pathogen cell 
membranes

Bacillus subtilis strain 
QST 713

No resistance reported

Table 28.2  Classification of currently used fungicides based on the mode of action. (Adapted and modified from 
Fungicide Resistance Action Committee (FRAC) code list)
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automation and combinatorial chemistry, a large 
number of compounds can be generated within 
a short time which cater to the need for in vitro 
high throughput screens prior to the greenhouse 
or field studies. The potential of fungicide is 
mainly adjudged by growth inhibition or spore 
germination inhibition assays. Cell-based bio-
assays like disc diffusion method or broth mi-
crodilution technique according to Clinical and 
Laboratory Standards Institute (CLSI) guidelines 
employing the target organism are regularly used 
for screening. In industries, automated screens 
for whole cell/specific target inhibition based on 
microtiter plate format are widely used which 
allow screening of > 10,000 compounds per week 
(Knight et al. 1997). Screening for antifungal 
agents based on inhibition of specific enzymes 
such as chitin synthase will offer the greatest de-
gree of specificity for screening and will lead to 
safer and target-specific fungicide development. 
Most of the phytopathogens are filamentous and 
the hyphae grow apically. Usually hypal tip is 
plastic, thin walled and a site for the deposition of 
nascent chitin. In the presence of specific chitin 
synthase/glucan synthase inhibitor in osmotically 
stabilized medium, the hyphal tip bursting can be 
observed within few minutes under the micro-
scope (Patil et al. 2001). Similarly, inhibition of a 

germ tube formation, yeast to hypha transition in 
a dimorphic fungus, appresorium formation can 
be used for initial screening of fungicides.

Disruption and specific deactivation of fungal 
genes will be helpful in identification of novel, 
validated target sites. For instance, mutants in 
which apoptosis is blocked are expected to be less 
sensitive to apoptosis inducers and can be used 
as genetic screens. Another emerging screening 
strategy which employs mutants is haploinsuffi-
ciency assay.

28.4.1  Haploinsufficiency Assay

Giaever et al. (1999) developed a yeast genome-
wide drug induced haploinsufficiency screen 
using S. cerevisiae as a model. Removal of one 
gene copy from two copies of a diploid yeast 
results in a heterozygote. The resulting mutant 
strain becomes sensitive to any drug that acts on 
the product of this gene as compared to wild-type 
strain. This haploinsufficient phenotype thereby 
identifies the gene product of the heterozygous 
locus as the likely antifungal target (Baetz et al. 
2004). For instance, diploid wild-type S. cerevi-
siae strain and its mutant (haploid for the targeted 
gene Chs2–chitin synthase 2 gene) are used for 

Site of action Target site Example Resistance
Sterol biosyn-

thesis in 
membranes

C14-demethylase in sterol biosynthe-
sis ( erg11/cyp51)

Myclobutanil, azacon-
azole, ipconazole

Resistance is known in vari-
ous fungal species

∆14-reductase and ∆8→∆7-isomerase 
in sterol biosynthesis ( erg24, erg2)

Aldimorph, dodemorph Decreased sensitivity for 
powdery mildews

3-keto reductase, C4-demethylation 
( erg27)

Fenhexamid Low to medium risk 
resistance

Squalene epoxidase in sterol biosyn-
thesis ( erg1)

Pyributicarb, terbinafine Resistance not known

Cell wall 
biosynthesis

Trehalase and inositol biosynthesis Validamycin Resistance not known
Chitin synthase Polyoxin Medium-risk resistance
Cellulose synthase Dimethomorph, 

mandipropamid
Low- to medium-risk 

resistance
Melanin synthe-

sis in cell wall
Reductase in melanin biosynthesis Fthalide pyroquilon 

tricyclazole
Resistance not known

Dehydratase in melanin biosynthesis Carpropamid, diclo-
cymet, fenoxanil

Medium risk resistance

Host plant 
defence 
induction

Salicylic acid pathway Acibenzolar-S-methyl Resistance not known

Table 28.2 (continued) 
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the screening of the CS inhibitors. As the mutant 
has only one copy of Chs2, the effect of chi-
tin synthase inhibitors on growth will be more 
pronounced on it as compared to the wild type, 
whereas both the strains will respond similarly 
to other non-target compounds. S. cerevisiae 
genes, essential for growth and with no homo-
logs in humans may be selected as specific anti-
fungal target. Similarly, haploinsufficient strains 
can be generated for specific pathogens and used 
for screening. For instance, Xu et al. (2007) used 
haploinsufficiency in C. albicans (termed as 
CaFT—C. albicans Fitness Test) and screened 
45 % of the C. albicans genome for the molecular 
targets of growth inhibitory compounds.

For the development of target-specific fungi-
cide, above and few other methods/strategies are 
useful and as an example work on development 
of chitin synthase inhibitors ongoing at National 
Chemical Laboratory (NCL) is presented in the 
following section.

28.5  Fungicide and Antifungal 
Agents Development Program 
at NCL

Chitin synthase enzyme satisfies all the afore-
mentioned criteria for a good target. It is respon-
sible for the formation of β-1,4-glycosidic link-
ages between chitin oligomer and GlcNAc, and 
is an enzyme absent in both plants and animals 
although it is present in insects. The Peptidyl-
nucleoside antibiotic inhibitors, nikkomycins and 
polyoxins, isolated from the culture filtrates of 
some Streptomyces spp. are known inhibitors for 
this enzyme for several years, but have not been 
sufficiently exploited. Hydrolytic lability and de-
creased fungal permeability are major obstacles 
in effective in vivo use against human pathogen-
ic fungi (Zhang and Miller 1999), but they were 
found to be effective against plant pathogenic 
fungi. The prohibitive cost of synthesis hampers 
commercial exploitation to a significant extent.

Most of the efforts to synthetically modify 
nikkomycin/polyoxin to overcome drawbacks 
ended up with comparable or less antifungal ac-
tivity (Chaudhary et al. 2013). The 1,2,3-triazole 

substitution at 5′ position of uridine nucleoside 
(general structure of polyoxin/nikkomycin) was 
selected. The design was based on replacing the 
peptide bond of polyoxin with triazole moiety 
as 1,2,3-triazole unit was considered a surrogate 
for a peptide bond due to similar atom placement 
and electronic properties. The 1,2,3-triazoles are 
transported easily inside the cells and are stable 
in the cell environment. The azole cores interact 
strongly with biological targets through hydrogen 
bonding to nitrogen atoms and their large dipole 
moments. Using click chemistry approach, 7 aryl 
ether linked 1,2,3 triazolyl uridine, 7 aryl ester 
linked 1,2,3 triazolyl uridine (Chaudhary et al. 
2009) and 8 cyano uridine derivatives were syn-
thesized (Fig. 28.2). The 1,2,3 triazolyl uridine 
and cyano uridine derivatives showed good anti-
fungal activity against plant pathogens Fusarium 
oxysporum, Drechslera oryzae, Magnaporthe 
grisea and Colletotrichum capsici (Table 28.3 
and 28.4). However, SC139, a 1,2,3 triazole uri-
dine with hydrophobic alkyl chain (Fig. 28.2) was 
most potent with minimum inhibitory concentra-
tion (MIC) values of 32, 32 and 16 µg/ml for M. 
grisea, D. oryzae and F. oxysporum, respectively.

28.5.1  Dimeric and Hybrid Inhibitors 
as Novel Fungicides

Based on the alternating orientation of the 
GlcNAc residues within the chitin chain, it was 
proposed that CS possesses two active sites (Sax-
ena 1995). Yeager and Finey (2004a, 2004b) test-
ed the hypothesis of presence of two active sites 
in CS by synthesizing dimeric nucleoside inhibi-
tors with the view that if two adjacent active sites 
are present in close proximity, then dimeric in-
hibitors should show bivalent inhibition. Dimeric 
inhibitors of 5′-deoxy-5′-aminouridine were 
synthesized by joining two units through carba-
mate linkers of different lengths. Efficacy of the 
dimeric inhibitors was dependent on the length 
of the spacer used, with shorter spacer (~ 14 Å) 
showing better efficacy. Similarly, uridine ana-
logues joined by tartarate amide spacer showed 
significant inhibition of CS activity. There are 
also many reports wherein dimerization has been 
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Table 28.3  Antifungal activity of the 1,2,3 triazolyl uridine derivatives (100 µg/ml) against plant pathogens by disc 
diffusion assay
Compound Substituents (R) Zone of inhibition (diameter in mm)

Fusarium 
oxysporum

Drechslera 
oryzae

Magna-
porthe 
grisea

Colletotri-
chum capsici

Aryl ethers 1,2,3-tri-
azolyl linked uridine 
derivatives

PC 115 4-NO2 6 10 10 11
PC 107 H – 6 – 10
PC 109 3-Me 10 4 – 14
PC 121 4-F 6 6 – 12
SC 058 4-Me 8 6 11 2

Aryl esters 1,2,3-tri-
azolyl linked uridine 
derivatives

SC 062 R X 7 4 10 15
2,4-Cl CH2

Table 28.4  Antifungal activity of the cyano uridine derivatives against plant pathogens by disc diffusion assay
Compound Substituents Inhibition zone diameter in mm (Concentration used 100 µg/ml)

R Fusarium 
oxysporum

Drechslera 
oryzae

Magnaporthe 
grisea

Colletotri-
chum capsici

PC 204b Piperazine 6 5 6 10
PC 045 Methyl-2-amino acetate 6 4 5 12
PC 076 Boc-protected NH3 4 2 4 10
PC 086 Ethanolamine 8 4 10 14
SC 027 Cyclohexyl amine 12 6 10 11
SC 034 Piperidine 10 4 10 14
SC 009 N-Boc ethylenediamine 5 8 15 11

Electronegative atom Hydrophobic alkyl chain Hydrophobic alkyl groups
High 
antifungal 
activity due 
to 

Potent antifungal 
Activity due to increased 
hydrophobicity

Cyclohexyl > ethyl amine > 
ethanolNO2>Cl>4CH3>2CH3>F>H

Antifungal
activity

  R 

Fig. 28.2  Different nikkomycin derivatives synthesized by modification at 5′ position of uridine nucleoside
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shown to result in improved biological activity. 
The strategy can be used for synthesis of dimer-
ic molecules of CS or other enzyme inhibiting 
monomers using different linkers for improved 
antifungal activity.

Synergistic action of two different antifungal 
compounds like Nikkomycin Z and caspofungin 
(Sandovsky-Losica 2008) suggests that forma-
tion of hybrid inhibitors with dual specificity 
may be a good strategy, in which the properties 
of one molecule may improve the efficacy of the 
other. For instance, above two inhibitors can be 
joined by hydrolysable spacers. This may tackle 
the problem of resistance development against 
one mechanism. This approach was used for the 
synthesis of novel agrochemicals. Benzoyl phe-
nyl urea (commercial insecticide), a class of in-
sect growth regulator’s inhibits chitin synthesis. 
Carvacrol, a naturally occurring monoterpenoid 
is an effective antifungal agent. Carvacrol was 
modified structurally by introducing benzoyl-
phenyl urea linkage. Two series of benzoylcarva-
cryl thiourea (BCTU) and benzoylcarvacryl urea 
(BCU) derivatives were synthesized (Fig. 28.3). 
Most of the new molecules showed comparable 
insecticidal activity with the standard lufenuron 
against cotton red bug, Dysdercus koenigii as 
well as potent antifungal activity against phyto-
pathogenic fungi, viz. M. grisae, F. oxysporum, 
D. oryzae and food spoilage yeasts, viz. Debaro-
myces hansenii, Pichia membranifaciens (Pete 
et al. 2012).

β-Methoxyacrylate group is an important ac-
tive principle of commercially used strobilurin 

fungicides. Whereas, triazoles are well-known 
antifungal compounds. These two groups were 
brought together in 1,2,4-triazole thiol and 
1,2,3-triazole substituted strobilurin derivatives. 
1,2,4-Triazole thiol substituted strobilurin deriv-
atives were found to inhibit the growth of plant 
pathogens such as F. oxysporum, M. grisea and 
D. oryzae with MIC in the range of 16–256 μg/
ml (unpublished data).

Li et al. (2011) used combinatorial approach 
for the generation of hybrid CS inhibitors. The 
structures of nikkomycin and polyoxin are simi-
lar. They introduced gene responsible for the 
biosynthesis of dipeptide of polyoxin from Strep-
tomyces cacaoi in the Streptomyces ansochromo-
genes mutant, which produced nucleoside moiety 
of nikkonycin X. This resulted in production of 
two hybrid antibiotics by the new mutant, out 
of which one was identified as polyoxin N and 
another named as polynik A. These two hybrid 
molecules were stable at neutral and alkaline 
conditions and showed better antifungal activity 
against five different phytopathogenic fungi in-
cluding Alternaria kikuchiana and Botrytis cine-
rea as compared to polyoxin B.

28.6  Conclusions

Present situation demands for development of 
newer fungicides, derivatization of current fun-
gicides for better activity, random screening of 
natural compounds, chemical libraries, develop-
ment of high throughput screens, improvement 

Fig. 28.3  Hybrid inhibitors of benzoylphenyl urea and carvacrol
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in host defence, etc. for controlling the plant 
pathogenic fungi and subsequently to ensure 
food security, safety and quality. Toxicity of con-
ventional fungicides and resistance development 
necessitate identification of novel antifungal tar-
gets that are present in most fungi, essential for 
growth/viability of the fungi, but absent in plants 
and humans. Using the bioinformatics approach 
(Section 28.3), tRNA ligase ( TRL1), plasma 
membrane Mg2+ transporter ( ALR1), compo-
nent of the RSC chromatin remodelling complex 
( RSC9), osmo-sensory signalling pathway protein 
( YPD1), lanosterol 14-α demethylase ( ERG11) 
and chitin synthase II ( CHS2) were identified as 
ideal targets (Chaudhary et al. 2013). Inhibitors 
against the products of these genes will be target 
specific, without any side effects to other eukary-
otes. Haploinsufficiency assay (Section 28.4.1) 
will aid in faster screening for the target-specific 
compounds. At NCL, the assay using different 
haploinsufficient mutants including mutants for 
( CHS2 and ERG11) are routinely employed for 
screening of compounds. In near future, rational 
design and synthesis of monomeric and dimeric 
chitin synthase inhibitors, hybrid inhibitors with 
dual mode of action, derivatization of existing in-
hibitors might lead to safer and better fungicides 
for increased crop productivity.
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Abstract

Plant growth-promoting rhizobacteria (PGPR) are naturally occurring soil 
bacteria that colonize the roots of the plant and promote the plants in terms 
of their growth. Biomass of the crops is enhanced if the PGPR are supplied 
to the crop plants at a very early stage of their growth. Inoculation of crops 
with PGPR may result in multiple effects such as seedling germination, 
plant height, root and shoot fresh and dry weight, nutrient content and 
increased nodulation in soybean crop. They help in increasing nitrogen 
fixation in soybean crop and also help in promoting free-living nitrogen-
fixing bacteria; increase supply of other nutrients such as phosphorus and 
produce plant hormones. They control fungal and bacterial diseases.

Keywords 

Plant growth-promoting rhizobacteria (PGPR) · Nitrogen fixation · IAA · 
Siderophores · Phosphate solublization · HCN

29.1  Introduction

In the last few decades, crop yield has increased 
many folds due to use of inorganic fertilizers and 
pesticides, but their excessive and indiscrimi-
nate use has led to serious environmental prob-
lems such as ground water pollution, decrease 
in soil fertility and development of resistance 

in pathogens. It is very difficult to feed such a 
huge population without damaging the environ-
ment (Reddy and Wang 2011). Sustainable agri-
culture is the vital need of today’s world so that 
we can meet our needs. Sustainable agriculture 
means full utilization of environmental resources 
with no harm to it (Singh et al. 2011). The con-
cept of sustainable development is the manage-
ment of natural resources for human use. One of 
the best ways for sustainable agriculture and to 
decrease the negative impacts of pesticides and 
fertilizers on environment is the use of PGPR 
(Adesemoye et al. 2009). They are the hetero-
geneous group of bacteria that are found in the 
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rhizosphere, at the root surface and in associa-
tion with plant roots (Ahmad et al. 2008). The 
rhizosphere is the region of soil influenced by 
plant roots and/or in association with root hairs, 
and plant-produced materials (Bringhurst et al. 
2001). This space includes soil bound by plant 
roots, often extending a few millimetre from the 
root surface and can include the plant root epider-
mal layer (Mahaffee and Kloepper 1997). Plant 
roots modify the rhizosphere (Chen et al. 2001). 
Plant exudates which are released in the rhizo-
sphere includes amino acids and sugars which 
provide energy and nutrients for PGPR resulting 
in greater bacterial populations in the rhizosphere 
than that of non-rhizosphere. Similarly, the soil 
aggregates affect the diversity of microbial com-
munities (Vadakattu et al. 2006). The bacteria 
which colonize the plant root systems and thus 
promote the plant growth are referred to as plant 
growth-promoting rhizobacteria (PGPR) (Kloep-
per and Schroth 1978).

PGPR enhance the plant growth by following 
different mechanisms such as P-solubilization, 
nitrogen (N2) fixation and by controlling effects 
of phtyopathogenic microorganisms (Laslo et al. 
2012). PGPR was divided into two classes, i.e. 
biocontrol: PGPR and PGPR (Bashan and Hol-
guin 1998), but this classification does not seem 
to be widely accepted. Later on, it was classified 
into four categories, i.e. (i) biofertilizers (increas-
ing availability of nutrients to plants), (ii) phyto-
stimulators (plant growth promoting hormones), 
(iii) rhizoremediators (degrading organic pollut-
ants) and (iv) biopesticides (controlling diseases 
and pests) (Somers et al. 2004). On the basis 
of their relationship with their host plant, they 
are broadly divided into two major groups, i.e. 
(i) symbiotic bacteria (bacteria that exist inside 
plant cells forming nodules), (ii) free-living bac-
teria (bacteria that are found in rhizosphere soil) 
(Khan 2005; Hayat et al. 2010). However, on the 
basis of their localization, they are classified into 
two groups, i.e. (i) intracellular PGPR (iPGPR): 
bacteria residing inside plant cells, producing 
nodules and being localized inside those special-
ized structures (e.g. nodules) and (ii) extracellu-
lar PGPR (ePGPR): those bacteria living outside 
plant cells and not producing nodules but enhanc-

ing plant growth through production of signal 
compounds that directly stimulate plant growth, 
improve plant disease resistance or improve nu-
trient status of soil. The ePGPR has further been 
subdivided into three types based on the degree 
of association with plant roots (i) those living 
near but not in contact with the roots, (ii) those 
colonizing the root surface and (iii) those living 
in the space between cells of the root cortex (Gray 
and Smith 2005). Of these PGPR, the iPGPR are 
mostly Gram-negative and rod shaped. Gener-
ally, iPGPR includes genera Rhizobium, Brady-
rhizobium, Sinorhizobium, Azorhizobium, Me-
sorhizobium and Allorhizobium, which belong 
to the family Rhizobiaceae, and are capable of 
forming nodules on the root system on legumi-
nous plants (Martinez-Romero and Wang 2000) 
whereas ePGPR do not form nodules. It includes 
some agronomically important genera, such as 
Bacillus (Ryder et al. 1999), Pseudomonas (De 
Freitas and Germida 1991), Erwinia (Nelson 
1998), Enterobacter, Flavobacterium, Actino-
bacter sp., Caulobacter, Serratia (Zhang et al. 
1996), Aeromonas caviae (Inbar and Chet 1991), 
Agrobacterium (Ryder and Jones 1990), Alcalig-
enes sp. (Yuen et al. 1985), Phyllobacterium sp. 
(Lambert et al. 1990), and Bacillus thuringiensis 
(Bai et al. 2002), Hyphomicrobium, Azotobacter, 
Azospirillum and Acetobacter (Prithiviraj et al. 
2003).

29.2  How Plant Growth-Promot-
ing Rhizobacteria Promote 
Growth?

Plant growth is either indirectly or directly influ-
enced by the plant growth-promoting rhizobac-
teria (Beauchamp 1993; Kloepper 1993; Glick 
1995; Kapulnik 1996; Lazarovits and Nowak 
1997; Gupta et al. 2000; Antoun and Prevost 
2005). The indirect promotion of plant growth is 
due to the inhibition or prevention of the delete-
rious and phytopathogenic organisms, whereas 
direct promotion of plant growth involves the 
synthesis of a compound or uptake of certain nu-
trients from the environment which are facilitat-
ed by the PGPR, and involves nitrogen fixation, 
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phosphate solubilization, production of phyto-
hormones and production of siderophore (Ghosh 
et al. 2003). PGPR enhance the plant growth by 
following a wide variety of mechanisms (Ashra-
fuzzaman et al. 2009; Bhattacharyya and Jha 
2012) such as phosphate solubilization, sidero-
phore production, biological nitrogen fixation 
(Bowen and Rovira 1999; Bhattacharyya and Jha 
2012), rhizosphere engineering, production of 
1-aminocyclopropane-1-carboxylate deaminase 
(ACC), quorum sensing (QS) signal interfer-
ence and inhibition of biofilm formation, phyto-
hormone production (Bowen and Rovira 1999; 
Benizri et al. 2001; Bhattacharyya and Jha 2012), 
exhibiting antifungal activity, production of vol-
atile organic compounds (VOCs), induction of 
systemic resistance, promoting beneficial plant–
microbe symbiosis, interference with pathogen 
toxin production, etc. (Bhattacharyya and Jha 
2012). Out of all these mechanisms, direct mech-
anisms include, the production of stimulatory 
bacterial VOCs and phytohormones, lowering of 
ethylene level in plants, improvement of the plant 
nutrient status and stimulation of disease-resis-
tance mechanisms (Antoun and Prevost 2005), 
whereas indirect method includes PGPR as a 

biocontrol agent that reduce diseases, stimulates 
other beneficial symbiosis and protects the plant 
by degrading xenobiotics in inhibitory contami-
nated soils (Jacobsen 1997). PGPR increase the 
germination rate, tolerance to drought, root and 
shoot weight, yield and plant growth under salt 
stress condition (Kokalis-Burelle et al. 2006).
They have potentiality to produce antibacte-
rial compounds that are effective against certain 
plant pathogens (Herman et al. 2008; Fig. 29.1).

29.3  Symbionts and Nitrogen 
Fixation

Nitrogen is considered as one of the major limit-
ing nutrient in plant growth (Graham and Vance 
2000). It is a major component of chlorophyll 
and the most important pigment for photosyn-
thesis as well as amino acids. Even though it is 
the most abundant element found in the environ-
ment, plants are unable to utilize it because it is 
in the form of nitrogen gas, and plants can uti-
lize only the reduced form of this element (Vance 
2001). The biological process which is respon-
sible for the reduction of molecular nitrogen 

Fig. 29.1  Schematic illustration of mechanisms for plant growth promotion by PGPR. (Kumar et al. 2011)
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into ammonia is referred to as nitrogen fixation 
(Franche et al. 2009). The study of nitrogen fixa-
tion started in 1886 with the discovery of root 
nodules in the leguminous crops. Hellriegel and 
Wilfarth (German scientists) reported that legu-
minous crops (crop-bearing root nodules) have 
capability to fix atmospheric nitrogen. Later on, 
Beijerinck in 1888 succeeded in isolating Rhi-
zobium leguminosarum strain (Stewart 1969).
Biological nitrogen fixation is restricted to pro-
karyotic organisms. These organisms utilize the 
nitrogenase enzyme to catalyse the conversion of 
atmospheric nitrogen into ammonia (NH3) which 
is readily assimilated by plants to produce the 
nitrogenous biomolecules (Wagner 2012). There 
are three principal modes adopted by prokaryotic 
microbes to fix the atmospheric nitrogen to am-
monia, i.e. (i) symbiotic (members of family Rhi-
zobeaceae such as Allorhizobium, Azorhizobium, 
Bradyrhizobium, Mesorhizobium, Rhizobium and 
Sinorhizobium) form symbiosis with leguminous 
host (Vessey 2003); (ii) non-symbiotic (a large 
number of bacteria and cyanobacteria are ca-
pable of non-symbiotic nitrogen fixation. Azoto-
bacter, Azomonas, Azotococcus, Mycobacterium 
spp., Methylosinus trichosporium, Thiobacil-
lus ferrooxidans, Chlorobiumthiosulfatophilum, 
Chromatiumvinosum, C. minutissimum, Bacillus 
polymixa, B. macerans, Enterobacteraerogenes 
(Aerobacter aerogenes), Escherichia interme-
dia, Escherichia coli(E. coli), Klebsiella spp., 
Rhodospirillumrubrum, Rhodomicrobium, Rho-
dopseudomonas, Clostridium spp., Desulfovibrio 
spp. are examples of free living nitrogen-fixing 
bacteria) (iii) associative symbiotic (no nodules 
are formed; Singh 2005). Associative symbiotic 
bacteria grow in close association with roots and 
sometimes invade the outer cortical region of the 
roots and fix atmospheric nitrogen.

In symbiotic nitrogen fixation, bacteria invade 
the root hairs of host plants where they multiply 
and stimulate the formation of root nodules. 
Bacteria inside the root nodules convert nitro-
gen to nitrates, which is utilized by the plant for 
its growth and development (www.britannica.
com/EBchecked/topic/967311/nitrogen-fixing-
bacteria). Within the resulting root nodules, the 
bacteria exist as highly pleomorphic N2-fixing 

forms called bacteroides. Leghaemoglobin oc-
curs within the root nodules and serves to protect 
the nitrogenase enzyme complex from oxygen 
sensitivity (Postgate 1982).

29.3.1  Nitrogen Fixation  
and Production of Crops

Most important sources of nitrogen for agricul-
ture are synthetic fertilizers and symbiotic nitro-
gen fixation by legumes (Herridge et al. 2008). 
Nitrogen fixation by microorganisms is of greater 
agronomic importance for the development of 
crops in soil which are deficient in nitrogen. A 
number of organisms have the ability to fix atmo-
spheric nitrogen. However, only a very few or-
ganisms belonging to different groups are able to 
fix nitrogen (Zahran et al. 1995). Nitrogen-fixing 
bacteria include, Achromobacter, Acetobacter, 
Alcaligenes, Arthrobacter, Azospirillum, Azoto-
bacter, Azomonas, Bacillus, Beijerinckia, Clos-
tridium, Corynebacterium, Derxia, Enterobacter, 
Herbaspirillum, Klebsiella, Pseudomonas, Rho-
dospirillum, Rhodopseudomonas and Xantho-
bacter (Bashan and de Bashan 2005). The atmo-
spheric nitrogen is converted to usable forms of 
nitrogen (i.e. NH4

+) through nitrogenase which is 
most sensitive to oxygen. However, each group 
of nitrogen-fixing organism possess a mecha-
nism to protect nitrogenase from oxygen toxicity.

The most common nitrogenase (Mo- or con-
ventional nitrogenase) contains a prosthetic group 
with molybdenum FeMoCo. Some bacteria such 
as Azotobacter and several photosynthetic nitro-
gen fixers (including some cyanobacteria) carry 
additional forms of nitrogenase whose cofactor 
contains vanadium (V-nitrogenase) or only iron 
(Fe-nitrogenase; Newton 2007). The leguminous 
crops form symbiotic relationship with root-nod-
ule bacteria collectively called as rhizobia (Doyle 
and Lucknow 2003). The rhizobia are Gram-neg-
ative and belong to Proteobacteria division. The 
alpha-proteobacterial genera Agrobacterium, 
Allorhizobium, Azorhizobium, Bradyrhizobium, 
Mesorhizobium, Rhizobium, Sinorhizobium, De-
vosia, Methylobacterium, Ochrobactrum and 
Phyllobacterium all harbour nodule-forming 
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bacteria, and so do the beta-proteobacterial Bur-
kholderia and Cupriavidus (Lindström and Mar-
tínez-Romero 2007). PGPR can fix atmospheric 
N2 and enhance crop yield, for example Azospi-
rillum species enhance rice (Pedraza et al. 2009; 
Ashrafuzzaman et al. 2009), maize (Montanez 
et al. 2009) and wheat (Sala et al. 2007) yield 
by BNF mechanisms. Co-inoculation of Brady-
rhizobium and certain PGPRs positively affected 
the symbiotic nitrogen fixation by enhancing 
both root nodule number and mass (Yahalom 
et al. 1987) and increasing the nitrogenase activ-
ity (Alagawadi and Gaur 1988). Co-inoculation 
of PGPRs with Bradyrhizobium increased nodu-
lation and nitrogen fixation in Glycine max at low 
root zone temperature (Dashti et al. 1998).

29.4  Plant Growth Promoters

Plant growth regulators (PGR) or growth regula-
tors or plant hormones are chemicals that alter 
the growth of the plant or plant part (http://edis.
ifas.ufl.edu). PGR is an organic compound, either 
natural or synthetic, that modifies or controls one 
or more specific physiological processes within 
a plant (Lemaux 1999). Plant hormone is the 
compound produced within the plant. According 
to the Environmental Protection Agency, PGRs 
are “any substance or mixture of substances in-
tended, through physiological action, to accel-
erate or retard the rate of growth or maturation, 
or otherwise alter the behavior of plants or their 
produce. Additionally, plant regulators are char-
acterized by their low rates of application; high 
application rates of the same compounds often 
are considered herbicidal.” PGR can be used as 
an enhancer for a wide range of plants such as 
tea, tobacco, banana, carambola, dragon fruit, 
mango, citrus, grapes, guava, strawberry, beans, 
capsicum, carrot, cabbages, Chinese cabbage, 
celery, cucurbits, tomato, spinach, eggplant, cut 
flowers, roses, chrysanthemum, rice, etc. (http://
www.nufarm.com/MY/PlantGrowthRegulators).

PGRs are the chemicals that physiologically 
alter particular areas of plant growth. They can 
accelerate or retard growth rate, promote flow-
ering, enhance the colour of fruit, stimulate the 

healthy root growth and also promote or reduce 
stem elongation (http://chameleongrowsystems.
com/Chameleon_Grow_Systems/Plant_Growth_
Regulators_(PGR)). The phytohormones and 
other compounds synthesized by PGPR affecting 
plant growth are discussed as under.

29.4.1  Plant Growth-Promoting 
Substances

29.4.1.1  Indole Acetic Acid

Auxins are compounds that influence the cell en-
largement, bud formation and root initiation. They 
also control the growth of stems, roots and fruits 
(Osborne and McManus 2005). Indole acetic acid 
(IAA) is the most common naturally occurring 
plant hormone of the class auxin found in plants 
(Simon and Petrášek 2011). Chemically, IAA is a 
carboxylic acid (http://en.wikipedia.org/wiki/In-
dole-3-acetic_acid). IAA is a phytohormone and 
it may function as an important signal molecule 
in the regulation of plant development (Ashra-
fuzzaman et al. 2009). It is mainly produced in 
the cells of the young apex (bud) and very young 
leaves of plants (Zhao 2010). In plants, IAA is 
produced from tryptophan through indole-3-py-
ruvic acid (Won et al. 2011) and through indole-
3-acetaldoxime in Arabidopsis (Sugawara et al. 
2009). The discovery of IAA as a PGR coincided 
with the first indication of the molecular mecha-
nisms involved in tumour genesis induced by 
Agrobacterium. Agrobacterium-induced tumours 
were shown to be sources of IAA (Link and Eg-
gers 1941) and capable of growth in the absence 
of PGRs, which are normally, required to incite 
growth of callus from sterile plant tissues (White 
and Braun 1941). It was later found that not only 
plants but also microorganisms including bacte-
ria and fungi are able to synthesize IAA (Costa-
curta et al. 1994).

IAA (phytohormone) is the most native auxin, 
it functions as a signal molecule in the regulation 
of plant development including organogenesis, 
tropic responses, cellular responses such as cell 
expansion, division and differentiation and gene 
regulation (Ryu and Patten 2008). IAA produced 
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by bacteria improves plant growth by increasing 
root hairs and lateral roots. In soil, the microbial 
synthesis of IAA is increased by tryptophan from 
root hairs and decaying cells (Frankenberger and 
Arshad 1991). The endogenous level of IAA in 
plants is important for successful rooting. Other 
indolic compounds such as indole-pyruvic, in-
dole-acetamide and indole-carboxylic-acid can 
be involved in root formation (Costacurta and 
Vanderleyden 1995). Diazotrophic PGPR pro-
motes plant growth by producing phytohormone 
IAA and by fixing nitrogen biologically. Its abil-
ity to produce IAA appears to be widespread in 
nature. Azospirillum, Burkholderia, Herbaspiril-
lum and Pseudomonas produce IAA. Diazotro-
phic PGPR improves nutrient cycling by increas-
ing root surface and potentially delays pathogen-
ic spread (Aziz et al. 2012).

29.4.1.2  Indole Acetic Acid Production 
by Rhizobacteria

IAA is commonly produced by PGPR (Lynch 
1985). When plant tissues were analysed for the 
presence of bacteria then IAA-producing PGPR 
were being detected (Rosenblueth and Martinez-
Romero 2006). In plants, IAA affects many im-
portant physiological processes including cell 
enlargement and division, tissue differentiation 
and responses to light and gravity (Teale et al. 
2006). Some species of bacteria such as Pseudo-
monas sp., Bacillus sp., Klebsiella sp., Azospiril-
lum sp., Enterobacter and Serratia sp. produce 
IAA (Frankenberger and Arshad 1995). IAA was 
detected by colorimetric method (Dey Vay et al. 
1968). The main precursor for IAA biosynthesis 
pathways in bacteria is tryptophan. Five differ-
ent pathways for the production of IAA using 
tryptophan are indole-3-acetamide (IAM) path-
way, indole-3-pyruvate pathway, tryptamine 
pathway, tryptophan side-chainoxidase pathway 
and indole-3-acetonitrile pathway (Spaepen et al. 
2007). Rhizobia are exclusively known for ni-
trogen fixation, but many of them are reported 
to produce IAA. It has been reported that auxins 
play a key role in creating nodule in leguminous 
plants and establishing a symbiotic association 
with rhizobia (Neeru et al. 2000). The species of 

Brayrhizobium, Rhizobium and Mesorhizobium 
produced a substantial amount of IAA under in 
vitro conditions (Ahmad et al. 2008). Amongst 
other PGPR strains, Pseudomonas, Bacillus, 
Agrobacterium sp., Alcaligenes piechaudii and 
two strains of Comamonas acidovorans secreted 
IAA at lower levels as compared to deleterious 
bacteria (Rajkumar et al. 2006). Root treatment 
with Azotobacter paspali secreted IAA and sig-
nificantly increased dry weight of leaves and 
roots of several plant species. Inoculation of 
seeds of canola with Pseudomonas putida GR 
12–2 significantly increased the root length 2–3-
fold (Caron et al. 1995). Azospirillum brazilance 
GR12–2 increased the number and length of lat-
eral roots of wheat (Barbieri et al. 1986). Pseu-
domonas and Agrobacterium use a tryptophan-
2-monooxygeanse (iaaM) to convert tryptophan 
to IAM which is hydrolysed into IAA by a hy-
drolase iaaH (Camilleri and Jouanin 1991). It has 
been known that the iaaM/ iaaH pathway is the 
only known complete trp-dependent IAA biosyn-
thesis pathway but plants do not use the iaaM/
iaaH pathway to make IAA. However, IAM ex-
ists in plant extracts and has been suggested as 
a key intermediate in converting indole-3-acetal-
doxime (IAOx) to IAA (Sugawara et al. 2009).

29.4.1.3  Siderophores
Siderophores are low molecular weight (500–
1,000 Da) ferric ion chelating agents with re-
markable chemical properties which are excreted 
by microorganisms under iron deficiency con-
ditions. Earlier, siderophores have been called 
siderochromes or sideramines (Raymond et al. 
1984). Iron is one of the major limiting factors 
and is very essential for microbial life (Saha 
et al. 2012). It plays an important role in vari-
ous physiological (respiration, photosynthetic 
transport, nitrate reduction, chlorophyll synthesis 
and nitrogen fixation) and biochemical processes 
(Robinson and Postgate 1980). Despite its high 
abundance in the earth’s crust (1–6 %), it is not 
readily available in the required form to plants 
and microorganisms. Therefore, microorgan-
isms produce small, high affinity iron-chelating 
molecules, i.e. siderophores for its acquisition. 
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They have the ability to produce a wide variety 
of siderophores controlled at the molecular level 
by different genes to accumulate, mobilize and 
transport iron for metabolism. Siderophores also 
play a critical role in the expression of virulence 
and development of biofilms by different mi-
crobes. Apart from maintaining microbial life, 
siderophores can be harnessed for the sustain-
ability of human, animals and plants (Saha et al. 
2012). Siderophores are amongst the strongest 
soluble Fe3 + binding agents known. The inad-
equacy of iron can affect the microorganisms 
in many ways such as inhibit growth, decrease 
genetic material and inhibit sporulation and can 
also change cell morphology (Crowley et al. 
1987). Under iron-deficient condition, many bac-
teria excrete siderophores exhibiting phenolate 
or 2,3-dihydroxybenzoate (DHB) iron-binding 
groups. In 1970, the first tricatechol siderophore, 
i.e. enterobactin (also known as enterochelin) 
was isolated from culture fluids of Escherichia 
coli ( E. coli), Aerobacter aerogenes and Salmo-
nella typhimurium (Pollack and Neilands 1970). 
Despite the considerable variation of structure 
of siderophore, their common feature is to form 
six-coordinate octahedral complexes with fer-
ric ion of great thermodynamic stability. The 
ferrichromes, fusarinines and ferrioxamines are 
typical trihydroxamate siderophores, while en-
terobactin is a cyclic tricatecholate siderophore 
(Harris et al. 1979).

29.4.1.4  Siderophore Production  
by PGPR

Siderophores serve as a vehicle for the transport 
of Fe(III) into the microbial cell. The availabil-
ity of iron in the rhizosphere for microbial as-
similation is extremely limited (Loper and Buyer 
1991). To survive in such an iron stress condi-
tion, organisms secrete iron-binding ligands 
called siderophores that have capability bind the 
ferric ion and make it available to the host or-
ganisms (Gupta and Gopal 2008). They promote 
growth of several annual crops through uptake of 
iron through siderophores (Sindhu et al. 1997). 
They have greater binding potentials (Schippers 
et al. 1988). Siderophore-producing bacteria are 

good for plant growth promotion especially in 
neutral and alkaline soil. The two PGPR strains 
DKC2 and DKM5 were found to produce sidero-
phore on chrome azurol S (CAS) agar plates. The 
nature of siderophore produced by DKC2 strain 
was catecholate in nature (Ladwal et al. 2012).
Rhizobacteria contribute antibiosis by producing 
siderophores and antibiotics (Maksi-mov et al. 
2011). In soil, siderophore production plays a 
central role in determining the ability of differ-
ent microorganisms to improve plant growth and 
development. Microbial siderophores enhance 
iron uptake by plants that are able to recognize 
the bacterial ferric-siderophore complex (Dim-
kpa et al. 2009) and are also important in the iron 
uptake by plants in the presence of other met-
als such as nickel and cadmium (Dimkpa et al. 
2008). Bacterial siderophores produced by pseu-
domonads are known for their high affinity to the 
ferric ion. The potent siderophore, pyoverdin can 
inhibit the growth of bacteria and fungi (Kloep-
per et al. 1980a). Pseudobactin siderophore pro-
duced by P. putida B10 strain was also able to 
suppress Fusarium oxysporum in soil deficient 
in iron but this suppression was lost when the 
soil was replenished with iron (Kloepper et al. 
1980b). Pseudomonas sp. (Loper and Henkels 
1999), Azotobacter (Husen 2003), Bacillus 
megaterium (16) play the vital role in stimulating 
plant growth and controlling several plant dis-
eases (Lemanceau and Albouvette 1993). They 
function as biocontrol agents by depriving the 
pathogen from iron nutrition, thus resulting in 
increased yield of crop (O’Sullivan and O’Gara 
1992).

29.4.1.5  Phosphate Solubilizers  
and Crop Productivity

Phosphorus (P) is the second most plant nutri-
ent available in soil after nitrogen. It is present 
in high amounts in soil, but most of the P is pres-
ent in insoluble form in the soil as iron and alu-
minium phosphates in acidic soils and calcium 
phosphates in alkaline soils (Hariprasad and 
Niranjan 2009). Globally, it is the major yield-
limiting nutrient and it is estimated that world’s 
P reserve will end by 2050 (Shah et al. 2011). 
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P is one of the major nutrients whose deficien-
cy restricts crop yields severely. Most of the P 
is present in soil in the form of insoluble phos-
phates and cannot be utilized by plants (Pradhan 
and Sukla 2006). However, PGPR can be utilized 
to solubilize precipitated phosphates and enhance 
phosphate availability to plant. It has been report-
ed that phosphate-solubilizing bacteria (PSB) is 
commonly found in the rhizosphere as compared 
to non-rhizosphere (Raghu and Mac Rae 1966).
It can be readily isolated from rhizospheric soil 
plants (deFreitas et al. 1997). The use of phos-
phate-solubilizing rhizobacteria as inoculants 
will simultaneously increase the P uptake by 
plants. Mostly, strains of genera Pseudomonas, 
Bacillus and Rhizobium are known to be strong 
phosphate solubilizers (Rodríguez and Fraga 
1999). P is one of the major macronutrient and 
it is present in soil at the level of 400–1,200 mg/
kg soil (Fernández and Novo 1988). But the con-
centration of soluble P in soil is about or less than 
1 ppm (Goldstein 1994). Many P compounds 
which are present in soil are of high molecular 
weight which should be first bio-converted to 
either soluble ionic phosphate form or low mo-
lecular weight organic phosphate to get absorbed 
by the cell (Goldstein 1994). The cells are able 
to absorb the P in many forms but they mostly 
absorb in the form of HPO4

2− or H2PO4
-(Beever 

and Burns 1980). P has the ability to increase the 
strength of cereal straw, promote flower forma-
tion and fruit production, stimulate root devel-
opment and is also essential for seed formation. 
Adequate P fertilization may improve the qual-
ity of fruits, vegetables and grain crops and in-
crease their resistance to diseases and adverse 
conditions. It is essential for the development of 
meristematic tissues, in stimulation of early root 
growth (Bisen and Verma 1996).

PSB have the ability to release metabolites 
such as organic acid which through their hydrox-
yl and carboxyl groups chelate the cation bound 
to phosphate, latter being converted to soluble 
forms. Phosphate solubilization also takes place 
through various microbial processes (Sharma 
et al. 2011). The population of PSB totally de-
pends on the physical and chemical properties, 
organic matter and P content of the soil. Larger 

populations of PSB are found in agricultural and 
rangeland soils (Sharma et al. 2011).

29.4.1.6  Antibiotic and HCN Production 
by Plant Growth-Promoting 
Rhizobacteria

Antibiotic and hydrogen cyanide (HCN) produc-
tion is the primary and one of the most effective 
mechanisms through which PGPR can control 
the growth of phytopathogens (Weller and Thom-
ashow 1993). Mainly fluorescent Pseudomonas 
and Bacillus species play an active role in the 
suppression of phytopathogenic organisms by 
synthesizing extracellular metabolites such as an-
tibiotics and HCN that inhibit the growth of the 
pathogen even at a very low concentration. These 
antibiotics may be antitumour, antiviral, antimi-
crobial, antihelminthic and cytotoxic (Fernando 
et al. 2005). For example, Bacillus subtilis pro-
duces antibiotic which inhibit the growth of Fu-
sarium oxysporum f.sp. ciceri, the causal agent of 
Fusarium wilt in chickpea (Kumar 1999). In the 
plant-promoting bacterium Pseudomonas fluore-
scens CHAO, the GacS/GacA system is essential 
for the production of antibiotic compounds and 
hence for the biological control of root pathogen-
ic fungi (Kay et al. 2005). Antibiotic synthesis is 
totally dependent on the metabolic status of the 
cell (Thomashow 1996) which in turn is depen-
dent on nutrient availability and other environ-
mental factors such as pH, temperature, carbon 
content, major and minor minerals, etc. (Nielsen 
and Sørensen 2003). Antibiotics are produced as/
by microbial biocontrol agents as a secondary 
metabolites for hampering the phytopathogens 
(Deshwal et al. 2003). The antibiotics contribute 
microbial competitiveness besides their role in 
suppressing the growth of plant root pathogens. 
The antibiotic-producing PGPR strains are of 
considerable interest as a biological control agent 
(Thomshow et al. 2003). Several antimicrobial 
compounds belonging to polypeptides, hetero-
cyclic nitrogenous compounds and lipopeptides 
groups active against phytopathogens have been 
reported (Thomshaw and Webler 1995; Table 
29.1).
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Growth regulators Organisms References
IAA (Indole acetic acid) Pseudomonas aeruginosa PS 1 Ahemad and Khan (2010a)

P. aeruginosa
P. putida
P. polymyxa
Bacillus subtillis
B. boronophillus

Yadav et al. (2010)

Mesorhizobium sp. Ahemad and Khan (2010b)
Rhizobium sp. Ahemad and Khan (2010c)
Klebsiella sp. Ahemad and Khan (2010d)
Enterobacterasburiae Ahemad and Khan (2010e)
Rhizobium leguminosarum Ahemad and Khan (2009a)
Azotobacter
Fluorescent pseudomonas
Bacillus

Ahmad et al. (2008)

Pseudomonas sp. Poonguzhali et al. (2008)
Bacillus subtilis Singh et al. (2008)
Serratiamarcescens Selvakumar et al. (2008)
Acinetobacter sp., Pseudomonas sp. Indiragandhi et al. (2008)
Enterobacter sp. Kumar et al. (2008)
Mesorhizobiumsp. Ahmad et al. (2008); Wani et al. 

(2008)
Burkhoideria Jiang et al. (2008)
Pseudomonas jessenii Rajkumar and Freitas (2008)
Pseudomonas aeruginosa Ganesan (2008)
Pseudomonas spp., Bacillus spp.,Azotobacter spp., Joseph et al. (2007)
Klebsiellaoxytoca Jha and Kumar (2007)
Pseudomonas, Azotobacterchroococcum Wani et al. (2007c)
Bacillus spp. Wani et al. (2007a, b, c)

Siderophore Pseudomonas aeruginosa PS 1 Ahemad and Khan (2010a)
Klebsiella sp. Ahemad and Khan (2010d)
Enterobacter asburiae Ahemad and Khan (2010e)
Mesorhizobium sp. Ahemad and Khan (2010b)
Rhizobium sp. Ahemad and Khan (2010c)
Proteus vulgaris Rani et al. (2009)
Rhizobium leguminosarum Ahemad and Khan (2009a)
Azotobacter,
Fluorescent Pseudomonas,
Bacillus

Ahmad et al. (2008)

Pseudomonas sp. Poonguzhali et al. (2008)
Bacillus subtilis Singh et al. (2008)
Serratiamarcescens Selvakumar et al. (2008)
Enterobacter sp. Kumar et al. (2008)
Burkhoideria Jiang et al. (2008)
Pseudomonas jessenii Rajkumar and Freitas (2008)
Pseudomonas aeruginosa Ganesan (2008)
Brevibacillusbrevis
Enterobacter sp.
Pseudomonas sp.
P. fluorescens
Azospirillumbrasilense

Gupta and Gopal (2008)

Table 29.1  Plant growth regulators
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29.5  Conclusion and Future 
Applications

The above discussion clearly demonstrates that 
plant growth promoting bacteria can enhance and 
promote plant growth and development in dif-
ferent ways (Laslo et al. 2012). It is known to 
increase plant growth, vigour and plant nutrient 
contents (Lenin and Jayanthi 2012). The mecha-
nisms of these rhizobacteria to promote plant 
growth are an environmentally friendly tool for 
sustainable agriculture. They may directly or in-
directly benefit the crop. Indirectly they prevent 
the growth of plant pathogens through competi-
tion for space and nutrients, antibiosis, produc-

tion of hydrolytic enzymes, inhibition of patho-
gen by producing enzymes or toxins and through 
induction of plant defence mechanisms (Weyens 
et al. 2009).

In order to meet the challenges of providing 
food to increasing population, there is an urgent 
need to increase the crop production. To meet 
the increasing demand of the increasing popula-
tion, the excessive usage of chemical fertilizers 
and pesticides are taking place. Although we are 
achieving the satisfactory results with the use of 
chemical pesticides and fertilizers, they are dam-
aging the environment. Excessive use of chemi-
cal fertilizers and pesticides are polluting the 
large water resources, decreasing the soil fertility, 

Growth regulators Organisms References
Pseudomonas, Azotobacterchroococcum, 

Bacillusspp.
Wani et al. (2007c)

HCN (hydrogen 
cyanide)

Pseudomonas aeruginosa PS 1 Ahemad and Khan (2010a)

Klebsiella sp. Ahemad and Khan (2010d)
Enterobacterasburiae Ahemad and Khan (2010e)
Mesorhizobium sp. Ahemad and Khan (2010b)
Rhizobium sp. Ahemad and Khan (2010c)
Rhizobium leguminosarum Ahemad and Khan (2009a)
Azotobacter
Fluorescent pseudomonas
Bacillus

Ahmad et al. (2008)

Serratiamarcescens Selvakumar et al. (2008)
Azotobacter sp.,Mesorhizobium sp.
Pseudomonas sp., Bacillus sp.

Ahmad et al. (2008)

Bacillus spp. Wani et al. (2007a, b, c)
Ammonia Pseudomonas aeruginosa PS 1 Ahemad and Khan (2010a)

P. aeruginosa
P. putida
P. polymyxa
Bacillus subtillis
B. boronophillus

Yadav et al. (2010)

Klebsiella sp. Ahemad and Khan (2010d)
Enterobacterasburiae Ahemad and Khan (2010e)
Mesorhizobium sp. Ahemad and Khan (2010b)
Rhizobium sp. Ahemad and Khan (2010c)
Rhizobium leguminosarum Ahemad and Khan (2009a)
Azotobacter
Fluorescent Pseudomonas
Bacillus

Ahmad et al. (2008)

Pseudomonas spp., Bacillus spp.,Azotobacter spp., Joseph et al. (2007)
Bacillus spp. Wani et al. (2007a, b, c)

Table 29.1 (continued) 
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destroying the beneficial microorganisms and 
making the pathogen resistant to pesticides. So, 
to overcome all these problems, in recent years 
scientists have diverted their mind towards plant 
growth promoting rhizobacteria for sustainable 
agriculture (Lwin et al. 2012). Sustainable agri-
culture practice by the use of PGPR provides a 
better option for increasing the soil fertility and 
decreasing the environmental damage as well as 
a better option for food production (Verma et al. 
2013). Hence, the next step should be to explore 
the PGPR, singly or in combinations (with mul-
tiple plant growth promoting properties) as bio-
fertilizers and commercialized it.
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Abstract

The fruit-rotting fungi Penicillium expansum and Penicillium digitatum 
are the primary cause of postharvest losses as they cause blue mold of 
apples and green mold of oranges, respectively. In addition to rotting, they 
also contaminate food with their highly toxic chemical known as patulin, 
which is well known for its carcinogenic effect. In the present study, the 
essential oil of Ocimum gratissimum obtained by hydro-distillation was 
tested for its antifungal assay against P. expansum and P. digitatum in in 
vitro culture conditions. 500 ppm MIC of the essential oil completely in-
hibited the mycelial growth of both the test fungi in vitro. The inhibitory 
effect of the essential oil was also observed directly on the fruits, apples 
and oranges inoculated with P. expansum and P. digitatum spore suspen-
sions in vivo. They were fumigated with the essential oil of O. gratis-
simum for 10 days and the results obtained showed potent biochemical 
activity up to 93 % against blue mold rot of apples and up to 75 % against 
green mold rot of oranges. The present study suggests use of Ocimum oil 
as a safe, effective and alternative means to control fruit rotting fungi.
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30.1  Introduction

Ocimum is an extremely versatile plant, hav-
ing 160 species belonging to family Lamiac-
eae. It has long been used as a medicinal and 
aromatic plant in many countries like India, 
Egypt, Greece, Italy and Morocco. The genus 
is cosmopolitan in distribution being present 
in tropical, subtropical and temperate regions. 
 Ocimum gratissimum, a wildly growing spe-
cies in India, contains an essential oil in leaves, 
which is used for its aromatic values as flavour-
ing in foods and beverages and as fragrance in 
pharmaceutical and industrial products. It has 
been well documented that the essential oil 
obtained from O. gratissimum shows antifun-
gal property ( Reuveni et al. 1984; Rashmi and 
Yadav 1999; Dubey et al. 2000a, b). Studies 
on the composition of O. gratissimum essen-
tial oil from Madhya Pradesh India, showed 
that the eugenol was the main component of 
the essential oil, and the other constituents 
being β-caryophyllene, farnesene, methyl 
 eugenol, linalool, limonene and in trace amount 
α-terpineol, β-selinene, methyl isoeugenol, 
bisabolol, geraniol, α-pinene, p-Cymene, cu-
bebene, camphene, t-cadinol, γ-eudesmol, sa-
binene, myrcene, β-bisaboline, α-humulene and 
β-elemene (Pandey and Chaudhary 2001).

The fruit-rotting fungi frequently infects un-
ripe fruits and causes relatively minor damage 
until ripening, when they may cause extensive 
decay. Such quiescent infections have been 
 observed in fruits of tropical, subtropical and 
 deciduous plants. The resultant decays have 
great economic loss as they reduce the shelflife 
of fruits during storage and transport (Prusky 
and Keen 1993). In India, tropical and temper-
ate fruits like Citrus and Malus have been well 

cultivated, transported and exported to different 
noncultivated regions. Fruit-rotting fungi rep-
resent one of the main causes of postharvest 
losses. In addition to rotting, they also contami-
nate fruits with highly toxic chemicals “patulin” 
a mycotoxins (Richard et al. 1989), well known 
for its carcinogenic and mutagenic effects on 
man and animals (Lancaster et al. 1961; New-
berne et al. 1968; Hayes 1980; Natrajan 1989). 
Medicinal plants produce varieties of chemicals 
which are being explored as indigenous antifun-
gal agents and, nontoxic and renewable sources 
for plant disease control. Phytochemists and 
biologists are trying to find out the potentiality 
of secondary metabolites of medicinal plants, 
as  alternative source of chemicals in control of 
plant diseases caused by fungi, nematodes, bac-
teria and insects. Several plant parts and their 
constituents have recently proven their effect in 
providing lesser phytotoxic, more systemic, eas-
ily biodegradable and host metabolism stimulat-
ing fungicides (Fawcett and Spencer 1970; Ja-
cobson and Crosby 1971; Beye 1978; Dixit et al. 
1978; Yang and Tong 1988).

The present report deals with the gas chroma-
tography analysis of essential oil obtained from 
leaves of Ocimum gratissimum and its potential-
ity as ecofriendly, natural fungi-toxicant against 
fungal deterioration of apple and orange during 
storage and transportation.

30.2  Materials and Methods

30.2.1  Plant Material

The crop of O. gratissimum was grown in Luc-
know, India situated at 120 m altitude. Confirma-
tion of identity of the plant was done with the 
help of authentic herbarium specimens lodged 

Keywords 

Blue mold · Green mold · Ocimum gratissimum · Essential oil · Post 
harvest losses · Antifungal
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in Central Institute of Medicinal and Aromatic 
Plants (CIMAP), Lucknow, India. Fresh aerial 
parts of the plant were harvested before the flow-
ering stage in the month of September.

30.2.2  Isolation of Oil

The fresh plant material was hydro-distilled for 
3 h using a clevenger-type apparatus and the 
isolated oil was dried over anhydrous sodium 
 sulphate.

30.2.3  Gas Chromatography

Gas chromatography (GC) was performed on 
a Perkin Elmer Autosystem XL, with flame 
 ionization detector (FID) attachment under the 
following conditions: injector and detector tem-
peratures, 220 °C and 250 °C respectively, using 
a capillary column PE-5, (5 % phenyl and 95 % 
dimethyl-polysiloxane) 50 mm × 0.32 mm, 
film thickness 0.25 μm. Oven temperature pro-
grammed from 100 to 220 °C at the flow rate of 
30 °C/min with initial hold of 2 min. Helium (H2) 
was used as carrier gas with column head pres-
sure 10 psi. The area percentage of constituent 
was obtained through Total Chrome software. 
Gas chromatography–mass spectrometry (GC-
MS) data were obtained on Perkin Elmer Tur-
bomass spectrometer coupled with computer li-
brary (NIST and WILEY) using a PE-5 column 
(50 × 0.32 mm), film thickness 0.25 μm. The 
carrier gas was H2 and the temperature program-
ming was 3 min hold time at 100 °C, rising at the 
rate of 3 °C/min to 280 °C.

30.2.4  Identification of Constituents

The identity of the components was assigned by 
comparing their GC retention time with those of 
authentic samples, as well as with the comparison 
of the fragmentation patterns of the mass spectra 
with those reported in the literature.

30.2.5  Antifungal Assay

30.2.5.1  Culture of Test Fungus
Penicillium expansum and Penicillium  digitatum 
was isolated from the decaying apple and orange 
respectively. Isolate from infected apple and 
orange fruit were obtained and cultures were 
maintained by growing the organism on potato 
dextrose agar (PDA, Difco, USA) slants for 7 
days at 25 ± 2 °C, at the end of which the en-
tire slant surface was covered with spores of the 
molds. The fungal pathogenicity and virulence 
were maintained by inoculating fruits with the 
fungus and re-isolating it. Apple and oranges 
utilized in this work had not been treated with 
synthetic fungicides.

30.2.5.2  Preparation of Spore 
Suspension

Spore suspensions of P. expansum and P. digita-
tum were prepared following Mishra and Dubey 
(1994). The fungal spores were harvested from 
a 7-day-old culture of each fungus and sus-
pended in 100 ml of distilled water containing 
0.05 % Tween80 (polyoxyethylene sorbitan mo-
no-oleate) and the tubes were shaken gently to 
disperse the spores. The spore suspension was 
filtered through two layers of sterile cheese cloth 
to remove mycelia and is diluted with sterile 
water to obtain a density of spore suspension of 
104 spores/ml. The number of spores was deter-
mined using haemocytometer.

30.2.5.3  Minimum Inhibitory 
Concentration (MIC)

To find out the minimum concentration at which 
the oils showed absolute fungi-toxicity, experi-
ments were carried out by the usual poisoned food 
technique. Different concentrations of the oil viz. 
100, 250, 500, 1,000 and 2,000 ppm were prepared 
by dissolving its requisite amount in 0.5 ml acetone 
and then mixing with 9.5 ml PDA medium. Control 
sets contained requisite amount of sterilized water 
dissolved in 0.5 ml acetone in place of the oil. The 
plates were inoculated aseptically with the assay 
disc of the test fungus and incubated for 6 days. 
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The observation was made on the seventh day and 
percentage mycelial inhibition was calculated.

30.2.6  Efficacy of Essential Oil Against 
Mold Rot of Apple and Oranges

Testing O. gratissimum oils as fumigants for 
protection of apples ( Malus pumila Mill) from 
blue mold and oranges ( Citrus reticulata Blanco) 
from green mold was done by the method adopt-
ed by Mishra and Dubey (1994).

Mature medium sized and healthy fruits were 
selected and washed in running water and then 
disinfected by immersing in 1.0 % sodium hy-
pochlorite solution, rinsed with sterile water and 
dried in a sterile chamber. The pathogenicity of 
respective fungi was tested on respective fruits 
following Garcha and Singh (1980).

An injury (3 mm wide and 1 mm deep) was 
made on the outer surface of fruits with the help 
of sterilized needle. The apples and oranges were 
inoculated by spore suspension (104 spores/ml) 
of P. expansum and P. digitatum, respectively, 
with the help of atomizer on the scratched peel 
at the stem end of each lot of fruit samples. Eight 
fruits of each set were then placed separately in 
plastic containers. Requisite amount of oil of O. 
gratissimum was introduced in these containers 
by soaking in cotton pieces so as to get required 

concentrations (v/v). The control set contained 
two sets: un-inoculated controls and inoculated 
controls. In the un-inoculated controls, the fruit 
samples were stored as such in plastic containers 
whereas in inoculated controls each fruit sample 
was inoculated with normal spore suspension of 
test fungi as usual to treated sets. The plastic con-
tainers were kept for 10 days in a biochemical 
oxygen demand (BOD) incubator set at 25 ± 2 °C. 
Three replicates were kept for treatment and con-
trol sets. The percentage loss of fruit tissue was 
calculated in the form of disease index (0–10) 
scale which was based on average value follow-
ing Garcha and Singh (1980). Percent disease 
control was calculated by following formula:

Where, dc = % disease index in inoculated con-
trol, dt = % disease index in treated sets.

30.3  Results and Discussion

Essential oil of O. gratissimum was examined by 
GC & GC-MS. Fifteen constituents were identi-
fied in O. gratissimum, representing 97.75 % of 
the oil (Table 30.1). The major constituents of 
O. gratissimum oil were eugenol (77.81 %) and 

Disease control =
dc − dt

dc
× 100.

Table 30.1  Constituents of essential oil of O. gratissimum
S No. Compounds Area % Kovats indices Identification
1 Cis-3-Hexenol 00.07 0851 KI, MS
2 α-Pinene 00.31 0939 KI, MS
3 Sabinene 00.45 0976 KI, MS
4 β-Pinene 00.26 0980 KI, MS
5 Limonene 00.03 1,031 KI, MS
6 1,8-Cineole 11.23 1,033 KI, MS
7 β-Ocimene 00.54 1,040 KI, MS
8 Linalool 00.48 1,098 KI, MS
9 Terpinen-4-ol 00.43 1,177 KI, MS
10 Methylchavicol 00.41 1,195 KI, MS
11 Eugenol 77.81 1,356 KI, MS
12 Methyl cinnamate (trans) 00.06 1,301 KI, MS
13 β-Elemene 00.30 1,391 KI, MS
14 β-caryophyllene 01.30 1,404 KI, MS
15 Germacrene-D 04.07 1,480 KI, MS
Elution order on PE-5 capillary column

A. H. Rizvi et al.
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1,8-cineole (11.23 %). The composition of O. 
gratissimum oils mentioned in the present study 
was found to be different from those obtained 
from the cultivars of O. gratissimum grown in 
Madhya Pradesh, India. The variation in oil con-
stituents in the present material may call for an 
interpretation premised not only upon geographic 
divergence but also upon other factors, such as 
the uniqueness of the cultivars, age of plants, 
time of harvesting and other relevant variables 
occurring under varying ecological conditions.

Results clearly reveal that the constituents 
of essential oil possess fungi-toxic properties. 
It is evident from Table 30.2 that at 500 ppm 
and above, the O. gratissimum oil completely 
inhibited the mycelial growth of both the test 
fungi. Therefore, the MIC of the O. gratissi-
mum oil was assigned to be 500 ppm. It is clear 
from Table 30.3 that O. gratissimum oils have 
controlled blue mold rot of apples caused by P. 
expansum on their respective MIC(s) by 93 %. 
While, it was 75 % against green mold rot of or-
anges caused by P. digitatum. Moreover, the oils 
exhibited 100 % control of blue and green mold 
rot above their respective MIC(s). Thus the oil 
exhibited potency to control green mold of or-
anges and blue mold apples.
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Abstract

An experiment was conducted during 2009 at Karaikal Dist., Puducherry 
(UT) to evaluate the seed quality status and storability of polymer-coated 
seeds of Bt cotton NHH 44. The seeds were coated with synthetic polymer 
(Polykote at the rate 3 ml/kg diluted in 5 ml of water kg−1 seed) alone 
or in combination with fungicide (Flowable Thiram (Royal flow)) at the 
rate 2.5 g kg−1 seed) or insecticide (Imidachloprid at the rate 6 ml kg−1 of 
seed) or both and stored in 700 gauge polythene bags and cloth bags for 4 
months. Besides the above mentioned, Vitavax 200 at the rate 2 g kg−1 seed 
and seeds primed and dried to original moisture content and primed seed 
treated with polymer along with Flowable Thiram and Imidachloprid were 
also included as treatments. Observations on percentage seed germination, 
seed moisture content and seed infection were recorded at bimonthly in-
tervals up to 4 months. The results of standard germination test on treated 
and untreated stored seeds indicated that seeds treated with Royal flow + 
Imidachloprid (90 %) were on par with Vitavax 200 (88.5 %) and Flowable 
Thiram alone (89 %) excelled other treatments irrespective of containers 
and period of storage. The increase in seed moisture content was gradual 
in the case of polythene bag when compared to cloth bag-stored seeds. The 
results on seed health status indicated that among the treatments, Polykote-
coated seeds were highly susceptible to seed infection. Seed coating with 
Polykote coupled with Royal flow and Imidachloprid and seeds coated 
with Vitavax 200 effectively contained the seed infection. Between con-
tainers, seeds stored in 700 gauge polythene bags excelled cloth bag by 
maintaining higher germination and less seed infection during storage.

Keywords 

Polymer coating · Bt cotton · Seed moisture · Seed infection · Coastal 
environment
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31.1  Introduction

Cotton is an important fibre crop known as “King 
of fibre” and in recent years is known as “White 
Gold”. It is one of the most important commercial 
crops grown in about 80 countries in the world. 
Cotton belongs to Malvaceae family and its seed 
loses viability and vigour rapidly during storage, 
being a poor storer. The linted cotton seed har-
bours many pathogens and insect pests during 
storage which reduces the seed quality. Cotton 
seeds carry destructive pathogens that often take 
heavy toll by causing severe diseases on crops 
raised from them. Hence, seed coating with syn-
thetic polymer in combination with fungicides 
and insecticides may be a potent tool for qual-
ity improvement and effective disease manage-
ment against seed and soil-borne pathogens. Film 
coating technology is a sophisticated process of 
applying precise amount of active ingredients 
along with a liquid material, directly on to the 
seed surface without obscuring its shape; total 
seed weight may increase up to 1–2 % (Vijayku-
mar et al. 2007; Shakuntala et al. 2010). The film 
formulations consists of a mixture of polymer, 
plasticizer and colourants (Robani 1994) that are 
commercially available as ready to use liquids or 
as dry powders (Ni 1997). Seed coating provides 
an opportunity to package effective quantities of 
materials so that they can improve the germina-
tion and seedling growth. The polymer film coat-
ing may act as a physical barrier, which has been 
reported to reduce the leaching of inhibitors from 
the seed coverings and may restrict oxygen dif-
fusion to the embryo (Vanangamudi et al. 2003). 
Hence, an attempt was made to study the seed 
quality status of polymer-coated Bt cotton during 
storage under coastal environment.

31.2  Materials and Methods

A laboratory experiment was conducted under 
National Seed Project (crops), at Pandit Jawaha-
rlal Nehru College of Agriculture and Research 
Institute, Karaikal, Puducherry (UT) during 2009 
to evaluate the seed health status and storability of 
polymer-coated seeds of Bt cotton NHH 44 with 

various seed treatment combinations. The seeds 
were coated with synthetic polymer (Polykote 
at the rate 3 ml/kg diluted in 5 ml of water kg−1 
seed) alone (T1) or in combination with fungi-
cide (Flowable Thiram (Royal flow)) at the rate 
2.5 g kg−1 seed) (T2) or insecticide (Imidachlo-
prid at the rate 6 ml kg−1 of seed) (T3) or both as 
treatment T4 (Polykote + fungicide + insecticide) 
and stored in 700 gauge polythene bags and cloth 
bags for 4 months. Besides the above, Polykote 
along with Vitavax 200 at the rate 2 g kg−1 seed 
(T5) and seeds primed and dried to original mois-
ture content (T6) and primed seeds treated with 
polymer along with Flowable Thiram and Imi-
dachloprid (T7) and untreated control (T0) were 
also included as treatments. The experiment was 
designed as completely randomised block design 
with three replications. The seeds were packed in 
a cloth bag and 700 gauge polythene bags and 
stored in ambient conditions of Karaikal district. 
Observations on per cent seed moisture content 
(ISTA 1999), seed germination per cent (Anony-
mous 1996) and percentage seed infection (ISTA 
1999) were recorded at bimonthly intervals up to 
4 months. The statistical analysis was done as per 
the procedure described by Panse and Sukhatme 
(1985).

31.3  Results and Discussion

31.3.1  Effect of Polykote Treatment on 
Seed Germination

The results of seed germination test on treated 
and stored seeds indicated that seed germina-
tion declined with progress of storage period 
(Table 31.1). Among the treatments, seeds treated 
with Polykote along with Royal flow and Imi-
dachloprid (T4) registered the highest germina-
tion of 90 %, which was on par with Vitavax 200 
(88.5 %) (T5) and Flowable Thiram alone (89 %) 
(T2) excelled other treatments irrespective of 
containers and period of storage. The percentage 
germination gradually decreased from 85 to 79 
and from 85 to 82 in cloth and polythene bags, re-
spectively and it was above minimum seed certifi-
cation standards at the end of 4 months of storage. 
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In the case of cloth bag storage, the effect of seed 
coating with chemicals on germination was con-
cerned and all the treatments recorded signifi-
cantly higher seed germination up to 4 months of 
storage as compared to control. The primed seeds 
(T6) without any seed treatment had lesser ger-
mination of 75 % next to untreated control during 
the entire period of storage. The decline in per-
centage germination might be attributed to age-
ing effect, leading to depletion of food reserves 
and decline in synthetic activities of embryo apart 
from death of seed because of fungal invasion, in-
sect damage and storage conditions (Vijaykumar 
et al. 2007; Manjunatha et al. 2008). Similarly, 
decrease in germination with increase in storage 
period was reported in cotton, (Vijaykumar et al. 
2007) soya bean (Kurdikeri et al. 1996) and also 
due to dye treatment in sorghum (Tonapi 1989). 
Thiram acts as a protective agent against seed de-
terioration due to fungal invasion and physiologi-
cal ageing as a result of which the seed viability 
was maintained for a comparatively longer pe-
riod of time (Savitri et al. 1994). The film formed 
around the seed acts as a physical barrier, which 
has been reported to reduce leaching of inhibitors 
from the seed coverings and may restrict oxygen 
diffusion to the embryo (Duan and Burris 1997). 
The higher germination per cent observed in the 
present study was due to increase in the rate of 
imbibition, where the fine particles in the coat-
ing act as a “wick” or a moisture-attracting mate-
rial to improve germination. Similar observations 
were made by Dadlani and Vashisht (2006) in 
soya bean and Rettinassababady and Ramana-
dane (2012) in hybrid rice.

31.3.2  Effect of Polykote Treatment on 
Seed Moisture

Amount of moisture in seeds is probably the most 
important factor influencing seed viability during 
storage (Table 31.2). After 4 months of storage, 
the seed moisture content was found to increase 
in both uncoated and coated seeds irrespective of 
containers. The increase was gradual in the case 
of polythene-stored seeds when compared to 
cloth bag-stored seeds. An initial mean moisture 

content of 7.67 % was increased to 9.99 % after 
a period of 4 months of storage under ambient 
condition irrespective of containers. Among the 
treatments, T5 registered the mean minimum 
seed moisture content of 8.15 % during storage, 
irrespective of the containers since Vitavax 200 
was used as a dry dressing. The fluctuation in the 
moisture content was higher in cloth bag than 
polythene bag storage. Moisture content in poly-
thene bag-stored seeds recorded the lower mois-
ture content (8.32 %) when compared to cloth 
bag (8.93 %) at the end of the storage. There-
fore, the viability of seeds in cloth bag declined 
rapidly than the seeds stored in polythene bag. 
This underlines the suitability of seed coatings as 
a barrier to the entry of moisture strengthening 
them against the fungal infection as experimen-
tally demonstrated by West et al. (1985), Pham 
and Rame (2007) in hybrid rice, Jitendra et al. 
(2007) in soya bean and Vijaykumar et al. (2007) 
in cotton.

31.3.3  Effect of Polykote Treatment on 
Seed Infection

During seed storage, the fungi accelerate the seed 
deterioration which is reflected in reduced seed 
germination and increased seed moisture content. 
The inoculum of fungi is universally present and 
its proliferation during storage is governed by 
factors such as seed moisture, seed temperature, 
relative humidity and chemicals used for treating 
seeds, etc. The results on seed health status indi-
cated that about fivefold increase in seed infec-
tion was noticed after 4 months of storage period 
(Table 31.3). Among the treatments, Polykote 
alone coated seeds (T1) were highly susceptible 
to seed infection. Seed coating with Polykote 
coupled with Royal flow and Imidachloprid 
(T4) and seeds coated with Vitavax 200(T5) ef-
fectively contained the seed infection. Between 
containers, seeds stored in 700 gauge polythene 
bags (2.8 %) excelled cloth bag (5.5 %) by main-
taining higher germination and lesser seed infec-
tion during storage. Storage fungi produce spores 
in large numbers under favourable conditions 
and their appearance on stored seed is a sign 
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of deterioration in seed quality (Williams and 
McDonald 1983; Jitendra et al. 2007; Manjunatha 
et al. 2008). In the present investigation, the seed 
microflora, predominantly found in most of the 
treatments under storage, were Aspergillus spp., 
Curvularia sp. and Penicillium sp. Among the 
treatments, Polykote seed coating with Imi-
dachloprid (T3) did not contain the seed infec-
tion significantly. However, in combination with 
Royal flow thiram (T4) registered no seed infec-
tion even after 4 months of storage. Likewise, 
primed and dried seeds treated with Polykote + 
Thiram + Imidachloprid (T6) and stored in poly-
thene bags showed better germination with no 
seed infection. With respect to liquid formulated 
polymer treatments, seeds coated with polymer 
have to be necessarily treated with fungicides as 
prestorage seed treatment to avoid seed infection 
being caused by hydrophobic nature of polymers.

31.4  Conclusion

From the foregoing discussions, it could be con-
cluded that seeds coated with different combina-
tions of Polykote treatments in general deteriorate 
at slower pace as manifested in higher percentage 
germination with less or no seed infection over 
the control. However, Polykote alone coated seeds 
were highly susceptible to seed infection and have 
to be necessarily treated with fungicides. Seed 
coating with Polykote coupled with Royal flow 
and Imidachloprid or Vitavax 200 effectively 
contained the seed infection. Between containers, 
seeds stored in 700 gauge polythene bags excelled 
cloth bag by maintaining higher germination and 
lesser seed infection during storage.
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Abstract

Cucurbita pepo has been known since the dawn of time and presently 
widely cultivated particularly by small land-holding farmers for business 
purposes. This particular crop is threatened by several viral diseases re-
sulting in losses through reduction in growth and yield. The viruses cause 
striking damages by distortion and mottling of fruit, making the produces 
unmarketable. Viruses are gaining international importance because of 
yield losses and adverse quality. Moreover, most of the causal viruses 
induced unspecific symptoms and this make their diagnosis difficult. The 
most important viruses on C. pepo are Cucumber mosaic virus, Water-
melon mosaic virus, Zucchini yellow mosaic virus, Papaya ringspot virus 
and Begomovirus ( es). These viruses have been reported from different 
regions of the world. In this chapter, collective information on occur-
rence, symptomatology, characterization, transmission and management 
approaches of C.pepo viruses has been discussed.
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32.1  Introduction

Pumpkins and squash ( Cucurbita L. spp fam; 
Cucurbitaceae) are major vegetable crops and 
are grown in almost all the regions, from cool 
temperature to tropical. Cucurbita pepo is by 
far most widely cultivated and has high mon-
etary value (Paris and Maynard 2008). C. pepo 
has been known since the dawn of time, and it 
is today widely cultivated as food and for deco-
rative purpose in all warm and temperate parts 
of the globe. Cooked, mature fruit flesh also has 
nutritive value. The seeds are consumed in some 
regions and the oil pressed from the seeds is 
highly valued in central Europe (Andres 2000). 
Mature fruits are also valued for autumn decora-
tion in North America and Europe, witnessed by 
the large and ever-expanding pumpkin-growing 
industry. It is used mostly for the consumption 
of its cooked immature fruits, which are known 
as summer squash (Paris et al. 2012). Crops as-
signed as C. pepo include squash, zucchini and 
pumpkin. Their main nutrients are lutein, and 
both alpha- and beta-carotene. Their purpose is 
to generate vitamin A in the body (Chakravarty 
1982). The seeds have been used in traditional 
medicine as an anthelmintic and a taenicide, de-
mulcent, diuretic and tonic. A tea made from the 
seeds has been used as a remedy for hypertrophy 
of the prostate gland. Today, the pumpkin seeds 
are utilized in the treatment of urological symp-
toms associated with benign prostatic hyperpla-
sia (BPH) (Bombardelli and Morazzoni 1997).

Viruses are the most common causes of dis-
eases affecting cucurbits in India and other 

cucurbits-growing countries. These diseases 
result in losses through reduction in growth 
and yield and are responsible for distortion and 
mottling of fruit, making the product unmarket-
able. French and Elder (1999) reported that the 
important viruses which cause serious damages 
on cucurbitaceous crops are Cucumber mosaic 
cucumovirus, Tomato bushy stunt tombusvirus, 
Cucumber necrosis tombusvirus, Melon necrotic 
spot carmovirus, Tomato ringspot nepovirus, To-
bacco ringspot nepovirus, Squash mosaic como-
virus, Zuccini yellow mosaic potyvirus, Papaya 
ringspot mosaic virus, Cucumber green mottle 
mosaic tobamovirus and Tomato spotted wilt 
virus. Out of these viruses, the disease caused by 
potyvirus, begomovirus, tospovirus and ilarivirus 
are gaining international importance because of 
serious losses and epidemiology in several Asian 
countries, mainly in India (Raj et al. 2008).

32.2  Detailed Descriptions  
of Symptomatology, Host 
Range, Transmission, Genome 
Organization of Important 
Viruses Affecting C. pepo

32.2.1  Cucumber Mosaic Virus (CMV)

CMV is a type member of genus Cucumovirus, fam-
ily Bromoviridae. CMV is economically important 
because of its capability to infect a large number of 
plant species and has the widest host range among 
all known plant viruses (Raj et al. 2008).

A. K. Tiwari and G. P. Rao

CGMMTV Cucumber green mottle mosaic tobamovirus
TSWV Tomato spotted wilt virus
CYSDV Cucurbit yellow stunting disorder virus
CABYV Cucurbit aphid-borne yellows virus
SLCBV Squash leaf curl bigeminivirus
BMV Bryonia mottle virus
CYVV Clover yellow vein virus
BPYV Beet pseudo-yellows virus
Begomovirus Bean golden mosaic virus
TMPV Trichosanthes mottle potyvirus
MWMPV Moroccan watermelon mosaic potyvirus
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Cucumoviruses have icosahedra particles 
of 29 nm in diameter with 180 capsid protein 
subunits. The molecular weight of CMV falls 
in the range of 5.8–6.7 million and consists of 
about 18 % RNA and the remaining 82 % protein. 
The RNA is tightly packed by the protein shell, 
leaving a hollow core of about 110 Å along the 
threshold axes. The genome of Cucumoviruses 
consists of three single-stranded (ss) messenger 
sense RNAs designated as 1, 2 and 3 in order of 
decreasing size. RNAs 1 and 2 are encapsulated 
separately whereas RNA 3 and sub genomic RNA 
4 are probably encapsidated in the same particle 
(Raj et al. 2008).

CMV causes a variety of symptoms and sig-
nificant losses to various economically important 
vegetable food crops. CMV seldom attacks the 
seedlings of cucurbits and causes mosaic. Infect-
ed leaves become mottled, distorted and wrinkled. 
The subsequent growth of the infected plants is 
reduced and they appear dwarfed, with shorter 
stem internodes and petioles, and underdeveloped 
leaves. Infected plants produce few runners and 
also few flowers and fruit. Older leaves develop 
chlorotic and then necrotic areas along the mar-
gins which later spread over the entire leaf.

In early 1963, Reddy and Narriani (1963) 
confirmed the first-time presence of CMV on C. 
pepo. In 1985, CMV affecting C. pepo was iden-
tified by enzyme-linked immunosorbent assay 
(ELISA) in Mexico (Delgadillo et al. 1988). As-
sociation of PRSV, ZYMV with CMV was also 
reported through ELISA technique from the same 
location. In 1991, Fernandes et al. (1991) from 
the USA reported presence of CMV. This was 
the first report of CMV viruses infecting C. pepo 
plant in Louisiana.

In France, epidemiology of CMV on C. pepo 
and courgette was described by Lecoq (1992) 
and Desbiez et al. (1996) through the serologi-
cal and molecular techniques. In Serbia, study 
was carried out by Branka et al. (2002) in order 
to identify the major viruses infecting pumpkins 
( C. pepo) grown in Serbia. Virus-infected plants 
showed mild mosaic, yellowing, spotting and 
mottling to deformation of the leaf lamina. The 
most frequent symptoms were the deformation of 
leaf lamina, yellow–green mosaic of different in-

tensity and blistering of leaf lamina. The infected 
samples were tested by the biotest, as well as by 
two serological methods, ELISA and EBIA and 
the presence of CMV infection was observed in 
more than 58 % collected leaf samples (Branka 
et al. 2002). In Egypt, mixed infection by ZYMV 
and CMV of the cucurbits host C. pepo resulted in 
a synergistic effect where symptoms in infected 
plants were more pronounced than plants singly 
infected by either virus. ELISA values revealed 
that the concentration of CMV in doubly infected 
Zucchini squash plants was significantly higher 
than in singly infected plants (Fattouh 2003).

CMV was also reported from Iran by Farhangi 
et al. (2004) with the help of double antibody 
sandwich (DAS)-ELISA technique on C pepo 
plants. At the same time, in Vietnam, Revill et al. 
(2004) collected the cucurbits samples in a sur-
vey and after molecular analysis found the exis-
tence of CMV in C. pepo with other collected cu-
curbits samples. In Australia, presence of CMV 
was confirmed by Coutts and Jones (2005) and in 
Cyprus by Papayiannis et al. (2005) who found 
infection of CMV in all the tested plants of C. 
pepo through polymerase chain reaction (PCR)-
based technique. From Turkey, Yardumici and 
Ozgonen (2007) through serological technique 
found infection of CMV on C. pepo plants.

Recently, CMV infection in pumpkin seed-
lings was identified through DAS-ELISA and 
reverse transcription PCR (RT-PCR). The PCR 
detection assays were based on CMV-specific 
primers. The CMV primers amplify an approxi-
mately 910-bp fragment including the complete 
656-bp coat protein gene in all the collected in-
fected samples (Tobias et al. 2008).

32.2.2  Watermelon Mosaic Virus 
(WMV)

C. pepo is the natural host of WmMV2 (Purcifull 
et al. 1984). WmMV2 is distributed worldwide 
and poses a serious problem in cucurbit produc-
tion. It causes economic damage in watermelon 
and other susceptible cucurbits, and is reflected 
mostly as reduced plant growth, yield losses and 
decrease in fruit quality (Raj et al. 2008).

32 Viruses Infecting Cucurbita pepo: Current Status and Management
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The WmMV2 filamentous particles of 760 nm 
consist of a coat protein subunit of 34 KDa and 
RNA that sediment at 39S (Purcifull et al. 1984). 
Isolates differ based on host range, aphid trans-
missibility and the degree of serological related-
ness. WmMV2 has good antigenicity. WmMV2 
was described separately to distinguish it from 
the earlier described WMV 1, which is now des-
ignated as a strain of PRSV (Purcifull and Hibert 
1979; Raj et al. 2008).

The initial symptom of WmMV2 is mild 
chlorosis at leaves, followed by mosaic and leaf 
distortion. Green mosaic along the veins and/or 
green bubble-like protuberances on chlorotic in-
terveinal leaf parts occur as the disease develops. 
WmMV2 infection early in the season causes 
poor development of young leaves, internode 
shortening, show plant growth and reduced fruc-
tification (Raj et al. 2008).

In the USA, survey for viruses infecting C. 
pepo, cucumber and watermelon was conducted 
during spring seasons of 1988–1989 and WMV 
was detected by Fernandes et al. (1991). In Iran, 
Delgadillo et al. (1988) confirmed the presence 
of WMV on C. pepo through a serological tech-
nique. Later, Farhangi et al. (2004) reported 
through DAS-ELISA and the existence of other 
viruses on C. pepo from Iran. To determine the 
distribution of CMV, ZYMV and WMV, a sur-
vey was made by them in 2002–2003 and 466 
samples were collected from the squash field. 
The frequency of ZYMV, WMV and CMV 
was 36, 27 and 25 %, respectively. Triple in-
fection was found in 7 % of samples. This was 
the first report of WMV on C. pepo in Teharan, 
Iran. From France, Lecoq (1992) and Desbiez 
et al. (1996) confirmed the existence of WMV 
through serological and molecular techniques, 
respectively. In Jordan, Mansoor et al. (1997) 
reported WMV with the association of ZYMV 
in C. pepo plants. From Australia, Coutts and 
Jones (2005) reported WMV through molecular 
study and also confirmed the existence of other 
viruses on C. pepo from the same location. In 
Turkey, presence of WMV was reported by Yar-
dumici and Ozgonen (2007) with the help of 
ELISA technique.

32.2.3  Papaya Ringspot Virus-W 
(PRSV)

Until a few years ago, PRSV-W was known as 
WMV 1. A number of studies, however, deter-
mined that WMV-1 and PRSV are identical in 
many respects. Presently, two pathotypes of 
this potyvirus are recognized: PRSV_P (papaya 
strain), which infects Carica papaya and most 
of the Cucurbitaceae, and PRSV-W (watermel-
on strain), which infects all Cucurbitaceae but 
not papaya (Freitas and Rezende 2008). PRSV-
type W is one of the most important viruses that 
may cause damage to zucchini squash ( C. pepo) 
throughout the world. This virus, responsible for 
the zucchini common mosaic, belongs to the fam-
ily Potyviridae and has the shape of a cylindrical 
and flexuous filament about 780 × 12 nm, consist-
ing of a ss, positive RNA with molecular weight 
of approximately 10.3 kb. It is transmitted in the 
field in a nonpersistent, noncirculative manner 
by several aphid species ( Aphididae). It can also 
be transmitted by mechanical inoculation, but 
not via the seeds. The PRSV-W symptoms in C. 
pepo consist of mosaic, presence of blisters and 
deformations on leaves, fruit malformation with 
changed colour, and plant stunting. This virus has 
been quite difficult to control in the field (Freitas 
and Rezende 2008).

In Iran, Delgadillo et al. (1988) reported the 
presence of PRSV on C. pepo through serologi-
cal technique. Later, Fernandes et al. (1991) from 
the USA reported the existence of this virus in 
Louisiana on C. pepo through serological tech-
nique. In China, PRSV was reported first time on 
C. pepo in 1994 by PCR analysis (Xiao and Fan 
1994). In France, PRSV on melon and courgette 
is described by Lecoq (1992) through serologi-
cal technique and, through molecular technique 
it was confirmed by Desbiez et al. (1996). Revill 
et al. (2004) conducted a survey between Novem-
ber 1998 and May 2001 in Vietnam with cucur-
bit samples. Virus symptoms including mosaics, 
yellowing, mottling and vein clearing were most 
commonly observed in pumpkin ( Cucurbita sp.) 
and cucumber ( Cucumis sativa). In Zucchini ( C. 
pepo), the only crop examined, stunting, twist-
ing and plant death were observed. PRSV were 
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detected in 47 % cucurbit samples. In Austra-
lia, Coutts and Jones (2005) and in Cyprus, Pa-
payiannis et al. (2005) also reported presence of 
PRSV through PCR-based analysis. In Brazil, 
PRSV–type W (PRSV-W) is the most prevalent 
virus in cucurbit crops and is responsible for fre-
quent yield losses. Diseases caused by these vi-
ruses are difficult to control. Many reports have 
been made by different researchers of Brazil on 
the presence of viruses on C. pepo. Bonilha et al. 
(2009) again established the presence of PRSV 
and WMV on C. pepo and also evaluated the ef-
fects of mild strains PRSV-W-1 and ZYMV-M on 
the yield of C. pepo L. in greenhouse and field 
conditions. Plants infected with ZYMV-M and 
grown in a plastic greenhouse did not exhibit 
typical leaf symptoms or significant alterations 
in quantitative and qualitative fruit yield. How-
ever, when infected with PRSV-W-1, or PRSV-
W-1 + ZYMV-M, the plants exhibited severe leaf 
mosaic symptoms and reduced fruit quality, al-
though there were no changes in the number and 
mean fruit weight harvested from these plants. 
When these plants were infected with PRSV-W-1 
and studied simultaneously in the field and plas-
tic greenhouse, intensification of symptoms in 
the fruits and leaves was more pronounced under 
the greenhouse conditions. Quantitative yield did 
not change. Environmental factors seem to influ-
ence symptoms induced by PRSV-W-1(Bonilha 
et al. 2009).

32.2.4  Zucchini Yellow Mosaic Virus 
(ZYMV)

ZYMV was first reported almost simultaneously 
in 1981 from Italy (Lisa et al. 1981) and France, 
where it was named Muskmelon yellow stunt 
virus (Lisa and Dellavalle 1981). In less than 5 
years, it was reported in 20 countries of 5 conti-
nents, often causing devastating epidemics. Virus 
particles are flexuous, 750 nm long and contain a 
ssRNA. Although circumstantial evidence points 
to seed transmission of this virus, demonstrating 
this avenue of spread has been very difficult. Two 
reports have indicated a low level of transmis-
sion in some varieties of C. pepo (Schrijnwerkers 

et al. 1991). Unquestionably, this is one of the 
most destructive viruses occurring in cultivated 
cucurbits. The virus incites very prominent foli-
age mosaic, severe malformation and plant stunt-
ing. Fruits often develop knobby areas, resem-
bling those caused by PRSV-W, thus, differenti-
ating the symptoms caused by these two viruses 
is often very difficult. Serologically, ZYMV is 
related to WMV. A few strains and pathotypes of 
ZYMV have already been identified (Lecoq and 
Pitrat 1984; Lisa and Lecoq 1984; Provvident 
et al. 1984; Raj et al. 2008).

A survey for viruses infecting C. pepo was 
conducted in southeastern Louisiana, USA, dur-
ing spring seasons of 1988–1989 and ZYMV 
was detected by Fernandes et al. (1991). A green-
house-grown cucumber virus isolate induced 
symptoms on C. pepo resembling those incited 
by ZYMV. This isolate has similar host range as 
ZYMV original isolate, except that it did not in-
fect Gomphrena globosa. The complete identifi-
cation is based on its physical properties, aphid 
transmission, morphology by electron microscope 
and serological properties. This study confirmed 
the presence of ZYMV for the first time on C. 
pepo in Saudi Arabia (Al-Shauwan 1990). ZYMV 
is reported from C. pepo and cucumber in Greece. 
This was the first record of this virus in Greece. 
This was detected in all eight countries in investi-
gation and its incidence is thought to be very high 
(83 %) (Kyriakopoulou and Varveri 1991). In Tur-
key, based on host range, serological and physi-
cal properties, the virus causing systemic mosaic 
of leaves and fruit blight on squash plants was 
identified as ZYMV. This was the first report of 
ZYMV in the Ankara province of Turkey. Later, 
infection of CMV on C. pepo was confirmed by 
Ertunc (1992) in Turkey. In Bulgaria, ZYMV was 
identified from squash, melon and cucumber for 
the first time by biotest on indicator plants and 
indirect ELISA (Dikova 1994). In Singapore, 
ZYMV was propagated in Pumpkin cv. first taste 
and mechanically transmitted to 12 sp. of 6 fami-
lies. It induced milder symptoms than the Con-
necticut and Florida strains of ZYMV in infected 
leafs of marrow cv. zucchini elite. ZYMV-S was 
neither seed nor aphid transmissible. Immuno-
electron microscopy revealed that ZYMV-S was 
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distantly related to WMV-2, Moroccan WMV, and 
Telfairia mosaic virus but not to PRSV or ZYFV. 
Cytoplasmic pinwheels and scrolls were observed 
in the ultrathin section of infected leaves cells 
by light, confocal laser scanning and transmis-
sion electron microscopy. The molecular weights 
of the viral coat protein, cytoplasmic inclusion 
protein, RNA and dsRNA were estimated to be 
3.2 × 104, 6.1 × 104, 3.23 × 106 and 6.53 × 106 Da, 
respectively (Wong et al. 1994). In France, it was 
reported by Desbiez et al. (1996) with the help of 
PCR analysis. In Jordan, ZYMV causes serious 
damage in C. pepo crop. It was found as a single 
or mixed infection in 82.6 % of 910 samples. The 
second virus, WMV was detected in 13.5 % tested 
samples as a single infection in 48.2 % as a double 
infection with ZYMV. ELISA showed that some 
weeds may act as a primary source of inoculum to 
cucurbit viruses in Jordan (Mansoor et al. 1997). 
From Chile, ZYMV was first described in 1981 
affecting squash and melon with severe yellow-
ing symptoms. It was reported to be present in 
most countries where cucurbits were grown, and 
in Chile since 1995 through survey, infected sam-
ples were collected and ELISA assays were done 
and results revealed the presence of ZYMV on 
C. pepo (Prieto et al. 2001). From Serbia, Branka 
et al. (2002) reported that the most prevalent vi-
ruses infecting pumpkins were ZYMV (62 %) and 
CMV (58 %). In Egypt, double infection of CMV 
and ZYMV on C. pepo was reported by Fattouh 
(2003) through ELISA technique. Papayiannis 
et al. (2005) from Cyprus did molecular analy-
sis and found the infection of ZYMV and several 
other viruses on C. pepo plants.

Yardumici and Ozgonen (2007) from Turkey 
confirmed the existence of ZYMV on C. pepo. 
In Hungary, ZYMV was isolated (as a new viral 
pathogen) in 1995. It generally developed into a 
devastating disease of several cucurbit crops. Its 
wide distribution suggested seed transmission. 
From a total of 2,879 seedlings grown from infect-
ed boll-less seeded oil pumpkin ( C. pepo), only 
one showed symptoms and contained the ZYMV, 
indicating that the virus could be transmitted via 
the seed, but only at a very low rate (Tobias and 
Kovacs 2001). Later, ZYMV and CMV infection 
in pumpkin seedlings were identified by direct 
antibody coating (DAC) ELISA, test plants and 

RT-PCR. (Tobias et al. 2008). Recently from 
Brazil, Bonilha et al. (2009) reported the pres-
ence of ZYMV on C. pepo plants and found that 
this virus is severely damaging and reducing the 
quality of the crop.

32.2.5  Cucurbit Yellow Stunting 
Disorder Virus (CYSDV)

First detection of CYSDV was in the United Arab 
Emirates in 1982 (Hassan and Duffus 1991), 
where it remained in epidemic proportions. 
CYSDV has since spread throughout the Medi-
terranean region including Egypt, Israel, Jordan, 
Spain, Turkey, Lebanon, Portugal and Morocco, 
where it caused major economic damage to cu-
curbit crops. CYSDV has also been introduced in 
North America (Sinclair and Crosby 2002).

CYSDV produces initial symptoms of severe 
interveinal chlorosis and green spots on oldest 
leaves which appear between 14 and 22 days 
post inoculation; definite symptoms are visible 
after 30 days. Leaves may also develop promi-
nent yellow sectors. Severe symptoms include 
complete yellowing of the leaf lamina (except 
for the veins) and rolling and brittleness of the 
leaves. Fruit quality is severely affected; yield, 
fruit size and sugar content are reduced, making 
fruits unacceptable for sale on the commercial 
market resulting in economic losses for melon 
growers. Since, Criniviruses produce symptoms 
mainly in older leaves, CYSDV symptoms may 
easily be confused with physiological disorders, 
nutritional deficiencies, inadequate water, insect 
damage, natural senescence or pesticide damage. 
Growers, diagnosticians and researchers may 
have a hard time visually recognizing such virus 
infections (Sinclair and Crosby 2002).

The three major cucurbit species under cul-
tivation worldwide: Cucumis sativus (cucum-
ber), Citrullus lanatus (watermelon) and C. pepo 
(squash) are affected by CYSDV. Cucurbits and 
lettuce are the only known hosts to date. CYSDV 
is a member of the newly assigned Crinivirus 
genus, in the Closteroviridae family (Sinclair and 
Crosby 2002).

CYSDV is a phloem-limited virus making 
diagnosis, isolation and purification difficult. 
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However, it has been purified with differential 
centrifugation and determined to have particle 
lengths ranging from 825 to 900 nm. The virus 
has a bipartite genome consisting of two ss plus 
sense RNA segments estimated at ~ 9 kb (RNA1) 
and ~ 8 kb (RNA2) encapsulated separately. 
Later, leaf dip preparations suggested somewhat 
shorter particle lengths from 750 to 800 nm (Liu 
et al. 2000; Sinclair and Crosby 2002). Papayian-
nis et al. (2005) did the survey and found severe 
infection of viruses on C. pepo and other cu-
curbits plants in a survey in Cyprus. For further 
confirmation he used molecular technique and 
phylogenetic analysis. He reported the presence 
of CYSDV on all the selected cucurbits plants in-
cluding C. pepo plant in his study.

32.2.6  Cucurbit Aphid-Borne Yellows 
Virus (CABYV)

Yellowing diseases of cucurbit crops were noticed 
in Spain since last two decades. Due to the lack 
of appropriate diagnostic tools, these disorders 
were first attributed to nutritional deficiencies, 
but were later shown to be most often caused by 
viruses. During the 1980s, yellowing were found 
associated with the whitefly Trialeurodes vapo-
rariorum vectoring the crinivirus Beet pseudo-
yellows virus (BPYV) (Jordá-Gutiérrez et al. 
1993). During the 1990s, T. vaporariorum was 
progressively displaced by Bemisia tabaci and 
consequently, CYSDV, a new crinivirus, spread 
over cucurbit crops (Célix et al. 1996). CABYV 
has been detected in protected and open field 
melon ( Cucumis melo), cucumber ( Cucumis sati-
vus), squash ( C. pepo) and watermelon ( Citrullus 
lanatus) crops of southeastern Spain, with a very 
high incidence (Juarez et al. 2004).

CABYV is a member of the genus Polerovirus 
of the family Luteoviridae. Its viral particles are 
isometric, approximately 25 nm in diameter, and 
encapsidate the CABYV genome which consists 
of a ss positive sense RNA molecule of 5.7 kb 
which has neither a 5′ cap nor 3′poly(A) tail. 
The CABYV genome has been fully sequenced 
and a full-length infectious clone is available. It 
contains six major open reading frames (ORFs) 

(Guilley et al. 1994; Pfeffer et al. 2002; Taliansky 
et al. 2003).

CABYV is transmitted in a persistent and 
circulative manner by two aphid species, the 
black melon aphid Aphis gossypii and the green 
peach aphid Myzus persicae (Lecoq et al. 1992). 
CABYV cannot be mechanically transmitted, 
and no other transmission method has been de-
scribed for this virus. The host range of CABYV 
includes the major cultivated cucurbit species 
(melon, cucumber, squash and watermelon), in 
which it remains confined to their phloem.

CABYV was first described by Lecoq and co-
workers in 1992 in France where it affected open 
field cucurbit crops (Lecoq et al. 1992). After-
wards, CABYV was detected in many countries 
from time to time by different workers. CABYV 
can be readily diagnosed by ELISA. Desbiez 
et al. (1996) again established the presence of 
this virus through molecular detection from 
France. Papayiannis et al. (2005) also character-
ized CABYV from Cyprus through phylogenetic 
analysis.

CABYV was detected for the first time in 
cucurbit-growing areas of the Isparta region of 
Turkey with 94 of the 200 samples positive for 
CABYV. This survey detected the presence of 
CABYV at incidences between 30 and 100 % in 
the different cucurbit species tested ( C. maxima, 
C. melo ‘Hasanbey’, C. melo var. Flexious, C. sa-
tivus, C. pepo and C. lanatus ‘Paladin’). CABYV 
is transmitted only by aphids ( A. gossypii and M. 
persicae) and in a persistent manner. The occur-
rence and wide distribution of CABYV in cucurbit 
plants was most likely related to the large abun-
dance of aphids (Yardumici and Ozgonen 2007).

32.2.7  Squash Leaf Curl Begomovirus

It was first observed in 1977/1978 and is one of 
a group of viruses which have become very im-
portant since the spread of biotype B of B. tabaci. 
The original strain of the virus (SLCV-CA) was 
reported in California (USA) damaging crops 
of C. pepo (marrows). The virus is transmitted 
in a persistent manner by B. tabaci, especially 
biotype B. It is not transmitted by mechanical 
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inoculation. At least two distinct strains of SLCV 
are known. The WCMoV strain, originally de-
scribed as a distinct watermelon curly mottle 
virus in Arizona, has a wider host range than the 
type strain SLCV-CA in California. Narrow host-
range and broad host-range strains have also been 
described on the basis of the molecular character-
ization of DNA components; it is not yet clear 
whether these coincide with the strains identified 
in the field. SLCV causes severe systemic stunt-
ing and leaf curl in cucurbits. The so-called sil-
ver leaf symptom is seen on cucurbits infested 
by B. tabaci biotype B, but is not associated with 
SLCV. It has been suggested that it could be due 
to infection by another virus, but it is now gen-
erally thought to be induced physiologically by 
the feeding of biotype B. SLCV has geminate 
particles, 22 × 38 nm in size. The virus is associ-
ated with maturing phloem sieve tube elements. 
SLCV is not mechanically transmissible. Recom-
mended indicator plants are Cucurbita maxima, 
C. moschata or C. pepo (symptoms as above) or 
Phaseolus vulgaris (systemic green mosaic leaf 
symptoms and distortion). SLCV can be detected 
in B. tabaci by DNA spot hybridization assay. 
SLCV causes severe losses of squashes, melons 
and related cucurbits.

32.2.8  Bryonia Mottle Virus (BMV)

The host range of BMV is largely confined to 
cucurbits. Serologically, it is unrelated to PRSV-
W, WMV and a few other potyviruses. It was 
found in Morocco, where it primarily affected 
Bryonia dioica. Symptoms consist of prominent 
foliar chlorotic and necrotic spotting, plant stunt-
ing and flower abortion. Apparently BMV is not 
seed transmitted. In a study involving many Cu-
curbitaceae, only Momordica charantia was not 
infected by this virus (Lockhart and Fisher 1979).

32.2.9  Clover Yellow Vein Virus (CYVV)

CYVV commonly occurs in legumes, in which 
it causes severe symptoms. In nature, it has 
been found to infect summer squash, causing 

numerous chlorotic leaf spots in yellow-fruited 
varieties. Fruits are not affected, but seed produc-
tion may be reduced (Lisa and Dellavalle 1981). 
In a survey during 2000–2002, to determine 
the identity and prevalence of viruses affecting 
cucurbit crops in Cyprus, 2,993 samples of cu-
cumber, zucchini, melon and watermelon were 
collected from the five major cucurbit-growing 
areas in Cyprus. Confirmation of viruses was 
made by molecular analysis and it resulted posi-
tive for CYVV in the selected plant (Papayiannis 
et al. 2005).

32.2.10  Beet Pseudo-Yellow Virus 
(BPYV)

In 2004, severe yellowing and chlorotic (and 
occasionally mosaic) symptoms were observed 
in field grown C. pepo and C. maxima in Costa 
Rica. Symptoms resembled those of the genus 
Crinivirus and large populations of the green-
house whitefly, Trialeurodes vaporariorum, were 
observed in the fields and on symptomatic plants. 
Nucleotide sequence analyses of purified PCR 
products verified their identity as variants of 
BPYV, with 97 and 99 % sequence identity with 
reported CPm and HSP sequences, respectively 
(Hammond et al. 2005). Papayiannis et al. (2005) 
from Cyprus confirmed the existence of BPYV 
and other viruses on C. pepo plants with help of 
sequences and phylogenetic analysis. Recently, 
Ramirez et al. (2008) also reported the presence 
of BPYV on C. pepo in Costa Rica.

32.2.11  Bean Golden Mosaic Virus

Begomoviruses have emerged as constraints to 
the cultivation of a variety of crops in various 
parts of the world. Some of the diseases caused 
by Begomoviruses that are appearing, show that 
these viruses are still evolving and pose a seri-
ous threat to sustainable agriculture, particularly 
in the tropics and subtropics. Another concern 
is the emergence of diseases that are caused by 
a complex of Begomovirus and satellite DNA 
molecules (Varma and Malathi 2003; Stanley 
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2004). Some crops appear to be a paradise for 
Begomoviruses. So far, 45 recognized and 30 ten-
tative species of Begomoviruses have been found 
to naturally infect tomato, pepper and cucurbits 
in the New and Old World. Some of the viruses 
have a large number of distinct strains (Jones 
2003). Begomoviruses have bipartite genomes (A 
and B components), with some exceptions (e.g. 
Tomato yellow leaf curl virus (TYLCV), Cot-
ton leaf curl virus (CLCuV), Tomato leaf curl 
virus (ToLCV)) for which no B component has 
been found (Fauquet et al. 2003). Begomovirus 
(type species Bean golden mosaic virus) is the 
only genus of the family to be either bipartite 
with virus genes resident on two different circu-
lar ssDNA molecules (DNA A, DNA B) each of 
about 2.6–2.8 kb, or monopartite with all genes 
resident on one (DNA A-like) ssDNA of about 
2.8 kb. The twinned particles have diameter of 
18–20 nm, 30 nm long, like most of the Gemi-
niviruses. The Begomoviruses are all transmitted 
by the whitefly B. tabaci in a circulative manner 
and infect dicotyledonous plants. They have been 
considered as the most numerous and widespread 
group of whitefly-transmitted viruses causing se-
vere epidemics in India. The fast spreading Bego-
movirus in India on cucurbits is Tomato leaf curl 
New Delhi virus (Sohrab et al. 2003; Tiwari et al. 
2008, 2010a; Phaneendra et al. 2011), Tomato 
leaf curl Palampur virus (Tiwari et al. 2010b, 
2012a), Ageratum enation virus (Raj et al. 2011; 
Tiwari et al. 2012b), Pepper leaf curl Bangladesh 
virus (Raj et al. 2010a), Bitter gourd yellow mo-
saic virus (Rajinimala et al. 2005) and Squash 
leaf curl China virus (Singh et al. 2008).

Squash leaf curl geminivirus was first observed 
in squash in California in 1977–1978 (Flock and 
Mayhew 1981). Virus symptoms including mo-
saics, yellowing, mottling and vein clearing were 
most commonly observed in pumpkin ( Cucurbi-
ta sp.) and cucumber ( Cucumis sativa). Zucchini 
( C. pepo), the only crop examined, stunting, 
twisting and plant death was observed in Viet-
nam (Revill et al. 2004). In Egypt, Farag et al. 
(2005) reported the detection of bipartite Gemi-
niviruses on squash. Squash plants infected with 
whiteflies exhibited leaf curl and severe stunting 
symptoms, which were observed on newly grown 

leaves. Vein banding was also observed on leaves 
showing vein clearing. Furthermore, the enations 
often start from the lower surface of the symp-
tomatic leaves.

Dafalla et al. (1998), from Sudan reported 
the association of Geminivirus with Watermelon 
chlorotic stunt virus. C. pepo plants were show-
ing severe yellowing. All cultivars grown in af-
fected regions were susceptible. Occurrence of 
the virus was associated with high populations of 
B. tabaci. Disease incidence reached 100 % in the 
late summer crop in Gezira and early winter crop 
in the Gash Delta. From Oman, Squash yellow 
leaf curl virus on C. pepo was reported through 
PCR analysis (Zouba et al. 1998). In November 
2006, Cucurbit leaf crumple virus (CuLCrV), a 
new virus in Florida, was found in squash ( C. 
pepo) fields in north central and northeast Flor-
ida. Leaves of yellow straight neck squash and 
zucchini were thickened and distorted, as well 
as curled and crumpled. The symptoms on in-
fected yellow straight neck squash were slightly 
different from those on zucchini. Zucchini fruit 
did not show obvious symptoms, but the fruits 
from infected yellow straight neck squash were 
streaked with green, making them unmarketable. 
Feeding by whitefly nymphs’ causes silvering of 
leaves of squash and blanching of yellow-fruited 
squash and yellow blotchiness of green-fruited 
squashes. The leaf silvering is distinct from cu-
curbit leaf crumple disease and should be not be 
confused with it. Samples collected from symp-
tomatic plants failed to react in ELISA with an-
tibodies to all cucurbit-infecting viruses known 
to be present in Florida. The samples also tested 
negative for the whitefly-transmitted potyvirus 
Squash vein yellowing virus but did test positive 
in PCR assays for Begomovirus. PCR followed 
by sequence analysis and whitefly transmission 
tests revealed that the plants were infected with 
Cucurbit leaf crumple virus (Webb et al. 2007).

Tahir et al. (2010) from Pakistan collected 
leaf samples of C. pepo plants showing yellow 
mosaic symptoms and completed full genome 
sequencing of Begomovirus and in phylogenetic 
analysis found the existence of Squash leaf curl 
China virus for the first time in Pakistan.
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Recently, Tiwari et al. (2010b) reported in-
fection of Tomato leaf curl Palampur virus on 
C. pepo in India. Pumpkin plants were found 
infected with mosaic, leaf curling, puckering and 
yellows. A ~ 800 bp product was amplified from 
symptomatic leaf samples in C. pepo through 
TLCV-CP primers, NCBI BLAST search analy-
sis showed highest identities of 92 % with Tomato 
leaf curl Palampur virus isolate (AM884015) fol-
lowed by 90 % with Tomato leaf curl Palampur 
virus isolate (EU547682 & EU547683). Howev-
er, 88 % identities were recorded with Squash leaf 
curl China virus (AM260205) and Squash leaf 
curl Philippines virus. Phylogenetic analysis at 
nucleotide level, showed close relationship with 
Tomato leaf curl Palampur virus (AM8844015, 
EU547682 and EU547683) and making distance 
with Tomato leaf curl virus (AY691902), Luffa 
yellow mosaic virus (AF509739), Squash leaf 
curl virus (AF509739, AM260205, AM260206, 
EF197940, AB085793, EU487031, EU487033 
and EU487041). Phylogenetic analysis and simi-
larity at nucleotide level confirm the existence of 
Tomato leaf curl Palampur virus on C. pepo.

32.2.12  Trichosanthes Mottle 
Potyvirus (TMPV)

In Japan, two potyviruses were isolated from 
T. rostrata and C. pepo. Their host range and 
physical properties were investigated and were 
identified as TMPV and Watermelon mosaic I 
potyvirus (WMIV). Both viruses infected cucur-
bits and were transmitted by A. gossypii and M. 
persicae in a nonpersistent manner. TrMV was 
serologically related to Papaya leaf distortion 
mosaic virus but had no relationship with WMIV 
and other potyviruses in immune EM. It is sug-
gested that TrMV is a new type of potyvirus (Yo-
naha et al. 1988).

32.2.13  Moroccan Watermelon Mosaic 
Potyvirus (MWMPV)

In Italy, unusual symptoms were observed in 
summer 1997 in field of C. pepo of several cul-

tivars grown in central Italy. Symptoms included 
reduction in growth, severe mosaic, blistering 
and deformation of leaves and malformation on 
fruits. Plants gave negative results in ELISA for 
CMV, SqMV, PRSV, Zucchini yellow fleck virus, 
ZYMV and ZYMV. It was found positive with 
Watermelon Moroccan mosaic virus. MWMV is 
a tentative species in the genus Potyvirus, widely 
present in Africa and occasionally found in Spain 
(Roggero et al. 1998).

32.3  Management Approaches

Control of epidemic outbreak of virus diseases 
can be carried out theoretically either by con-
trolling the vector or by eliminating the patho-
gen from the infected plants by meristem tip 
culture, antiviral or other chemicals. At present, 
insect vector control using pesticides is the tool 
of choice for limiting outbreaks of virus diseases. 
The vector control is difficult to achieve when 
wild reservoir plants are sources of contamina-
tions. Viruses can be eliminated from their plant 
hosts, as they are not present in the shoot mer-
tistem (Tiwari et al. 2012b). Furthermore, they 
are sensitive to few antiviral chemicals. They 
can be eliminated by heat therapy followed by 
meristem tip culture. Now, the researchers are 
also applying cryotherapy with combination of 
shoot tip culture for removal of the virus. Several 
methods have been applied to clean plant mate-
rial for virus; these include in vitro tissue culture 
such as shoot tip or micropropagation sometimes 
in combination with heat or antiviral treatment. 
Therefore, a real way to control virus infection is 
to prevent the outbreaks by producing clean ma-
terial or by finding resistant varieties.

The virus diseases cannot be controlled by any 
chemical treatment in the field (Valkonen 1998). 
However, they can be managed based on strat-
egies that prevent infection. Both conventional 
and nonconventional methods have been sug-
gested and described over the years for manage-
ment of viral diseases (Raj et al. 2010b).

This comprises controlling the vectors which 
act as carriers for transmitting the viruses from 
infected plant to the healthy ones. Killing the in-
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sect vectors by using insecticides is being used 
since 1930s as a means of direct attack on vectors 
(Du 1948). Bradbent et al. (1956) tried several 
insecticides, e.g. endrin, aalathion, DDT, etc. and 
showed successful prevention of PLRV spread 
from infected to healthy ones. However, exces-
sive use of insecticides may also prove ecologi-
cally harmful in the long run.

The development of strategies for integrated 
disease management by spray of oils, viricides, 
pesticides and botanicals has been found to be 
significant in reducing the yield loss by many 
workers for various viral diseases (Verma et al. 
1980; Kumar and Awasthi 2003; Kunkalikar 
et al. 2006). Three sprayings of malathion (50 % 
E.C.) insecticide (0.2 %) at a 21-day interval was 
successful in field conditions to minimize the 
whitefly population and to assess the improve-
ment of their biomass and ultimately the fruit 
yield (Khan et al. 2006; Somvanshi et al. 2009). 
However, the regular use of insecticide should 
not be in practice because it adversely effects the 
environment, other way round, may diminish the 
quality of crops (Raj et al. 2010b).

Virus control strategies in cucurbits have been 
based on the use of cultural practices intent on 
preventing or delaying virus spread through vec-
tors (Lecoq et al. 1998). Time of planting and 
other epidemiological factors may be important 
in determining virus severity (Berdiales et al. 
1999). Genetic resistance is the most likely meth-
od for controlling the virus. Virus resistance may 
be related to the existence of mechanisms that in-
hibit vascular transport of the pathogen, changes 
in cellular membranes that impede the diffusion 
or transport of virus particles from cell to cell or 
an inhibition of virus particle replication in tis-
sue of resistant hosts (Lopez-Sese and Gomez-
Guillamon 2000).

Cucurbit viruses are one of the most complex 
pathosystems in the world, making breeding for 
virus resistance a challenge. Breeding virus re-
sistant varieties is generally slow and inefficient 
due to several factors. First, environmental con-
ditions may have a large effect on the expression 
of virus symptoms. Second, many viruses have 
multiple strains, some are able to overcome resis-
tance genes. Locating molecular markers linked 

to virus resistance is expected to make breed-
ing for virus resistance more efficient and will 
lead to faster development of resistant cultivars  
(Danin-Poleg et al. 2000). Effective breeding and 
marker utilization should be much easier than 
otherwise.

Weeds have been identified as key sources of 
viral infections for a long time. Eradication of pe-
rennial weeds from around greenhouses, gardens 
and fields to eliminate possible sources of virus 
therefore may prove helpful (Agrios 1978). Elim-
ination of weed hosts harbouring cultivated fields 
has been found successful in reducing the inci-
dences of virus in cucumber and celery (Rist and 
Lorbeer 1989). A number of weed plants were 
surveyed in different cucurbitacea crops and 
chilli-growing locations, the geminivirus infec-
tion was detected in them. These weed plants also 
showed typical symptoms of geminivirus infec-
tion. Various weeds, viz. Croton bonplandianum, 
Acalypha indica, Malvasrtum coromandalianum, 
Eclipta alba, Ageratum conyzoides, Launaea 
procumbens, Jatropha gossypifolia, Luffa spp., 
Coccinia grandis Nicotiana plumbaginifolia, 
Sorghum vulgare, Parthenium hysterophorus, 
Physalis minima, Sida cordifolia, Solanum ni-
grum and Sonchus oleraceus have been reported 
as wild hosts of the viruses (Khan 2006; Som-
vanshi et al. 2009; Raj et al. 2010b; Pandey et al. 
2011; Khan et al. 2012). Therefore, such weed 
plants may be eliminated from and nearby cul-
tivated fields for possible management of Bego-
moviruses. Furthermore, roguing, or immediate 
removal of infected individual plants, may assist 
in delaying virus spread once the infected mate-
rial is immediately destroyed and not left to com-
post near adjacent, developing fields (Raj et al. 
2010b).

Use of virus-free planting material and their 
transplantation in greenhouses that isolates crop 
from other plants which harbour or may harbour 
viral diseases, e.g. susceptible crops, should be 
practiced for better crop production yield (Agrios 
1978). Using planting material from which all 
infected plants have been rogued, applying heat 
therapy (35–54 °C), use of meristem tip cul-
tures, cold treatment and chemotherapy are other 
means suggested for obtaining virus free plants 
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(Raychaudhuri and Verma 1977). Nowadays, 
cryotherapy is another liable methods to produce 
virus free materials. For identifying the virus-free 
material, highly reliable and sensitive diagnostic 
techniques are available to accomplish this need 
(Raj et al. 2010b).

32.4  Conclusion

Reports confirmed the existence of several vi-
ruses on C. pepo from almost every part of the 
world. Many researchers reported the presence 
of mixed infection on single C. pepo plants. The 
most prevalent viruses on C. pepo in this litera-
ture survey were reported as WMV, CMV and 
PRSV. These three viruses have been reported 
from almost every part of the world on C. pepo 
plants. While, occurrence of other viruses are of 
less significance on C. pepo, some viruses like 
Clover yellow vein, Squash leaf curl begomovi-
rus, Trichosanthes mottle virus, Moroccan mosa-
ic virus, BMV etc. are reported only from limited 
countries. Their existence in other countries was 
not clearly known. Begomovirus infection was 
reported only by few researchers, and some of 
them are the first report.

As far the management of viral diseases on C 
pepo is concerned, the use of virus-free planting 
material seems to be the most effective control 
measure. The virus-free planting material could 
successfully be generated through meristem 
culture technique adopted in a number of plant 
species. The development of resistant genotypes 
through breeding methods is another approach. 
However, this approach may not be much ef-
fective in controlling the viral diseases due to 
continued introduction and spread of new viral 
strains from time to time. Whiteflies and other 
vectors play important role in virus transmission 
from infected crop to healthy one. The use of pes-
ticides to check the populations of these vectors 
may also be an effective control measure. Besides 
running awareness programmes for the farmers, 
distribution of virus-free seeds should be ensured 
by the concerned authorities to control the spread 
of viral diseases.
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33.1  Introduction

Vegetables are occupying a coveted position in 
Indian agriculture and the area under vegetables 
is accounted as 8.49 M ha area with annual pro-
duction of 146.55 Mt (IHD 2011). Vegetable en-

vironment is severely threatened by abiotic and 
biotic factors. Among which crop loss due to bi-
otic factors especially due diseases is huge and 
estimated as 50–80 % from the heavily infected 
fields (Datar and Mayee 1981; Jones et al. 1991; 
Chellemi et al. 1997). Farmers are extremely 
concerned for their crop, and for a quick rem-
edy they use excessive amount of chemicals to 
control the diseases which in turn leads to ill ef-
fects on environment and nontargeted organisms 
including animals and human beings (Agrios 

Abstract

In recent years, microorganisms are being given emphasis, to employ 
them in cropping system in order to overcome the problems faced due to 
application of chemicals for nutrient and disease management. The mi-
crobes especially plant growth promoting rhizobacteria (PGPR) living in 
rhizosphere, are known to enhance the yield of the crops and protect them 
from diseases through several mechanisms, importantly by production of 
metabolites, volatile compounds and phytohormones and induced sys-
temic resistance (ISR). ISR in plants is achieved through induction of de-
fence-related proteins and chemicals by the PGPR upon pathogen attack. 
Though different genera of PGPR are known to be involved in ISR in wide 
range of crops against various diseases, the bacteria belonging to Bacil-
lus and Pseudomonas are extensively studied. Application of PGPR either 
singly or in mixture through different formulation in vegetable ecosystem 
for sustainable production has been thoroughly discussed in this chapter.
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1988; Cook 1993; Heydari 2007; Heydari et al. 
2007). To maintain an ecological balance, protec-
tion measures need to be resorted to which are 
based on less or zero use of chemicals. Alterna-
tively, use of microbes is shown to be an attrac-
tive method because in this method, a beneficial 
interaction or mutual relationship between the 
host plant and microorganisms can be achieved 
(Bull et al. 2002; Katska 1994; Chisholm et al. 
2006). PGPR are group of bacteria that gener-
ally colonize in the rhizospheric zone of the plant 
tissue, encourage plant growth in different ways 
and control various plant diseases (Weller 1988) 
and some of the best examples of these bacterial 
genera are Bacillus, Pseudomonas and Bradyrhi-
zobium. PGPR facilitate to enhance plant growth 
through various activities like chelation of iron 
(siderophore), fixation of nitrogen, production of 
phytohormones and solubilization of insoluble 
phosphorus (P) (Zaidi et al. 2009) apart from 
controlling diseases through ISR (Kloepper and 
Beauchamp 1992; Liu et al. 1995; Chen et al. 
2000; Saravanakumar et al. 2007; Sangeetha 
et al. 2010; Kumar et al. 2012).

33.2  Sustainable Production of 
Vegetables Through PGPR

Vegetables are short-duration crops and to ob-
tain high yield, excessive chemical fertilizers are 
being used in the field. In the long term, due to 
this practice, the soil and water will be polluted. 
Rather, microbes should be used to enhance the 
crop productivity through fixation of nitrogen, 
production of siderophore and indole acetic acid 
(IAA) and solubilization of phosphate

33.2.1  Nitrogen Fixation

Fixation of nitrogen by bacteria in soil is widely 
distributed among the domain and is well docu-
mented. Normally nitrogen present in the soil 
cannot be utilized by the plant. So these nitro-
gen-fixing bacteria play an important role of con-
verting free nitrogen to ammonia which can be 

utilized by the plants. The bacteria belonging to 
the genus Rhizobium, Mesorhizobium, Bradyrhi-
zobium, Azorhizobium, Allorhizobium and Sino-
rhizobium are involved in this process. However, 
the use of inorganic fertilizers has been a major 
concern for decreasing the potentiality of nitro-
gen fixers in soil (Cummings et al. 2006).

Some of Bacillus species such as B. mega-
terium, B. cereus, B. pumilu, B. circulans 
B.licheniformis, B. subtilis, B. brevis, B. firmus, 
B. sphaericu, B. fusiformis, B. marisflavi and 
B. alkalidiazotrophicus were involved in nitro-
gen fixation (Xie et al. 1998; Park et al. 2005; 
Sorokin et al. 2008)

33.2.2  Siderophore Production

Iron is an essential nutrient for plant growth. Nor-
mally, iron present in the soil is in the form of fer-
ric ion (Fe3+), and its concentration is too low to 
be utilized by microorganisms. Under stress or 
competition, microbes, especially bacteria, pro-
duce siderophore ( sidero = iron, phores = bearer) 
to chelate the iron with more affinity toward fer-
ric ion (Fe3+) than ferrous ion (Fe2+) (Neiland and 
Nakamura 1997; Neiland 1995). Under the stress, 
Fe3+ ion is transported inside the bacterial cell 
using specific receptor, and the solubilized form of 
Fe+3 is delivered to the plant root surface where it 
is reduced to Fe+2 and immediately absorbed (Von 
Wiren et al. 2000).

33.2.3  IAA Production

IAA is a natural auxin, responsible for plant 
growth promotion. Tryptophan is the precursor 
of IAA and greater accumulation of IAA was no-
ticed in plants which were colonized by bacteria, 
and later an alternate tryptophan dependent path-
way was also found in beneficial bacteria which 
are responsible for main production of IAA. The 
authentication for the production of IAA by bac-
teria was found out when isolates were grown in 
nutrient broth along with precursor tryptophan 
(Ahmad et al. 2005).
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33.2.4  Phosphate Solubilization

Phosphorus is a major yield limiting factor in 
vegetable production and majority of P applied to 
the soil goes to immobile pool as it precipitated 
as orthophosphate or adsorbed by aluminium ion 
(Al3+) or Fe3+. Bacteria present in the soil convert 
the immobile P into available P by the process of 
solubilization and mineralization mainly by low-
ering the soil pH through production of acid phos-
phatases (Khan et al. 2009). The most powerful 
phosphate solubilizers are Pseudomonas, Bacillus 
and Rhizobium (Rodríguez and Fraga 1999).

33.3  Disease Suppression Through 
PGPR

Most of the vegetables like brinjal, tomato, cow-
pea, chilli, capsicum, etc. are generally infected 
by soil borne pathogens like Rhizoctonia, Sclero-
tinia, Pythium, Fusarium, etc. Application of 
PGPR leads to restriction of pathogen to attack 
the crop by creating unfavourable environment 
(Timmusk 2003). Like humans and animals, 
plants also respond to pathogen attack by local 
and systemic response. In local response, in-
fected points as well as adjoining cells respond 
to the attack in the form of progressive cell death 
so as to restrict the disease spread (Kombrink and 
Schmelzer 2001). By the application of PGPR, 
the systemic response to the pathogen attacks re-
ceived away from infection site is called induced 
systemic response (ISR). The most attractive ISR 
mechanism is induction of PR proteins (patho-
genesis-related proteins) and chemicals in plants 
by PGPR upon infection of pathogen (von Loon 
and van Kammen 1970; Maurhofer et al. 1994). 
PGPR also involves strengthening the cell wall 
of plants apart from changing the physical or bio-
chemical processes in the host in order to coun-
ter attack the invading pathogen (Ramamoorthy 
et al. 2001).

Application of PGPR leads to accumulation of 
callose or phenolics or formation of cell wall op-
position at the site of pathogen attack which in 
turn results in development of resistance in plants 
against diseases. The mechanism of resistance 

has been demonstrated in peas against Pythium 
ultimum and F. oxysporum f. sp. pisi (Benhamou 
et al. 1996) and tomatoes against F. oxysporum 
f. sp. radicis-lycopersici (Benhamou et al. 1998). 
The cell wall of PGPR contains lipopolysaccha-
rides (LPS) and the LPS plays a major role in the 
induction of ISR against diseases. LPS of Pseudo-
monas fluorescens induced ISR in radish against 
F. oxysporum f. sp. raphani (Leeman et al. 1995).

Phenylalanine ammonia-lyase (PAL) is an 
enzyme involved in synthesis of phenolic phyto-
alexins and PGPR-treated plants which showed 
post pathogen attack induction of PAL. Induction 
of PAL in cucumber plants treated with Pseu-
domonas corrugata has been reported against 
Pythium aphanidermatum (Chen et al. 2000). Si-
multaneous induction of PAL and salicylic acid 
was observed in bean roots treated with P. aeru-
ginosa 7NSK2 (De Meyer et al. 1999). Similarly, 
activation of PAL was observed in tomato and 
pepper plants treated with P. fluorescens upon 
infection by Pythium aphanidermatum, F. oxys-
porum f. sp. lycopersici and C. capsici (Rama-
moorthy and Samiyappan 2001; Ramamoorthy 
et al. 2002a; Ramamoorthy et al. 2002b).

Peroxidases (PO) and polyphenol oxidases 
(PPO) played a major role in biosynthesis of lig-
nin and other oxidative phenols (Bruce and West 
1989). PGPR-treated plants showed induction 
of PO and PPO upon challenge inoculation with 
pathogen. Root treatment of cucumber plants 
with P. corrugata induced PO and PPO when 
challenged with P. aphanidermatum (Chen et al. 
2000). Ramamoorthy et al. (2002b) demonstrated 
that seed treatment with P. fluorescens isolate Pf1 
inducted PO and PPO isoforms against Pythium 
aphanidermatum in tomato and hot pepper.

Chitinases and β-1, 3 glucanase are cell wall 
degrading enzymes and induction of these en-
zymes was directly correlated with disease re-
sistance (Sahai and Manocha 1993; Jackson and 
Taylor 1996; Maurhofer et al. 1994). Similarly 
PGPR-treated plants expressed thaumatin-like 
proteins (TLP) when challenged with pathogens 
(Datta et al. 1999). Induction of chitinases, β-1,3 
glucanase and TLP was observed in tomato plants 
treated with P. fluorescens against F. oxysporum 
f. sp. lycopersici (Ramamoorthy et al. 2002a).
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PGPR are also known to attack the pathogens 
through production of certain metabolites and 
volatiles. Production of antimicrobial compounds 
(metabolites) has been reported in PGPR. B. sub-
litis produced Iturin A and Surfactin antimicrobial 
compounds against Rhizoctonia solani in tomatoes 
(Asaka and Shoda 1996). Monteiro et al. (2005) 
reported production of lipopetide by Bacillus spp 
against Xanthomonas campestris pv. campestris 
Leila in crucifers. Similarly, B. subtilis ME488 
produced Bacilysin bacD against F. oxysporum 
f.sp. cucumerinum in cucumbers (Chung et al. 
2008) and B. subtilis ZK8 induced jiean-peptide 
against Rhizoctonia rot in tomatoes (Zhang et al. 
2010). PGPR are also involved in production of 
volatile compounds against the pathogens. Fidda-
man and Rossall (1993) observed the production 
of antifungal volatile by B. subtilis against Rhi-
zoctonia solani and Pythium ultimum.

Potentiality of PGPR has been well document-
ed against insects (Zehnder et al. 1997); nematode 
(Sikora 1988) and diseases. However, control of 
fungal, bacterial and viral diseases of vegetables 
by PGPR has been listed in (Table 33.1.)

33.4  Formulations of PGPR

Suitability of PGPR for development of formula-
tion depends upon certain ideal characters, they 
should have compatibility with environment and 
other beneficial microbes, high rhizosphere com-
petence, ease to mass multiply and tolerance to 
adverse environment (Jeyarajan and Nakkeeran 
2000). Different formulations of PGPR were re-
ported viz., talc preparation of P. fluorescens and 
B. subtilis (Vidhyasekaran and Muthamilan 1995; 
Amer and Utkhede 2000), lignite-based P. fluo-
rescens (Vidhyasekaran and Muthamilan 1995), 
peat formulation of P. chlororaphis and B. subtilis 
(Nakkeeran et al. 2004), vermiculite-based P. flu-
orescens, P. putida and B. subtilis (Vidhyasekaran 
and Muthamilan 1995; Amer and Utkhede 2000) 
and kaolinite and farm yard manure-based P. fluo-
rescens (Vidhyasekaran and Muthamilan 1995).

An ideal bio-formulation should retain its 
bacterial cells under viable condition for a long 
period, which is highly depended on the type of 

carrier and the bacterial strains. Talc-based P. 
fluorescens (P7NF, TL3) could retain 8.4 (Log 
cfu/g) for 12 months (Caesar and Burr 1991) 
while talc of P. putida could maintain only 103 
(cfu/g) for 45 days (Amer and Utkhede 2000). 
Similarly, wide variation was observed in ver-
miculite preparations because such preparation 
of P. fluorescens (Pf1) retained 106(cfu/g) for 8 
months (Vidhyasekaran and Muthamilan 1995) 
whereas B. subtilis maintained 106 (cfu/g) only 
for 45 days (Amer and Utkhede 2000).

Though at many instances the bio-formulations 
were applied individually and found effective, 
the method failed to perform under adverse en-
vironmental conditions (Weller and Thomashow 
1994). This problem can be solved by application 
of mixture of two or more bio-agents, because it 
ensures at least one strain fight against the disease 
under such environment. Different bio-formula-
tions were applied against vegetable disease and 
they found to control diseases from 40–80 % and 
enhanced the crop yield by 5–70 % (Table 33.2).

PGPR bio-formulations are applied as seed 
treatment or foliar spray or soil application or in 
combination. Talc based formulations of Bacillus 
amyloliquefaciens (BA1) and B. subtilis (BS2) 
were tested against collar rot ( Sclerotium rolfsii) of 
cowpea under field conditions (Loganathan et al. 
2013). The bioformulations (minimum 108 cfu/g) 
were applied as seed treatment (20 g/kg) and soil 
application (2.5 kg/ha formulation mixed with 
50 kg well-decomposed farm yard manure). The 
isolate BS2 could reduce the collar rot ( Sclerotium 
rolfsii) disease by 62.73 % as well as enhanced the 
yield of the crop to 76 % (Table 33.3).

33.4.1  Commercial Formulations

Though numerous reports are available for 
control of diseases by PGPR and only few are 
extended to commercial applications. Commer-
cial products are registered items, which can be 
used against specific disease as per the recom-
mendation. In India, only two PGPR microbes 
such as P. fluorescens 1.75 % WP (in-house 
isolated strain Accession No. MTCC 5176) and 
P. fluorescens 0.5 % WP (TNAU Strain Acces-
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Table 33.1  Spectrum of resistance shown by PGPR against various diseases of vegetables
Bio-agent Disease/Pathogen Crop Reference
B. sublitis Rhizoctonia solani Tomato Asaka and Shoda (1996)
B. pumilus Colletotrichum orbiculare Cucumber Wei et al. (1996)
B. pumilus F. oxysporum Tomato Benhamou et al. (1998)
B. pumilus, B. subtilis Colletotrichum orbiculare Cucumber Raupach and Kloepper 

(1998)
B. subtilis BS 107 Erwinia carotovora subsp. 

atroseptica and Erwinia 
carotovora subsp. 
carotovora

Potato Sharga and Lyon (1998)

B. subtilis strain LS213 Bacterial spot and late 
blight of tomato Angular 
leaf spot of cucumber

Tomato and cucumber Reddy et al. (1999)

B. subtilis, B. cereus, P. 
putida

Pythium sp Cucumber Uthede et al. (1999)

P. putida Fusarium oxysporum f.sp. 
cucurbitacearum

Cucumber Amer and Utkhede 2000

B. polymyxa and P. fluores-
cens PRS9

F. oxysporum f.sp. 
lycopersici

Tomato Khan and Akram (2000)

B. amyloliquefaciens strain 
1 N 937a

Tomato mottle virus Tomato Murphy et al. (2000)

P. fluorescens Pf1 F. oxysporum f.sp. 
lycopersici

Tomato Ramamoorthy et al. 
(2002a)

P. fluorescens Pf1 Pythium sp Tomato and hot pepper Ramamoorthy et al. 
(2002b).

B. pumilus SE34 Phytophthora infestans Tomato Yan et al. (2002)
B. cereus X16 Fusarium roseum var. 

sambucinum
Potato Sadfi et al. (2002)

B. subtilis and P. chlorora-
phis (PA23)

Damping off Tomato Kavitha et al. (2003)

B. subtilis BS 21; BS 22; 
BS 23

Colletotrichum 
lindemuthianum

Cowpea Adebanjo and Bankole 
(2004)

P. putida Fusarium oxysporum f.sp. 
melonis

Muskmelon Bora et al. (2004)

B. subtilis R. solani Tomato Szczech and Shoda (2004)
Bacillus spp Xanthomonas campestris 

pv. campestris Leila
Crucifers Monteiro et al. (2005)

B. subtilis RB 14–CS R. solani Tomato Mizumoto et al. (2007)
B. subtilis RB 14–CS R. solani Tomato Mizumoto and Shoda 

(2007)
B. subtilis UM AF6614; UM 

AF6619; UM AF6639; 
UM AF8561

Podosphaera fusca Cucurbit Romero et al. (2007)

B. subtilis EU07 F. oxysporum f.sp. 
radicislycopersici

Tomato Baysal et al. (2009)

Bacillus spp. F. oxysporum f.sp. lyco-
persici and Sclerotium 
rolfsii

Tomato and cowpea Loganathan et al. (2010)

B. subtilis ZK8 Rhizoctonia rot Tomato Zhang et al. (2010)
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Table 33.3  Effect of PGPR on collar disease and yield of cowpea under field conditions. (Data published in Microbial 
diversity and its applications (Eds. Barbuddhe SB, Ramesh R, Singh NP, 2013), New India Publishing Agency, New 
Delhi, 244 p)
S. No Treatments *Incidence of col-

lar rot (%)
Percent reduction 
over control

Yield (tonnes/ha) Percent increase 
over control (%)

1 BA1 17.0c 47.20 4.0a 60.00
2 BS2 12.00b 62.73 4.4a 76.00
3 Carbendazim 16.3bc 49.37 3.8a 52.00
4 Carbendazim + 

mancozeb
6.6a 79.50 4.5a 80.00

5 Control 32.2d – 2.5b –
6 CD (5%) 4.6 – 1.2 –
In a column a mean followed by common letters are not significantly different at 5% level by DMRT. Values were arc 
transformed before analysis

Table 33.2  PGPR formulations on disease control and productivity in vegetables
PGPR Crop Formulation Target 

pathogen
Disease 
control (per 
centreduction 
over control)

Yield (per cent 
increase over 
control)

Reference

B. japonicum 
Tal 629

Radish Bacterial cell – – 15 (dry matter) Antoun et al. 
(1998)

B. pumilus 
strain 
SE34 or B. 
amylolique-
faciens strain 
IN937a or 
B. subtilus 
strain IN937

Tomato Bacterial cells Cucumber 
mosaic 
virus 
disease

40–60 5–55 Zehnder et al. 
(2000)

Mixture of 
Serratia 
plymuthica 
strain C-1, 
Chromo-
bacterium 
sp. strain 
C-61 and 
Lysobacter 
enzymogenes 
strain C-3 + 
Chitin

Pepper Bioformula-
tion + chitin

Phytophthora 
blight

80–90 – Kim et al. 
(2008)

B. pumilus (T4) 
+ B. subtilis 
(GBO3)

Cowpea Talc based Bean common 
mosaic 
virus

62.1 – Shankar et al. 
(2009)

Bacillus sp C2 
+ Streptomy-
ces sp. C32

Chilli Bacterial 
suspension

– – 69.9 Datta et al. 
(2011)

P. fluorescens Tomato Bacterial cells Ralstonia sola-
nacearum

57.9 >100 Seleim et al. 
(2011)
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sion No. ITCC BE 0005) have been registered 
by the Central Insecticide Board and Registra-
tion committee, Government of India to use as 
biopesticide. The countries like the USA have 
registered many PGPR products for commercial 
use and PGPR bio-pesticides developed against 
vegetable diseases have been documented in 
Table 33.4.

33.5  Conclusion

PGPR induces spectrum of resistance against pest 
and diseases in wide range of crops apart from 
enhancing crop productivity. These microbes are 
good root colonizers and are easy to multiply and 
formulate and have proven their efficacy against 
diseases of fungal, bacterial and viral origin. 
Vegetables are short-duration crops and exces-
sive use of chemicals to control diseases may 
lead to residual toxicity in the harvest produce. 
As agriculture is moving toward approaches for 
ecofriendly management of pests and diseases 
and so far only few attempts are made to manage 
vegetable diseases through PGPR. Hence, utili-
zation of PGPR in vegetable cultivation system 
to manage various diseases will be a viable and 
potential option.
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Abstract

India is the second largest global producer of vegetables and accounts for 
about 15 % of the world’s vegetables production. The production of veg-
etables is affected by infection of crops with several diseases throughout 
their life cycle. Among the diseases, bacterial wilt caused by Ralstonia 
solanacearum in crops such as tomato ( Lycopersicon esculentum), potato 
( Solanum tuberosum), chili ( Capsicum annum), tobacco ( Nicotiana taba-
cum), eggplant ( Solanum melongena), and pepper ( Capsicum annum) is 
a major disease contributing to production loss of 10.80–92.62 % per unit 
area in India. The incidence of this disease is much severe during summer 
due to high temperature (28–36 °C) and high moisture (50–100 %), which 
favor the activity of the pathogen ( R. solanacearum). Currently, adopted 
disease management practices like chemical application, use of resistance 
varieties, and manual removal of infected plants are of limited success to 
control the disease. The use of naturally occurring microorganisms in the 
rhizosphere of crop plants as a biocontrol agent offers an alternate source, 
and is gaining greater importance nowadays. Many effective plant growth-
promoting rhizobacteria (PGPR) such as Pseudomonas spp., Bacillus spp., 
Burkholderia spp., Serratia spp., and Streptomyces spp. are abundant in 
rhizospheric soil. Moreover, rhizospheric soils are regarded as a source of 
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34.1  Introduction

The global food demand is increasing with pro-
gressive increase of population; however, the pro-
duction of food is greatly affected due to damage 
caused by plant diseases. The use of chemicals 
to control the pathogens causing plant diseases is 
resulting in resistance development in pathogens 
as well as various adversatives to the environ-
ment. In order to overcome these problems, use 
of naturally occurring beneficial microorganisms 
present in rhizospheric soil as biological control 
agents is a more reliable and effective technique. 
Plant growth-promoting rhizobacteria (PGPR), 
which are eco-friendly in nature and effectively 
suppress the disease-causing plant pathogens, 
have proven to be beneficial. Biological control is 
thus considered as an alternative approach to con-
trol plant diseases and increase crop production 
in sustainable agricultural management system.

34.2  Bacterial Wilt

Bacterial wilt caused by Pseudomonas sola-
nacearum was first reported by E. F Smith (1897; 
Rolfs 1898). The disease incidence was observed 

in many solanaceous species and several other 
plant families (Kelman 1954; Kucharek 1998). 
The occurrence of this bacterial pathogen has 
been reported across the world. Because of its 
extensive host range, it is known as a dangerous 
pathogen among the bacterial diseases (Budden-
hagen et al. 1962; Hayward 1993). Among the 
vegetable crops, bacterial wilt caused by Ralsto-
nia solanacearum in tomato is a serious disease 
and a major constraint in the production of toma-
toes in tropical, subtropical, and warm temperate 
regions of the world (Buddenhagen et al. 1962; 
Hayward 1993). In India, bacterial wilt disease 
contributes to production loss of 10.80–92.62 % 
(Mishra et al. 1995). The problem is severe, es-
pecially in summer season due to the presence of 
high temperature (28–36 °C) and high moisture 
(50–100 %). Crop plants infected with wilt patho-
gens show stunted growth, poor fruit set, and 
complete wilting symptoms (Kucharek 1998). 
Bacterial wilt is initially characterized with wilt-
ing of upper leaves, followed by complete wilting 
of the plants. Brown discoloration in the vascular 
tissues of the lower stem of the wilted plants can 
also be observed. If the stem of a wilted plant is 
cut and immersed in clear water, it shows visible 
white or yellowish bacterial ooze.

natural, effective, and valuable antagonists for the purpose of biological 
control. The use of PGPR to suppress pathogen ( R. solanacearum)-causing 
bacterial wilt in crops has lately become successful, and thus is gaining 
greater importance. The PGPR control disease by producing siderophore, 
hydrogen cyanide (HCN), secondary metabolites/antibiotics such as pyo-
luteorin, phenazines, pyrrolnitrin, 2,4-diacetylphloroglucinol (2,4-DAPG), 
1,2-benzene dicarboxylic 46 acid, bis(2-ethylexyl) ester, 2,6-di-T-butyl-
4-methelyne-2,5-cyclohexadiene-1, and antifungal enzymes such as cellu-
lase, chitinase, and protease. Production of antibiotics is one of the primary 
mechanisms involved in disease suppression. Among many antibiotics, 
2,4-DAPG, a polyketide produced by bacteria showing broad-spectrum an-
tiviral, antifungal, antibacterial, antitumor activities, and phototoxic prop-
erties, has received considerable attention. Thus, the 2,4DAPG-producing 
genotypes can be exploited to suppress bacterial wilt disease in crop plants.

Keywords

Bacterial wilt diseaseBiocontrol · Plant growth-promoting rhizobacteria 
(PGPR) · Crop protection agents
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The control of bacterial wilt pathogens is 
a much difficult task using chemical methods 
(Kucharek 1998). Management of bacterial wilt 
pathogen through integrated management ap-
proach like changing cultural practices, crop ro-
tation, and use of resistant cultivars has provided 
some limited success, but failed to increase to-
mato production at commercial level (Kucharek 
1998). The efficacy of current disease manage-
ment methods employed for suppression of bac-
terial wilt pathogen is limited. No conventional 
practices are known to provide effective control 
of this soil-borne pathogen. Suppression of soil-
borne wilt-plant pathogens using PGPR with in-
creased crop production has been variously docu-
mented (Ciampi-Panno et al. 1989; Toyota and 
Kimura 2000). These can therefore be utilized 
as biocontrol agents. The PGPR have no side 
effects; hence, they are eco-friendly in nature 
(Bowen and Rovira 1999; Whipps 1997).

34.3  Ralstonia solanacearum

In the nineteenth century, for the first time, R. 
solanacearum was reported to cause bacterial 
wilt in potato, tobacco, tomato, and groundnut 
in Asia, southern USA, and South America. The 
pathogen was then described as Bacillus sola-
nacearum by E. F. Smith (Rolfs 1898). Yabuu-
chi et al. (1992) described the pathogen as Bur-
kholderia solanacearum. R. solanacearum is a 
Gram-negative rod with a polar tuft of flagella, 
and often produces nonfluorescent but diffusible 
brown pigments. Based on rRNA homology, R. 
solanacearum belongs to pseudomonad’s group 
II and the b-subclass of proteobacteria. Different 
phenotypic and genotypic diversity in the same 
pathogen has been identified. The species are 
mainly divided into five races and five biovars 
depending on their host range and ability for oxi-
dation/utilization of certain carbon sources (Hay-
ward 1964). R. solanacearum mostly persists 
through soil, surface water, and infected crop res-
idues (Granada and Sequeira 1983). The patho-
gen is also carried in the seeds of crop plants such 
as tomato and eggplant (Shakya 1993).

The most devastating and widespread bacte-
rial wilt disease in many crop plants of tropical 

environment is due to the infection of R. sola-
nacearum (He et al. 1983). This pathogen has 
worldwide distribution with host range of more 
than 50 different plant families (Hayward 1993). 
R. solanacearum gained its nuisance importance 
in the world due to its destructive nature, wide 
host range, and geographical distribution. It af-
fects a wide range of economically important 
crops such as tomato, potato, eggplant, chili, 
and non-solanaceous crops such as banana and 
groundnut in India. The disease limits both the 
commercial and domestic level production.

34.4  Diversity of R. solanacearum

Buddenhagen et al. (1962) divided this pathogen 
into three races. Race 1 infects many solanaceous 
plants such as tomato, tobacco, pepper, and other 
plants including some weeds. It has a high tem-
perature optimum (35 °C). Race 2 occurs mainly 
in tropical areas of South America and attacks ba-
nanas and Heliconia spp. (causing the so-called 
Moko disease), and in the Philippines (causing 
the so-called bugtok disease on plantains). In high 
tropics and subtropical and temperate areas, Race 
3 is present and infects potato, tomato, occasion-
ally capsicum and some solanaceous weeds like 
Solanum nigrum and Solanum dulcamara (Prad-
hanang et al. 2000; Strider et al. 1981; Janse et al. 
2004). This race has a low temperature optimum 
(27 °C) and worldwide distribution, and appears 
to be mostly biovar 2A of RFLP group 26 (Cook 
and Sequeira 1994) and 27 (found in Chile and 
Colombia), or biovar 2T (sometimes also called 
2N, found in tropical areas of South America). 
Race 4 infection is severe in Zingiber and Morus.

Another type of classification based on the 
pathogen’s capacity to utilize or oxidize hexoses 
mannitol, dulcitol, and sorbitol classify R. sola-
nacearum into four groups, while three groups 
are created on its utilization ability of disaccha-
rides lactose, maltose, and cellobiose. Biovar I 
oxidizes hexose alcohols but not disaccharides, 
whereas biovar II oxidizes only disaccharides. 
Biovar III oxidizes both disaccharides and hex-
ose alcohols, while biovar IV oxidizes only alco-
hols (Hayward 1964). Shrestha (1977) and Ad-
hikari (1993) reported race 3 and the biovar II in 
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potato from mid-to-high hill regions, and race 1 
(biovar III) in eggplants, peppers, tomatoes, and 
marigolds from lowland areas of Nepal. Titatarn 
(1986) classified the bacterial wilt pathogen of 
potato as biovar III and IV from mid hills, and 
biovar II from high hills of Thailand.

Thus, there exist different biovars of R. sola-
nacearum, which can adapt to a wide range of en-
vironments and may cause severe damage to crop 
production. There is an urgent need to understand 
the nature of interactions of pathogens to develop 
effective biocontrol agents to suppress its activ-
ity. The use of PGPR for suppressing bacterial 
wilt-causing pathogen is an important strategy 
of disease management and has a lot of scope to 
isolate, identify, and improve plant growth-pro-
moting rhizobacterial strains specific to biovars 
of R. solanacearum.

34.5  Rhizospheric Soil

The entire soil mass along with roots is called rhi-
zosphere (Hiltner 1904), and the bacteria present 
in the rhizosphere are called rhizobacteria, whose 
composition is influenced by root exudates (Ken-
nedy 1999). Root exudates that contain different 
chemical compounds such as carbohydrates (sug-
ars and oligosaccharides), vitamins, organic acids, 
flavonoids, enzymes, hormones, nucleotides, and 
volatile compounds (Prescott et al. 1999) influ-
ence the rhizobacterial community. The effect of 
rhizocomposition of the soil microbial population 
can be determined comparing the population den-
sity (colonies forming units) of the rhizospheric 
soil ( R) and the bulk soil ( S), for which the “R/S 
ratio” is employed (Atlas and Bartha 1997). The 
rhizospheric effect is more for bacteria, than that 
for fungi. Plant type and root exudates also affect 
the R/S ratio. The release of root exudates can be 
affected by various plant, soil, and environmen-
tal factors (Bowen and Rovira 1999; Whipps and 
Lynch 1986; Mc Cully 1999).

The colonization of individual microorgan-
isms in the rhizosphere and its surviving capacity 
depends on the competence of the individual bac-
terial strains (Weller et al. 1988). Cellular activi-
ties like motility, chemotaxis, prototrophy, and 
the ability to sequester iron and oxygen (Lugten-

berg et al. 2001) also contribute to the establish-
ment of microorganisms in the rhizosphere. Other 
factors contributing colonization of bacteria are 
their ability to withstand physical stresses includ-
ing heat, desiccation, and the presence of reac-
tive oxygen molecules (Miller and Wood 1996; 
Sarniguet et al.1997; Schnider-Keel et al. 2001). 
The genes, which play a role in colonization, are 
sss (phenotypic variation; Sanchez-Contreras 
et al. 2002), gacS, gacA, rpoS, algU (global regu-
lators; Sanchez-Contreras et al. 2002; Sarniguet 
et al. 1997; Schnider-Keel et al. 2001), dsbA 
(periplasmic disulfide-bond-forming protein), 
and ptsP (organic nitrogen utilization; Mavrodi 
et al. 2006). Moreover, plant genotype greatly 
influences the microbial community structure of 
the rhizosphere (Grayston et al. 1998; Smith and 
Goodman 1999; Smith et al. 1999; Weiland et al. 
2001; Marschner et al. 2004). The presence of 
specific bacteria in the rhizosphere is decided by 
the type and nature of crop plants (Larkin et al. 
1993; Smith and Goodman 1999, Raaijmakers 
and Weller 2001; Weiland et al. 2001; Marschner 
et al. 2004; Bergsma-Vlami et al. 2005). This 
proves the importance of the trait relationship 
between plant species and genotypes in the se-
lection of specific groups of microbes in rhizo-
spheric soil (Bergsma-Vlami et al. 2005; Landa 
et al. 2003; Mazzola et al. 2004; Okubara et al. 
2004). Among the four phlD-positive bacterial 
genotypes (B, D, E, and L) present in the fields 
of wheat and barley affected by take-all decline 
(TAD) disease, genotype D was the most abun-
dant in the soil in Washington State, USA (Raai-
jmakers and Weller 2001). However, depending 
upon the geographic location and the host plant, 
multiple genotypes of bacterial population have 
been reported in other crops like pea, flax, corn, 
and soybean (de Souza et al. 2003; Raaijmak-
ers and Weller 2001; Landa et al. 2003). Plants 
also show a differential response to introduced 
and indigenous biocontrol agents (Landa et al. 
2002; Maurhofer et al. 1995; Mazzola et al. 2004; 
Okubara et al. 2004). Hence, it may be inferred 
that microenvironment of the rhizospheric soil 
decides the diversity of microorganisms.

Microorganisms present in rhizospheric soil 
play an important role in promoting plant growth, 
directly as well as indirectly, by protecting them 
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from disease-causing pathogens. There is a wide 
diversity of these beneficial bacteria associated 
with the rhizospheric soil. Proper agriculture prac-
tices should be followed to maintain a favorable 
microenvironment to build up beneficial plant 
growth-promoting microorganisms in the soil and 
sustain these communities for a long period. The 
sustainability of these colonized bacteria in the 
rhizosphere for a long duration is thus a key factor 
for a biocontrol agent to successfully protect the 
plant against soil-borne plant pathogens.

34.6  Plant Growth-Promoting 
Rhizobacteria (PGPR)

Naturally occurring bacteria in the rhizospheric 
soil beneficial to crop growth and development 
are often referred to as PGPR (Kloepper et al. 
1989; Glick 1995). The major groups of PGPR 
in rhizospheric soil are Azotobacter, Azospiril-
lum, Pseudomonads, Acetobacter, Burkholderia, 
Enterobacter, and Bacillus spp. (Brown 1974; El-
merich 1984; Kloepper et al. 1988, 1989; Bashan 
and Levanony 1990).

34.7  PGPR’s Role in Relation to 
Plants

PGPR play a vital role in the promotion of plant 
growth, directly by fixing nitrogen and increas-
ing phosphorus availability through solubiliza-
tion of organic and inorganic phosphorus (Kim 
et al. 1998; El-Tarabily et al. 2008; Sabannavar 
and Lakshman 2009; Hariprasad et al. 2009). 
The phytohormones such as auxins, cytokinins, 
and gibberellins produced by the PGPR directly 
influence root and shoot growth (Asghar et al. 
2002; Tanushree et al. 2007), and also indirectly 
by suppressing plant disease-causing organisms. 
A great diversity of biocontrol PGPR agents are 
reported in rhizospheric soil (Maria et al. 2005; 
Keel et al. 1996; Landa et al. 2002; Raaijmak-
ers and Weller 2001; Bergsma-Vlami et al. 2005). 
Among the PGPRs, Pseudomonas fluorescens is 
widely studied as a biocontrol agent against seed 
and soil-borne plant pathogens. The control of 

bacterial wilt and bacterial blight of potato with 
inoculation of P. fluorescens has been recorded 
in field and laboratory trials (Ciampi-Panno et al. 
1989). The strains, P. fluorescens effectively 
controls Fusarium wilt of radish (Leeman et al. 
1995), bacterial wilt of tobacco (Liu et al. 1999) 
and cucumber (Liu et al. 1999), Sclerospora 
graminicola in pearl millet (Umesha et al. 1998), 
Xanthomonas oryzae pv. oryzae in rice (Vidhy-
asekaran et al. 2001), eucalyptus wilt (Ran et al. 
2005), and bacterial wilt in chili (Umesha et al. 
2005).

34.8  Mechanisms of Biological 
Control

Different mechanisms involved in biological 
control of plant pathogens by PGPR have been 
documented. They include a variety of cell wall-
degrading enzymes, competition, plant ethylene 
levels, systemic acquired resistance, hydrogen 
cyanide (HCN), siderophore, and antibiotic pro-
duction.

34.8.1  Antifungal Enzymes

Some PGPR strains produce antifungal enzymes 
like chitinase, b-1,3-glucanase, protease, and li-
pase that can lyse cell wall of fungi and prevent 
disease infection in plants (Chet and Inbar 1994). 
Pseudomonas stutzeri strain, which produces ex-
tracellular chitinase and laminarinase effectively 
lyse the cell walls of Fusarium solani mycelia 
and control root rot (Lim et al. 1991). Similarly, 
Pseudomonas cepacia enzymes damage fungal 
mycelia of Rhizoctonia solani, Sclerotium rolfsii, 
and Pythium ultimum (Fridlender et al. 1993). 
Furthermore, Chernin et al. (1995) showed chi-
tinolytic activity in the PGPR strain Enterobacter 
agglomerans antagonistic to fungal pathogens R. 
solani, Trichoderma harzianum, and Rhizobium 
meliloti transformed with chitinase gene from the 
bacterium Serratia marcescens. These transfor-
mants displayed increased antifungal activity 
(Chet and Inbar 1994). Similarly, P. fluorescens 
transformed with chitinase gene was effective 
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against the pathogen R. solani (Koby et al. 1994). 
Cladosporium werneckii, P. cepacia, and P. so-
lanacearum hydrolyzes fusaric acid produced by 
Fusarium, which upon infection can damage the 
plants (Toyoda and Utsumi 1991).

34.8.2  Competition

The effective competitive nature of PGPR to uti-
lize available nutrients efficiently and the ability 
to proliferate on the root surface plays an impor-
tant role in disease suppression (Kloepper et al. 
1988; O’Sullivan and O’Gara 1992). A limited 
surface area of leaf is invaded by phytopatho-
genic bacteria that cause disease in crop plants. 
This can be controlled by PGPR that can com-
pete successfully with pathogens for these sites 
and thus often reduce disease incidence. The 
persistence and competition of a bacterium in the 
rhizosphere is influenced by a number of factors 
such as soil composition (Heijnen and van Elsas 
1994; Bashan et al. 1995) and temperature (Sun 
et al. 1995; Chiarini et al. 1994). The rhizospher-
ic soil contains a wide diversity of microorgan-
isms, preferentiality those strains that are able to 
utilize an unusual carbon or nitrogen source such 
as an opine, a 1-aminocyclopropane carboxyl-
ate (ACC), or a xenobiotic compound (such as 
a herbicide or pesticide), and are able to prolifer-
ate and persist longer than other microorganisms 
in such rhizospheric soils (Jacobson et al. 1994). 
Effective suppression of P. ultimum by Pseudo-
monas spp. was dependent on the latter’s ability 
to utilize seed exudates for the production of in-
hibitory compounds (Stephens et al. 1993). The 
saprophytic Pseudomonas syringae protected 
pears against gray mold and blue mold caused 
by Botrytis cinerea and Penicillium expansum, 
respectively, due to its high competitive nature 
(Janisiewicz and Marchi 1992).

34.8.3  Plant Ethylene Levels

In response to fungal infection, plants synthesize 
excess amount of ethylene, which leads to senes-
cence, abscission of leaf or fruit, disease devel-

opment, inhibition of growth and synthesis of 
antifungal enzyme (Abeles et al. 1992). Reports 
of this kind are available for various plants such 
as wheat plant infected by Septoria nodorum 
(Abeles et al. 1992), Verticillium wilt of tomato 
(Cronshaw and Pegg 1976), B. cinerea infection 
in roses, carnations, tomatoes, peppers, French 
beans, and cucumbers (Elad 1988). The PGPR 
Pseudomonas putida GR12–2producing enzyme 
ACC deaminase modulates the level of ethylene 
(Glick 1995; Jacobson et al. 1994) and promotes 
plant growth.

34.8.4  Systemic-Acquired Resistance

The infection of plant disease is also controlled 
by inoculating plants with PGPR strains, which 
induce plant defense system (systemic acquired 
resistance; van Peer et al. 1991; Tuzun and 
Kloepper 1994). P. putida and S. marcescens’ in-
oculation protects cucumber plants from bacteri-
al angular leaf spot disease caused by P. syringae 
pv. Lachrymans (Liu et al. 1995). The diacetyl 
phloroglucinol (DAPG)-induced systemic resis-
tance (ISR) in Arabidopsis thaliana with root in-
oculation of P. fluorescens strain CHA0 protects 
the leaves from Peronospora parasitica infection 
(Iavicoli et al. 2003). DAPG significantly influ-
ences the net efflux (i.e., exudation) of amino 
acids from roots of plant species like alfalfa, 
maize, wheat, and medicago (Philips et al. 2004).

34.8.5  HCN

Some of the PGPR produce low-molecular-
weight antifungal metabolites like HCN (Dowl-
ing and O’ Gara 1994). Pseudomonas spp. pro-
duce antifungal metabolite substance HCN, 
which inhibits Thielabiopsis basicola, the caus-
ative agent of black root rot of tobacco (Voisard 
et al. 1989). An extensive role of HCN produced 
by PGPR in suppressing disease causing patho-
gen has been reported by various workers (Van-
suyt et al. 2007; Chincholkar et al. 2007; Ramette 
et al. 2003).
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34.8.6  Siderophore

Iron present in bound form in the soil is unavail-
able to the plants for direct assimilation. Some 
of the PGPR strains are able to produce a natural 
iron chelating agent siderophore, which has high 
affinity towards iron (Castignetti and Smarrelli 
1986) making it readily available to the plants 
(Neilands and Leong 1986; Briat 1992). Thus, 
it affects the proliferation of phytopathogens 
and controls disease spread in plant (O’ Sullivan 
and O’ Gara 1992). The effect of siderophore on 
disease suppression depends upon the type of 
PGPR, the siderophore affinity to iron, specific 
crop plant, type of pathogen and soil composition. 
Bacteria that strongly control pathogen in vitro 
may not perform well under field conditions. Sid-
erophore produced by Pseudomonas putida helps 
in suppression of Fusarium oxysporum and Pythi-
um spp. infections in tomato and Gaeumannomy-
ces graminis var. tritici infection in wheat plants 
(Vandenburgh and Gonzalez 1984; Buysens et al. 
1994; Elsherif and Grossmann 1994).

34.8.7  Antibiotics

The primary mechanism involved in biocontrol 
of disease causing pathogens by PGPR is through 
the production of antibiotics. Bacteria synthesize 
variety of antibiotics, agrocin, 2,4-diacetylphlo-
roglucinol (2,4-DAPG), herbicolin, oomycin, 
phenazines, pyoluteorin and pyrrolnitrin. They 
are highly specific in their action; a particular 
antibiotic acts on specific phytopathogens. The 
evidence of direct involvement of antibiotic pro-
duction in PGPR-mediated disease-suppression 
has been reported by various workers (Carmi 
et al. 1994; Thomashow and Weller 1988; Haas 
et al. 1991; Keel et al. 1992; Pierson et al. 1994). 
The biocontrol agent P. fluorescens (BL915) 
produces the antibiotic pyrrolnitrin, which acts 
on R. solani and prevents damping-off of cotton 
plants. An increased production of pyoluteorin 
and 2,4-DAPG antibiotics by P. fluorescens pro-
tects cucumber plants against the disease caused 
by P. ultimum (Maurhofer et al. 1992; Schnider 
et al. 1994). The enhanced antibiotic production 

by PGPR strains through modification of global 
regulation of genes in P. fluorescens (CHAO) 
encoding the housekeeping sigma factor has im-
proved the protection against P. ultimum-induced 
damping-off of cucumbers (Maurhofer et al. 
1995; Schnider et al. 1995).

34.8.7.1  Diacetylphloroglucinol (DAPG)
Antibiotic DAPG is a polyketide compound 
produced by bacteria. Among the antibiotics, it 
has received particular attention because of its 
broad-spectrum antiviral, antifungal, antibac-
terial, and antitumor activity and phytotoxic 
properties (Keel et al. 1992; Shanahan et al. 
1992; Thomashow and Weller 1995; Bangera 
and Thomashow 1999; Isnansetyo et al. 2003; 
de Souza et al. 2003; Raaijmaker et al. 2002; 
Haas and Keel 2003). Production of 2,4-DAPG 
by Pseudomonas spp. is extensively studied 
(Shanahan et al. 1993, Bangera and Thomashow 
1999; Schnider-Keel et al. 2000; Raaijmakers 
et al. 2002). This particular genotype of bacteria 
( Pseudomonas spp.) is associated with specific 
crop rhizosphere (Raaijmakers and Weller 2001; 
Landa et al. 2002; Okubara et al. 2004; Bergsma-
Vlami et al. 2005). The DAPG-producing bacte-
ria are highly rhizosphere competent (Mc Spad-
den et al. 2000; Raaijmakers and Weller 2001). 
This characteristic is an essential prerequisite of 
DAPG-producing organisms for successful bio-
control of plant diseases (Raaijmakers et al. 1995; 
Johnson 1994; Raaijmakers and Weller 1998; 
Lugtenberg et al. 2001). The competitive nature 
of DAPG-producing bacteria increases their abil-
ity to establish and maintain population densities 
sufficient to suppress disease in rhizosphere of 
pea and wheat (Landa et al. 2003; Raaijmakers 
and Weller 2001). DAPG-producing PGPR are 
found to be more competitive in nature compared 
to that of other bacteria (Mavrodi et al. 2006). 
Competence is important since direct correlation 
exists between the population size of the biocon-
trol strain and the level of biocontrol (Johnson 
1994; Raaijmakers et al. 1995, 1998).

The role of DAPG produced by Pseudomo-
nas strains has been reported in biological con-
trol of Fusarium crown and root rot, Pythium 
root rot (Rezzonico et al. 2007; Sharifi-Tehrani 
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et al. 1998), black root rot of tobacco caused by 
T. basicola (Stutz et al. 1986; Keel et al. 1996; 
Ramette et al. 2003), and pea wilt caused by F. 
oxysporum (Landa et al. 2003). The dominat-
ing DAPG-producing Pseudomonas spp. in the 
rhizospheric soil of wheat effectively suppresses 
TAD disease of wheat caused by G. graminis var. 
tritici (Raaijmakers et al. 1997; Mc Spadden et al. 
2000; Weller et al. 2002; de Souza et al. 2003).

34.8.7.2  Diversity of 2,4-DAPG-
Producing PGPR in 
Rhizospheric Soil

To study the diversity among the DAPG-pro-
ducing rhizobacteria, various methods such as 
amplified ribosomal DNA restriction analysis 
(ARDRA; Keel et al. 1996; Mc Spadden et al. 
2000; Picard et al. 2000), random amplified poly-
morphic DNA (RAPD; Raaijmakers and Weller 
2001; Mavrodi et al. 2001), colony hybridization 
(Raaijmakers et al. 1997), direct characterization 
with whole-cell repetitive sequence-based PCR 
(rep-PCR; Mc Spadden et al. 2000; Landa et al. 
2002), restriction fragment length polymorphism 
(RFLP; Mavrodi et al. 2001; Mc Spadden et al. 
2001; Ramette et al. 2001; Wang et al. 2001), and 
BOX-PCR (McSpadden et al. 2001) analyses 
have been employed. Recently, the denaturing 
gradient gel electrophoresis (DGGE; Bergsma-
Vlami et al. 2005) and allele-specific primer-
based techniques (de la Fuente et al. 2006) have 
been developed to detect highly competitive and 
indigenous DAPG producers in natural environ-
ments. The diversity study of 200 phlD-positive 
strains collected across the world by BOX-PCR 
could distinguish 18 genotypes (A–Q and T; Mc-
Spadden et al. 2000; Landa et al. 2002) and were 
close to groups distinguished by RFLP (Mavrodi 
et al. 2001; McSpadden et al. 2001). Additional 
groups of DAPG-producing organisms (geno-
types PspC, PspD, PspF, and PspZ) and (geno-
types R and S) are given by Bergsma-Vlami et al. 
(2005). These techniques reveal the existence of 
diverse genotypic and phenotypic populations of 
DAPG-producing P. fluorescens in the environ-
ment (Thomashow and Weller 1995; Keel et al. 
1996; McSpadden et al. 2000; Lee and Kim 2001; 
Weller et al. 2002; Isnansetyo et al. 2003). Identi-

fication of potential biocontrol agents capable of 
controlling disease-causing pathogens can be the 
core area of interest in maintaining sustainable 
agriculture production.

34.8.7.3  Factors Influencing Production 
of DAPG

DAPG production can be modulated by a diverse 
array of abiotic and biotic factors, including car-
bon and nitrogen sources, metal ions and me-
tabolites released by bacteria, fungi, and plants 
(Duffy and Défago 1999; Maurhofer et al. 2004; 
Notz et al. 2001). The impact of environmental 
factors on the production of DAPG has been 
studied both in vitro and in situ for a number of 
Pseudomonas strains (Duffy and Defago 1999; 
Notz et al. 2001; Shanahan et al. 1992). The 
mineral elements glucose, sucrose, fructose, and 
mannitol promote the production of DAPG in P. 
fluorescens (Shanahan et al. 1992). Zinc sulfate 
and ammonium molybdate supports 2,4-DAPG 
production; in contrast, organic phosphate and 
sorbose inhibit its synthesis (Shanahan et al. 
1992). Fusaric acids produced by F. oxysporum 
inhibit the production of DAPG by P. fluorescens 
(Duffy and Defago 1999). The bacterial and plant 
metabolite salicylate inhibits DAPG production 
(Schnider-Keel et al. 2000). DAPG production is 
controlled by four global regulators in Pseudomo-
nas spp. The two-component regulatory system 
composed of the sensor kinase GacS (formerly 
designated LemA) and the cognate response reg-
ulator GacA is required for the synthesis of 2,4-
DAPG (Blumer et al. 1999; Corbel and Loper 
1995; Laville et al. 1992; Whistler et al. 1998). 
Furthermore, its synthesis is influenced by the 
relative level of the housekeeping sigma factor 
RpoD and the stationary-phase and stress sigma 
factor RpoS. Mutational studies on rpoS gene of 
P. fluorescens indicated that overproduction of 
antibiotics 2,4-DAPG and pyoluteorin effective-
ly suppressed certain root diseases (Maurhofer 
et al. 1992; Sarniguet et al. 1995; Whistler et al. 
1998). The strain P. fluorescens Q2–87 contains 
gene phlACBD cluster involved in biosynthesis 
of 2, 4-DAPG and can gainfully be manipulated 
in PGPR to increase the production of 2,4-DAPG 
and its biocontrol efficiency.
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34.8.7.4  Biosynthesis and Regulation of 
2,4-DAPG

Six genes ( PhlE, PhlA, PhlC, PhlB, PhlD, and 
PhlF) are involved in the biosynthesis and regula-
tion of 2, 4-DAPG (Fig. 34.1). Among them, four 
genes PhlA, PhlC, PhlB, and PhlD (identified in 
P. fluorescens strains Q2–87, F113, CHA0, and 
Pf-5) are transcribed as a single operon (Bangera 
and Thomashow 1999; Fenton et al. 1992; 
Bangera and Thomashow 1999; Schnider-Keel 
et al. 2000; Mavrodi et al. 2001). phlD acts as an 
initiation gene for the production of 2,4-DAPG; 
it encodes a polyketide synthase (PKS), which is 
involved in the production of monoacetylphlo-
roglucinol (MAPG; Bangera and Thomashow, 
1999). MAPG is converted to 2,4-DAPG by the 
action of PhlA, PhlC, and PhlB genes (Shanahan 
et al. 1993). The phlE gene encodes a putative 
transmembrane permease (Bangera and Thom-
ashow 1999), which is involved in the exporta-
tion of 2,4-DAPG from the cell. The phlF gene 
encodes a pathway-specific transcriptional re-

pressor of the 2,4-DAPG biosynthetic operon 
(Bangera and Thomashow 1999; Schnider-Keel 
et al. 2000).

34.9  Possible Action of 2,4-DAPG-
Producing PGPR in Suppression 
of Wilt Disease Incidence in 
Crop Plants

Biocontrol potential of 2,4-DAPG in bacterial 
wilt disease suppression is reported by many 
early workers (Jian-Hua Guo 2004; Ran et al. 
2005; Lemessa and Zeller 2007; Naser et al. 
2008; Qing-Yun et al. 2009, Rashmi 2010). The 
evidence in favor of suppression of bacterial 
wilt disease of crop plants (caused by R. sola-
nacearum) through antagonistic effects of in-
oculated 2,4-DAPG-positive bacteria came from 
high population density of 2,4-DAPG-positive 
bacteria in the crop rhizosphere. The suppres-
sion of pathogen in the rhizospheric soil has re-
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sulted in healthy and vigorous plant growth. An 
increased growth of the crop plants inoculated 
with PGPR strains, and the suppression of R. so-
lanacearum-causing bacterial wilt has been well 
documented by Srinivasamurthy et al. (2012). 
Vincent and Mew (1998) found that an increase 
in soil pH and the presence of ammonium ion 
has a suppressing effect on the growth of R. so-
lanacearum. The beneficial effects of high pH in 
reducing Fusarium wilt disease have been report-
ed in a number of crops, including tomato (Woltz 
and Jones 1981). High pH reduces the availabil-
ity of nutrients such as P, Mg, Mn, Cu, Zn, and 
Fe in organic growth media (Handreck and Black 
1991), thus making pathogens more vulnerable 
(Woltz and Jones 1981).

Inoculation of 2,4-DAPG-positive bacteria 
decreases the population density of wilt disease-
causing pathogen, resulting in almost absence of 
this disease in crop plants. The soil physical char-
acteristics and rhizospheric composition of toma-
to crop plants support the activity of 2,4-DAPG-
positive bacteria thereby increasing their popula-
tion, which in turn suppresses R. solanacearum. 
Microbial competition of P. fluorescens, which 
plays a significant role in disease suppression, is 
decided by carbon source present in the media as 
well as on the role of root exudates (Lockwood 
1988; Nelson 1990; Weller et al. 2002; Celia 
et al. 2004).

Rhizocompetence is a critical factor in the 
suppression of plant diseases (Dashti et al. 2000; 
Kamilov et al. 2005; Qing-Yun et al. 2009). 
Biocontrol efficiency of inoculated PGPR is in-
fluenced by the microenvironment of the rhizo-
spheric soil (Weller et al. 2002; Celia et al. 2004). 
Rhizocompetence of phlD-positive bacteria and 
2,4-DAPG are essential factors for the suppres-
sion of R. solanacearum, responsible for bacte-
rial wilt disease. A direct relation exists between 
PGPR population density and prevention of wilt 
disease infection by R. solanacearum in tomatoes 
(Srinivasamurthy et al. 2012). Thus, the efficacy 
of biocontrol potential of phlD-positive bacteria 
can be exploited in future as a potential biocon-
trol measure in sustainable agriculture system to 
suppress bacterial wilt disease in a large number 
of crop plants.
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Abstract

Plant diseases cause estimated yield reductions of almost 20 % in agricultural 
and horticultural crops worldwide. The discovery of synthetic fungicides 
has contributed greatly to the increase of food production by controlling 
diseases. However, the use of these synthetic fungicides during the last 
three decades has raised a number of ecological problems. According to 
CGIAR, sustainable agriculture is the successful management of resources 
to satisfy the changing human needs, while maintaining the quality of en-
vironment and conserving natural resources. The obvious choice for that 
will be the use of bio-fungicides to combat plant diseases, as they are rela-
tively safe, biodegradable and eco-friendly. Bio-fungicides exert differ-
ent mechanisms like antibiosis, competition, mycoparasitism and induce 
systemic resistance to encounter harmful plant pathogens. The simplified 
registration system of biopesticides in recent years allows for commercial 
pilot production of bio-fungicides in many countries. Accordingly, many 
commercial formulations are available in the market. Development of 
microbial consortia will improve disease control through synergy in sig-
nal cross talk between microbes. Genetically improved antagonistic mi-
croorganisms tend to increase their effectiveness as bio-fungicides with 
an enhanced antifungal activity. Application of genetically manipulated 
bio-fungicides in modern agriculture offers tremendous opportunities for 
expanding food production, reducing risks in food production, improving 
environmental protection, strengthening food marketing, enhancing the 
livelihood of farmers and ensuring food security in developing countries.

Keywords

Bio-fungicides · Plant diseases · Food production · Induced-systemic 
resistance (ISR) · Antibiosis · Mycoparasitism

35.1  Introduction

The green revolution since the early 1960s has 
resulted in a global food supply sufficient to 
provide adequate energy and protein for all. The 
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introduction of high-yielding varieties together 
with increasing application of agrochemicals 
increased the productivity of land with a con-
comitant increase in the proportion lost to pests 
and diseases in India and other developing Asian 
countries. Plant diseases are estimated to cause 
yield reductions of almost 20 % in the princi-
pal food and cash crops worldwide. Of the over 
100,000 described species of fungi in the world, 
approximately 20,000 produce one or more dis-
eases in various plants. Crop losses due to the 
diseases are very heavy and have caused many 
famines reported in the human history, viz. Irish 
famine (1845) due to late blight of potato and 
Bengal famine (1943) due to brown spot of rice. 
Over the past 150 years, much has been learnt 
about the control of plant diseases, and several 
complementary approaches such as cultural 
methods, biological methods, chemical methods 
and regulatory measures were developed for their 
control. Depending on the crop, the disease and 
the availability of control methods, a different set 
of approach is employed (Thind 2012). Despite 
the use of available means of plant protection, 
about one third of crop produces are lost due to 
pests and diseases.

Fungicides are considered to be the second 
line of defence in plant disease control pro-
grammes after disease resistance to increase 
the food production. The benefit of fungicides 
used in the US agriculture is reported to boost 
farm income by nearly US$ 13 billion annually 
(Gianessi and Reigner 2006). Agrochemicals’ 
market in India is worth about 4,800 crore, out 
of which, fungicides account for nearly 12 % of 
the sales (Thind 2005). It has been estimated that 
about 2.5 million t of pesticides are used on crops 
each year and the worldwide damage caused 
by pesticides reaches US$ 100 billion annually 
(Koul 2008). The use of synthetic fungicides in 
crop disease management has raised a number 
of ecological problems. The most serious prob-
lem is the development of fungicide-resistant 
strains leading to the failure of disease control 
(Thind 2008). The overuse of systemic fungi-
cides for managing diverse fungal diseases in 
crops leads to residue build-up in harvested pro-
duce. In the annual EU report by European Food 
Safety Authority (EFSA), vegetables and fruits 

of 27 countries were surveyed for pesticide con-
tamination, the results highlighted that dithiocar-
bamates are among the most common residual 
contaminants (EFSA 2009). Detection of residues 
of carbendazim and isoprothiolane above the 
maximum residue levels (MRLs) in basmati rice 
consignments exported from India to Germany in 
2010 and that of tricyclazole in the consignments 
exported to the USA in 2011 has sent warning 
signals on fungicide residual toxicity among the 
agriculturists and traders in India (Thind 2012). 
In addition to residual toxicity, fungicides can 
adversely affect native soil microflora. For exam-
ple, triadimefon and propiconazole, on repeated 
use, could alter the soil microbial ecology for a 
long period of time (Jui–Hung et al. 2009). Soil 
microbial populations including various fungi, 
denitrifying bacteria and aerobic diazotrophs are 
also greatly affected by the irrational applica-
tion of mancozeb (Pozo et al. 1994). Benomyl, 
fenpropimorph, fenhexamid, mepronil, furalaxyl 
and thiram also reported to affect symbiotic re-
lationship between the plants and mycorrhizae. 
Elemental sulphur, benomyl and formulations of 
difenoconazole are toxic to non-target parasitic 
and predatory arthropods (Thind 2012).

The environmental pollution caused by 
excessive use and misuse of agrochemicals, as 
well as fearmongering by some opponents of 
pesticides, has led to considerable changes in 
people’s attitude towards the use of pesticides 
in agriculture. Today, there are strict regula-
tions on chemical pesticide use, and there is po-
litical pressure to remove the most hazardous 
chemicals from the market (Pal and Gardener 
2006). Some of the fungicides have either 
been banned or withdrawn (e.g. ethyl mercury 
chloride, phenyl mercury acetate, quintozene 
(PCNB), pentachlorophenol, ferbam and nickel 
chloride) or their use has been made restricted 
(e.g. methoxy ethyl mercury chloride, capta-
fol) in India by the Central Insecticides Board 
(CIB) due to certain ill effects on environment 
and ecology (Anonymous 2006). According to 
CGIAR, sustainable agriculture is the successful 
management of resources to satisfy the changing 
human needs, while maintaining the quality of 
environment and conserving natural resources. 
Increasing consciousness about conservation of 
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environment as well as health hazards associated 
with agrochemicals and consumers’ preference 
towards safe and hazard-free food have forced 
the scientist to divert their attention towards 
exploring the potential of beneficial microbes as 
an alternative strategy to mitigate the problems 
emanating from the use of synthetic pesticides 
(Biswas 2011).

Bio-fungicides of microbial origin seem to be 
a potentially powerful alternative method to syn-
thetic fungicides. The rich diversity, complexity 
of interactions and numerous metabolic pathways 
makes the microbes an amazing resource for bio-
logical activity (Mitchell et al. 2008). Over the 
past 30 years, several microorganisms have been 
described, characterized and tested for their use 
as biocontrol agents against plant pathogens. A 
wide range of biocontrol agents have been de-
veloped as commercial bio-fungicides and used 
as an alternative for managing seed-, soil-, and 
air-borne fungal diseases as well as post-harvest 
disease problems especially in crops which are 
stored under controlled temperature and high 
relative humidity (Janisiewicz and Korsten 
2002; Fravel 2005; Nakkeeran et al. 2005; Kim 
and Hwang 2007; Kaewchai et al. 2009). Of 
which, 90 % of bio-fungicides are being for-
mulated using different strains of Trichoderma 
such as Trichoderma harzianum, Trichoderma 
virens and Trichoderma viride (Benítez et al. 
2004). In addition to this, several species of plant 
growth-promoting rhizobacteria (PGPR) such as 
Bacillus spp. and Pseudomonas spp. are being 
commercialized as bio-fungicides. Bio-fungi-
cides formulated with PGPR may promote plant 
growth directly in healthy plants or indirectly by 
controlling phytopathogens in different crops 
(Kloepper 1993).

In India, the CIB has greatly helped to spread 
and encourage the use of biopesticides in crop 
protection. A total of 65 antifungal products have 
been registered in India including four antifun-
gal/antibacterial antibiotics and four biocontrol 
agents as on 20 January 2012 (CIB 2012). As 
the bio-fungicides of microbial origin are eco-
friendly and environmentally safe, it is expected 
that they will find their greatest commercial ap-
plication in protection of stored commodities 

and high-value row crops within organic food 
production systems. Further, higher commod-
ity prices for organically produced products, 
changing consumer preferences towards the use 
of natural products and regulations restricting 
the use of fungicides improve the chances of 
successful commercialization of bio-fungicides 
in the markets. In India, more than 65 % of the 
population is still living in villages, and more 
than 85 % of the rural people are dependent on 
agriculture for their livelihood. More than 75 % 
being small and marginal holders, most of their 
earnings are utilized to ensure food security. 
Therefore, it is essential to promote agricultural 
technologies that enable the rural poor to earn 
sustainable livelihood, while enhancing food 
production. Since the bio-fungicides seem to im-
prove global food availability by reducing crop 
losses due to diseases in an economically viable 
and ecologically safe way, they are considered as 
the best alternative for sustainable food security 
and ecosystem.

35.2  Definitions

The terms “biological control” and its abbreviated 
synonym “biocontrol” have been used in differ-
ent fields of biology, most notably entomology 
and plant pathology. In plant pathology, the term 
applies to the use of microbial antagonists to sup-
press diseases as well as to the use of host-specific 
pathogens to control weed populations. In general, 
an organism that suppresses pests or pathogens is 
referred to as a biological control agent (BCA). 
More broadly, the term biocontrol has been ap-
plied to the use of natural products extracted or fer-
mented from various sources. Bio-fungicides are 
antagonistic fungi/bacteria and/or their derivatives 
which are used as an active ingredient to control 
fungal diseases. The concept of “bio-fungicide” 
widely refers to all types of bio-pharming products 
that reduce the fungal pathogen population and 
increase food production. Bio-fungicide formula-
tions may be very simple mixtures of antagonistic 
fungi/bacteria with specific activities or complex 
mixtures with multiple effects on the host as well 
as the target pathogen (Pal and Gardener 2006).
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35.3  Mechanism of Action  
of Bio-Fungicides

Pathogens are antagonized by the presence and ac-
tivities of other organisms that they encounter. The 
mechanisms of biocontrol agents and reaction with 
the pathogen are many and complex. Understanding 
the mechanisms by which biocontrol agents 
suppress the plant pathogens is essential for the 
improvement and wider use of biological meth-
ods. Biocontrol may result from direct or indirect 
interactions between beneficial microorganisms 
and the pathogen. A direct interaction may in-
volve physical contact and synthesis of hydrolytic 
enzymes, toxic compounds or antibiotics as well 
as competition. An indirect interaction may result 
from induced resistance in the host plant or the use 
of organic soil amendments to improve the activity 
of antagonists against the pathogens (Benítez et al. 
2004; Pal and Gardener 2006; Viterbo et al. 2007). 
The major mechanisms of action of bio-fungicides 
are discussed as follows:

35.3.1  Antibiosis (Direct Inhibition 
by Secreting Secondary 
Metabolites, Mainly Antibiotics 
and Enzymes)

Antibiosis is an antagonism mediated by specific 
or non-specific metabolites of microbial origin, 
by lytic agents, enzymes, volatile compounds 
or other toxic substances, and it has a direct ef-
fect on other organisms (Benítez et al. 2004; 
Irtwange 2006; Viterbo et al. 2007; Haggag 
and Mohamed 2007). Antibiotics are generally 
considered to be organic compounds of low 
molecular weight produced by microbes, and at 
low concentrations they are deleterious to the 
growth or other metabolic activities of other 
microorganisms. Antibiotic production requires 
substantial substrates whereas the lifestyle of 
soil microbes is characterized by starvation with 
brief periods of activity in the saprophytic and/
or parasitic condition. Therefore, the challeng-
ing strategy in biocontrol involves manipulation 
of such antagonists so that they will not only 
produce antibiotics for their survival, but also 
interfere with pathogenic activity in the infection 

court by reducing inoculum potential or by in-
terfering with saprophytic phase of the pathogen. 
A mutant of T. virens which produces gliovirin 
showed better control of Pythium ultimum than 
the parental and gliovirin-negative strain (Howell 
and Stipnovic 1983). The various antibiotics pro-
duced by Trichoderma spp. include gliotoxin, 
gliovirin, viridin, viridiol, trichodermin, etc. 
(Harman 2006). Antibiotic production by cer-
tain strains of fluorescent pseudomonads is now 
recognized as an important mechanism in the 
biological control. A range of compounds like 
phenazine, pyoluteorin, tropolone, pyocyanin, 
2,4-diacetyl phloroglucinal (DAPG) and 
pyrrolnitrin are known to be produced with broad 
spectrum activity against many plant pathogens. 
Bacteriocins are antibiotic-like compounds with 
bactericidal specificity, which restricts bacterial 
strains closely related to the bacteriocin produc-
er (Handelsman and Stabb 1996; Benítez et al. 
2004; Haggag and Mohamed 2007).

35.3.2  Induction of Systemic 
Resistance (ISR)

Induced resistance is a state of enhanced defensive 
capacity developed by a plant when appropriately 
stimulated. It is effective under field conditions and 
offers a natural mechanism for biological control 
of plant diseases (van Loon et al. 1998). PGPR, 
Pseudomonas spp., and Bacillus spp. play a major 
role in plant growth promotion and disease reduc-
tion by inducing systemic resistance (Zehnder 
et al. 2001; Kloepper et al. 2004; Mondal 2007). 
The ability of Trichoderma spp. to systemically 
activate plant-resistance mechanism against fun-
gal pathogens has been demonstrated in Grami-
naceae, Solanaceae and Cucurbitaceae against 
Rhizoctonia solani, Botrytis cinerea, Alternaria 
spp., Colletotrichum spp., Magnoporthe grisea 
and Phytophthora spp. (Woo et al. 2006). In-
duced resistance by biocontrol agents involves 
the same suite of genes and gene products which 
are involved in plant response known as systemic 
acquired resistance (SAR). This type of resistance 
shows host specificity, and this suggests that spe-
cific recognition between biocontrol agents and 
the plant is a prerequisite for the activation of 
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signal cascade leading to induced-systemic resis-
tance (Whipps 2001).

ISR defence responses in plant genes are 
induced by certain molecules called elici-
tors (Bostock 2005). Biocontrol agents or their 
products act as elicitors which results in the 
synthesis of phytoalexins, pathogenesis-related 
proteins (PR-proteins) and other defence-related 
compounds and in an increase in resistance against 
several plant pathogens. The lipopolysaccharides, 
siderophores and salicylic acid (SA) of PGPR and 
peptides or proteins of Trichoderma spp. act as 
elicitors to elicit defence in crop plants (Harmann 
et al. 2004; Bakker et al. 2007; Ongena et al. 
2007). The defence responses of the plant may 
include the physical thickening of cell walls by 
lignification, deposition of callose, accumulation 
of antimicrobial low-molecular-weight sub-
stances (phytoalexins), defence enzymes such as 
phenyl-alanine ammonia-lyase (PAL) and chal-
cone synthase (CHS), and synthesis of various 
pathogenesis-related (PR) proteins such as chitin-
ases, glucanases, peroxidases, etc. (van Loon et al. 
1998; Khan et al. 2004; Viterbo et al. 2007).

35.3.3  Competition

Soil microbes compete for space and minerals and 
organic nutrients to proliferate and survive in their 
natural habitats. Competition has been suggested 
to play a key role in the biocontrol of species of 
Fusarium and Pythium by some strains of fluores-
cent pseudomonads. Competition for substrates 
is the most important factor for heterotrophic soil 
fungi (Whipps 2001; Benítez et al. 2004; Viterbo 
et al. 2007). Success in competition for substrate 
by any particular fungal species is determined 
by its competitive saprophytic ability (CSA) and 
inoculum potential of that species. Siderophore-
mediated competition is an important mechanism 
of biocontrol agents. Siderophore (iron-chelating 
substances) are extracellular, low-molecular-
weight iron transport agents, which selectively 
make complex with iron with very high affinity. It 
is a particular form of nutrient competition involv-
ing iron and this has been proposed as one of the 
mechanisms of biocontrol (Kloepper et al. 1980).

35.3.4  Mycoparasitism

It is the phenomenon of a fungus parasitizing 
another fungus. The parasitizing fungus is called 
as hyperparasite and the parasitized fungus as 
hypoparasite. In mycoparasitism, as a result 
of inter-fungus interaction several events take 
place which lead to predation, viz. coiling, pen-
etration, branching and sporulation, resting body 
production, barrier formation and ultimately 
leading to lysis (Whipps 2001; Benítez et al. 
2004; Viterbo et al. 2007).

Most of the effective biocontrol agents stud-
ied till now appear to antagonize pathogens using 
multiple mechanisms. These indirect and direct 
mechanisms may act coordinately and their im-
portance in the biocontrol process depends on the 
strain of antagonist, the antagonized fungus, the 
crop plant and the environmental conditions, in-
cluding nutrient availability, pH, temperature and 
iron concentration (Benítez et al. 2004; Viterbo 
et al. 2007). For instance, pseudomonads known 
to produce the antibiotic 2,4-diacetylphloroglu-
cinol (DAPG) may also induce host defences. 
Additionally, DAPG producers can aggressively 
colonize roots, a trait that might further contrib-
ute to their ability to suppress pathogen activity 
in the rhizosphere of wheat through competition 
for organic nutrients (Iavicoli et al. 2003).

35.4  Characters of an Ideal 
Bio-Fungicide  
(Nakkeeran et al. 2005)

An ideal biocontrol agent should possess the fol-
lowing characters:
1. High rhizosphere competence
2. High competitive saprophytic ability (CSA)
3. Enhancer of plant growth
4. Amenable for mass multiplication
5. Broad spectrum of action
6. Excellent and reliable control
7. Safe to environment
8. Easily compatible with biofertilizers and rhi-

zobacteria
9. Able to tolerate desiccation, heat, oxidizing 

agents and UV radiations
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35.5  Commercialization  
of Bio-Fungicides

Recently, public health and safety concerns about 
the environmental impact of chemical pesticides 
have led to consideration of biological control 
as a natural approach to maintain crop health. 
Yet, there is a demand for biocontrol products, 
especially in the organic and agricultural niche 
markets, where there is no efficient chemical 
competitor. Growth in sales of biocontrol agents 
has significantly outpaced that of chemicals dur-
ing the last decade (Reisch 2011). Currently, a 
major incentive favoring the development of 
biopesticides is the ease of federal registration in 
the USA. The Environmental Protection Agency 
(EPA) has established a Biopesticide Pollution 
and Prevention Division (BPPD) to manage ac-
celerated registration of biopesticides. In the 
mid-1990s, the average duration for registra-
tion of a biopesticide was 12 months compared 
with 36 months for all new chemical pesticide 
registrations, and the cost of registration of a 
chemical was often more than eight times that 
of a biocontrol agent (Woodhead et al. 1990). 
In India, the CIB is responsible for the registra-
tion of all biopesticides under the Insecticide 
Act, 1968. It simplified the registration system 
to allow commercial pilot production in parallel 
with registration, which was particularly encour-
aging to small and medium enterprises. With the 
simplified registration system, four bio-fungi-
cides, viz. Bacillus subtilis, Gliocladium spp., 
Trichoderma spp. and Pseudomonas fluorescence 
have been registered in India (CIB 2012).

The use of biocontrol agents to combat plant 
pathogens has been investigated for more than 
70 years, and over 40 biocontrol products have 
been introduced into the market within the past 
10 years (Kim and Hwang 2007). However, 
despite regulatory incentives, relatively few 
biological control agents have reached the market, 
often due to one or more of the following pitfalls: 
(1) poor choice of pathosystem for biological 
control, (2) availability of relatively few candi-
date microorganisms for testing, (3) microbes are 
selected based on the results of an assay that does 
not replicate under field conditions, (4) exclusion 

of amenability of microbes to commercial devel-
opment as a selection criterion, (5) optimization 
of fermentation technology and mass production 
of biocontrol agents, (6) inconsistent performance 
and poor shelf life, (7) lack of patent protection, 
(8) awareness, training and education shortfalls, 
(9) lack of multidisciplinary approach and (10) 
technology constraints (Nakkeeran et al. 2005).

35.6  Formulations of Bio-Fungicides

An efficient formulation is essential to transfer the 
biocontrol agent from laboratory to the field. The 
important characteristics of successful commercial 
formulations are good market potential, simplicity 
in production and application, adequate product 
and stability, shelf life during transport and storage, 
efficacy over a long term, guaranteed propagule 
viability, economic, suitable and appropriate ac-
tion, and compatibility with agronomic practices 
and equipment (Boyetchko et al. 1999). Bio-fungi-
cide formulations are sold under various names in 
different parts of the world (Kaewchai et al. 2009). 
Details of commercial bio-fungicide available in 
the market are given in the web sites http://www.
cibrc.nic.in; http://www.ippc.orst.edu/biocontrol/
biopesticides/; and http://www.epa.gov/pesticides/
biopesticides. Formulations of T. viride are mar-
keted under trade names of Bioderma in India, 
Promote in USA; T. harzianum under the name 
of Binab T in Sweden, Bioderma-H in India, 
Fungi-Killer in Thailand, Promote, Root Shield 
and Plant Shield in USA, Trichodex in Belgium 
and Trichoderma spp. under the name of Biofun-
gus in Belgium, Sentinel and Vinevax in USA, 
G. virens under the name of SoilGard in USA; 
Gliocladium catenulatum under the names of Pre-
stop and Primastop in Finland and Chaetomium 
cupreum under the names of Ketocin, Ketomium 
and Novacide in Thailand. B. subtilis is sold under 
the names of Quantum, Kodiak, Epic, Campan-
ion, Serenade, Rhapsody, Subtilex and System 3 
in USA; Rhizo-Plus in Germany; Bacillus pumilus 
under the names of GB 34 and Sonata in USA; 
Bacillus cereus under the names of Pix plus 
plant regulator in Finland. P. fluorescence under 
the names of Bio-Save in Orlando; Blight Ban 

http://www.cibrc.nic.in
http://www.cibrc.nic.in
http://www.ippc.orst.edu/biocontrol/biopesticides/
http://www.ippc.orst.edu/biocontrol/biopesticides/
http://www.epa.gov/pesticides/biopesticides
http://www.epa.gov/pesticides/biopesticides
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A506 in the USA; Conquer and Victus in Austra-
lia; Cedomon in Sweden; P. aureofaciens under 
the names of BioJect Spot–less in San Diego, 
CA; P. cepacia as Deny in Shawnee, KS and In-
tercept in the USA; P. chlororaphis as AtEze in 
San Diego, CA and P. syringae under the names 
of Bio-save in Finland. There are many types of 
bio-fungicide formulations, viz. alginate prill 
formulation, fluid-bed granulation having dextrin 
as a binder, liquid formulation, water-dispersible 
granule formulation, wettable powder formula-
tion, dusts, granular or powder products (Khetan 
2001). The formulations comprise of active in-
gredients (microorganism or spores), adjuvants, 
dilution agents, bulking additives, membrane sta-
bilizers, growth and contaminant suppressants, 
buffers, binders, dispersants, lubricants, activators, 
food sources and coatings. Bio-fungicide formu-
lations can be applied to seeds, tubers, cuttings, 
seedlings, transplants, mature plants and soil 
(Nakkeeran et al. 2005). Even though liquid for-
mulation is preferred with drip irrigation, granular 
formulations are more appropriate for combining 
with potting mix, while a wettable powder is more 
appropriate for root dips or foliar sprays (Spadaro 
and Gullino 2005).

35.7  Mixed-Strain Formulations of 
Bio-Fungicides

In general, biocontrol of crop diseases involves the 
application of single antagonistic organism, but in 
nature, the microbes do not reside alone. They 
live in close association with other species for nu-
trient production, waste removal, etc. It may be 
unrealistic to expect a single organism to perform 
better in terms of growth, spread and suppression 

of pathogens without the help of the members of 
the microbial community on which they depend 
(Raupach and Kleopper 1998). Combined appli-
cations of microbes are always found to be prom-
ising in the control of several pathogens. It may be 
due to the synergistic effects of biocontrol agents 
against pathogens. This approach will certainly 
lead to the selection of effective isolates, with 
sustainable performance under diverse environ-
ment. Development of cocktail formulation with 
compatible isolates will improve disease control 
through synergy in signal cross talk between 
the isolates that leads to increased production of 
antibiotics at the site of colonization and thereby 
suppresses the establishment of pathogenic mi-
crobes. Advantages of strain mixtures include a 
broad spectrum of action, enhanced efficacy, reli-
ability and also allow the combination of various 
traits without genetic engineering (Janiseiwicz 
1996). Hence, augmentation of bio-fungicides 
with compatible mixtures of biocontrol agents 
(microbial consortia) to infection court will 
mimic the natural environment and could broaden 
the spectrum of activity against different plant 
pathogens (Schisler et al. 1997).

35.8  Quality Control Specifications 
of Bio-Fungicides

As per the Gazette Notification No. G.S.R.224(E) 
dated 26.03.1999 of the CIB, Department of Agri-
culture and Cooperation, Ministry of Agriculture, 
Government of India, B. subtilis, Gliocladium 
spp., Pseudomonas fluorescens and Trichoderma 
spp. have been included under the Insecticide 
Act, 1968 as bio-fungicides for plant disease 
management. The guidelines requirement for 

Table 35.1  Fungal formulations as bio-fungicides for packaging
Sl. no. Particulars Trichoderma spp. P. fluorescens
1. Packing material White Polythene bags White Polythene bags
2. Size of the carrier (talc) 500 μg 500 μg
3. Moisture content of the formulation 20 % 20 %
4. Storage period 4 months 3–4 months
5. Population in the fresh product 28 × 106 cfu/g 2.5 × 108 cfu/g
6. Population at the time of mixing with talc 108–109 conidia/ml 9 ± 2 × 108 cfu/ml
7. Population at the time of expiry 20 ×I06 cfu/g 8–9 × 107 cfu/g
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provisional registration and regular registration 
of biopesticides are given under Sects. 9(3B) and 
9(3) of the Insecticide Act, 1968 (www.cibrc.nic.
in). The specifications given in Table 35.1 have 
to be followed strictly by the producer during 
commercial production of talc formulation of 
Trichoderma spp. and P. fluorescens.

35.9  Genetic Engineering  
of Bio-Fungicides

Genomic tinkering of naturally occurring bio-
control agents with genes that are beneficial to 
plants will lead to the accentuated expression 
of the genomic products which could alleviate 
the attack of diseases. Genetically improved an-
tagonistic microorganisms tend to increase their 
effectiveness as bio-fungicides with an enhanced 
antifungal metabolite activity to control a broad 
spectrum of phytopathogens (Hornok 2000). Ge-
netic improvement can be achieved by chemical 
and physical mutation, sexual hybrids, homo-
karyons and genetic manipulation by directed 
mutagenesis, protoplast fusion, genetic analysis 
of fusants, recombination, transformation or 
isolation of useful genes from biocontrol fungi 
without functional sexual stages (Mohamed et al. 
2004; Palumbo et al. 2005). There are a number 
of reports of high-yielding Trichoderma mutants 
expressing altered morphological phenotype 
such as growth, sporulation, etc. and being able 
to over-secrete enzymes (Mukherjee et al. 1999). 
Ghosh et al. (1982) observed improved cellulose 
productivity of Trichoderma linked to increased 
endoplasmic reticulum content. Availability of a 
biocontrol-related promoter sequence combined 
with a reliable transformation system permits 
genetic improvement of fungal biocontrol agents 
through the use of novel transgenes to enhance 
disease control mechanisms (Mach et al. 1999).

Some genetically engineered biocontrol mi-
croorganisms with multi-copy chitinase genes 
have shown enhanced disease suppression activity 
(Simi 1994). An engineered strain of Pseudomonas 
fluorescens P5–1, which expressed a 6.5 kb DNA 
chitinase gene (chiB), showed improved suppres-
sion of cotton damping off and rice sheath blight, 
both caused by R. solani (Xu et al. 2005). At a 

molecular genetic level, attempts to increase the 
biocontrol ability of Trichoderma have been fo-
cused on increasing chitinase or proteinase activ-
ity either by increasing the number of copies of the 
appropriate genes or by fusing them with strong 
promoters (Brunner et al. 2005). Thus, the intro-
duction of a single biocontrol agent with multiple 
modes of action will facilitate to achieve maximum 
benefit in terms of disease control. However, the 
release of genetically modified organisms (GMOs) 
is a policy decision. Hence, making the policymak-
ers understand the safe usage of the bacteria and 
their benefits will go a long way for sustainable 
food security and the ecosystem.

35.10  Bio-safety of Bio-Fungicides

Application of biocontrol agents serves as an 
alternate to synthetic fungicides for the manage-
ment of various diseases of plants. However, the 
safety of the microbes in terms of human welfare 
could not be neglected. Several biocontrol agents 
are also known to be opportunistic pathogens. 
Though Pseudomonas aeruginosa is a potential 
biocontrol agent of grey leaf spot of turf grasses, 
it is also a virulent opportunistic pathogen which 
infects wounds and severe burns. B. cereus being 
a potential antagonist for the management of 
damping off and root rot of soya bean, it is also 
a food contaminant and closely mimics Bacillus 
anthracis, the causal agent of anthrax diseases. 
The confusions involved in distinguishing be-
tween the related strains that turn as opportunistic 
pathogens for human beings has to be solved to 
convince the policymakers and environmental 
protection agencies to promote the acceptance, 
registration and transfer of technology and its 
adoption (Nakkeeran et al. 2011)

35.11  Bio-Fungicides for Food 
Security

The doubling of cereal and livestock production 
in the last half of the twentieth century should 
have resulted in a global food supply that was ad-
equate for all and yet currently nearly a billion 
people are hungry, i.e. they do not have access 
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to food (FAO 2008a, b). The predicted growth 
of world’s population from 7 billion at present 
(1.2 billion in India alone) to 8.3 billion by 2030 
presents a major global challenge to meet neces-
sary food demand (Thind 2012). Low crop yields 
are common in many developing countries and 
improved productivity is vital to reduce rural 
poverty and increase the food security. While 
the causes of low productivity are complex, one 
major contributory factor is crop losses due to 
plant health problems. One major aspect of plant 
health concerns is crop losses due to pests which 
include insects, pathogens and weeds. Often ac-
curate information on the extent of these losses is 
missing but estimates of 30–40 % loss annually 
from “field to fork” are common (FAO 2008a).

In developing countries, losses are costly 
in terms of food security, foreign exchange re-
quirements for food imports, income losses to 
farmers and others whose livelihoods depend 
on agriculture. Nevertheless, plant diseases have 
had enormous impact on livelihoods through-
out human history. The Irish potato famine is an 
excellent example of the effect of plant disease 
on food security and changing demographics. 
The plant disease that could have severe im-
pacts on global food production, livelihoods and 
changes in demographics in the twenty-first cen-
tury is Ug99, a virulent strain of black stem rust 
( Puccinia graminis tritici) that has spread from 
Africa into the Middle East and has threatened 
the high-yielding wheat varieties developed under 
the Green Revolution in South Asia (FAO 2008b). 
Coffee wilt disease ( Fusarium xylarioides) is yet 
another important disease, which affected pro-
ducer livelihoods in central and eastern Africa and 
had cost an estimated US$ 1 billion and continues 
to spread to other parts of the world (Flood 2009).

The maximum yield reductions in crops due 
to fungal diseases compared to other pathogen-
ic diseases need to be prevented, mitigated or 
controlled in order to maintain global food avail-
ability, one of the three pillars of food security 
(Gullino et al. 2000). Chemical fungicides have 
reduced crop losses in many situations, but even 
with a very substantial increase in fungicides use, 
the overall proportion of crop losses and the abso-
lute value of these losses from the diseases appear 
to have increased over time (Oerke et al. 1994). 

There is consensus that indiscriminate, excessive 
and inefficient use of fungicides exerts too high 
a toll in terms of human health, environmental 
safety and ultimate diminishing returns to justify 
any short-term increases in farm income or food 
output. The usage of bio-fungicides in collabo-
ration with traditional or conventional breeding 
methods, can raise crop productivity, increase re-
sistance to diseases, develop tolerance to adverse 
weather conditions, improve the nutritional value 
of some foods and enhance the durability of prod-
ucts during harvesting or shipping. The applica-
tion of genetically manipulated bio-fungicides in 
modern agriculture offers tremendous opportu-
nities for expanding food production, reducing 
risks in food production, improving environmen-
tal protection, strengthening food marketing and 
ensuring food security in developing countries 
(Chet 1993; Cook 1993; Kaewchai et al. 2009; 
Flood 2010)

35.12  Conclusion

Recently, the use of bio-fungicides has been 
advanced as an alternative to synthetic fungi-
cides to control plant diseases. They are easy to 
deliver, improve plant growth, induce resistance 
mechanism in the host with increased biomass 
production and yield. Genetically improved an-
tagonistic microorganisms tend to increase their 
effectiveness as biocontrol agents. Recent sur-
veys of both conventional and organic growers 
indicate an interest in biocontrol for suppressing 
plant diseases, suggesting that the market potential 
of bio-fungicides will increase further in coming 
years. The harmless cheaper bio-fungicides which 
are highly effective throughout the crop period will 
improve global food availability by reducing crop 
losses, will boost the farm income and enhance 
the livelihood of low-income farmers. So, the bio-
fungicides can be concluded as the best alternative 
for sustainable food security and the ecosystem.
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Abstract

The genomic sequences of Aspergillus flavus NRRL 3357 revealed seven 
pectin lyase ( pnl) genes, which were used to design gene-specific primers 
and these genes were amplified through polymerase chain reaction (PCR) 
from five strains of A. flavus, namely A. flavus MTCC 7589, A. flavus 
MTCC 10938, A. flavus MTCC 8836, A. flavus NIICC 8142 and A. flavus 
NIICC 8147. All the seven predicted pnl genes were amplified from the 
genomic DNA of A. flavus NIICC 8142, while six pnl genes were from 
A. flavus MTCC8837 and five pnl genes from the remaining strains, re-
spectively. A total of five pnl gene sequences of A. flavus NIICC 8142 
designated as Afpnl-1, Afpnl-2, Afpnl-3, Afpnl-4, and Afpnl-5 were submit-
ted to GenBank and assigned accession numbers JQ735890 to JQ735894, 
respectively. These sequences were subjected to in silico characterization 
for homology search, multiple sequence alignment, phylogenetic tree con-
struction, and motif analysis. The homology search revealed their identity 
to the predicted pectin lyase genes of A. flavus NRRL 3357, and multiple 
sequence alignment of these five genes showed various conserved residues. 
The phylogenetic tree revealed two distinct clusters and four subclusters 
with five pectin lyase genes of A. flavus occupying distinct position among 
the PCR-amplified pectin lyase genes from different fungi. The presence 
of unique pec_lyase C domain was observed among these sequences.

Keywords 

Pectin lyase · Aspergillus flavus · Multiple sequence alignment · Motif · 
Phylogenetic tree

36.1  Introduction

Pectin lyase (PNL, E.C. 4.2.2.10) represents an 
important member of pectinases group of en-
zymes associated with degradation of pectin and 
has potential industrial applications in fruit juice 
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clarifications and retting of fibers (Alkorta et al. 
1998; Kashyap et al. 2001; Hoondal et al. 2002; 
Jayani et al. 2005; Pedrolli et al. 2009; Yadav 
et al. 2009a). These enzymes are unique owing 
to the fact that they degrade pectin polymers di-
rectly by β-elimination mechanism resulting in 
the formation of 4,5 unsaturated oligogalacturo-
nides while other pectinases act sequentially to 
degrade pectin molecule totally. Pectin lyase is 
better suited for fruit juice clarification as they 
degrade pectin without disturbing the ester group 
responsible for the specific aroma of the juice 
and also do not form toxic methanol (Taragano 
and Pelosof 1999).

The production, purification, and biochemical 
characterization of pectin lyase from different 
fungal strains have been reported recently, and 
its application in fruit juice clarification and ret-
ting of natural fibers has been elucidated (Yadav 
et al. 2012; Yadav et al. 2009b, c; Pedrolli and 
Carmona 2009; Yadav et al. 2008). The fungi 
belonging to the genus Aspergillus, Penicillium, 
and Fusarium spp. are a major source of pectin 
lyase along with a few bacteria (Gummadi and 
Kumar 2005).

Pectinolytic genes from Aspergillus niger 
(Dean and Timberlake 1989; Harmsen et al. 
1990), Aspergillus oryzae KBN 616 (Kitamoto 
et al. 2001) has been isolated and characterized. 
The pectin lyase gene family of A. niger and Glo-
merella cingulata (Templeton et al. 1994), bacte-
rial sources like Bacillus subtilis (Sakamoto et al. 
1996), Erwinia caratovora sub sp. caratovora 
(Chatterjee et al. 1991) has also been reported. 
Very recently, bioinformatics of pectinases and 
pectin lyase sequences has been reported (Yadav 
et al. 2009d; Dubey et al. 2010, 2012). This chap-
ter reports polymerase chain reaction (PCR) am-
plification of putative pectin lyase genes from 
indigenous fungal strains of Aspergillus flavus 
NIICC8142 using predicted pectin lyase genes 
from genomic sequence of A. flavus NRRL3357, 
and sequencing of eluted amplicons and in silico 
characterization of PCR-amplified pectin lyase 
gene sequences for homology search, multiple 
sequence alignment, phylogenetic tree construc-
tion, and motif search.

36.2  Materials and Methods

36.2.1  Fungal Strain and Culture 
Conditions

The indigenously isolated five soil fungal strains, 
namely A. flavus MTCC 7589, A. flavus MTCC 
10938, A. flavus MTCC 8836, A. flavus NIICC 
8142, and A. flavus NIICC 8147, were deposited 
to Microbial Type Culture Collection and Gene 
Bank Centre, IMTECH, Chandigarh and Nation-
al Institute of Interdisciplinary Culture Collection 
Trivendrum, India. The cultures were maintained 
on the Czapek yeast extract agar (CYA) medium 
and mycelia were produced in CY broth after in-
cubating for 4–5 days at 28 °C. The mycelia were 
filtered using a cheesecloth, washed with chilled 
autoclaved water several times, dried, and stored 
at −20 °C till further use.

36.2.2  Genomic DNA Isolation

Genomic DNA was isolated from the mycelium 
of A. flavus NIICC8142 using the standard meth-
od with a slight modification in the extraction 
buffer (Dubey et al. 2012). Quality and quantity 
of genomic DNA were analyzed by agarose gel 
electrophoresis and UV-Vis spectrophotometer 
(Maniatis et al. 1982).

36.2.3  Primer Designing

A set of five primers were designed based on the 
available pectin lyase genes from the whole ge-
nome of A. flavus NRRL 3357 from NCBI (http://
www.ncbi.nlm.nih.gov/) (Pruitt et al. 2007) sub-
jecting to multiple sequence alignment using the 
tools DNA star (Burland 2000) and primer basic 
local alignment search tool (BLAST) (Altschul 
et al. 1990). These primers were synthesized by 
Merck Specialities Private Limited, Mumbai, 
India and diluted as per the instructions. The 
primer sequences along with the pectin lyase 
gene sequences from different source organisms 
used for primer designing are listed in Table 36.1.

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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36.2.4  PCR Amplification, Gel Elution, 
and Sequencing of PCR 
Amplicons

Standardization for PCR amplification of pec-
tin lyase genes was carried out as per previous 
work (Dubey et al. 2012), and expected size 
bands were gel eluted by HiPurATMAgarose Gel 
DNA Purification Spin Kit (Hi Media, India) as 
per the instructions, quantified and sequenced 
using gene specific primers at National Institute 
of Plant Genome Research, JNU Campus, New 
Delhi, India.

36.2.5  Sequence Submission and  
In Silico Characterization

A total of five PCR-amplified partial pectin lyase 
gene sequences designated as Afpnl-1, Afpnl-2, 
Afpnl-3, Afpnl-4, and Afpnl-5 were submitted to 
the GenBank and assigned accession numbers 
JQ735890 to JQ735894, respectively. These 
sequences were subjected to homology search 
with NCBI database using BLAST. The program 
ClustalW (Thompson et al. 1994) was used for 
multiple sequence alignment. Mega 4 (Tamura 
et al. 2007) was used for dendrogram construc-
tion by neighbor-joining (NJ) method (Saitou and 
Nei 1987). These sequences were subjected to 
bioinformatics servers, namely FGENESH (So-
lovyev et al. 2006), for prediction of full-length 

genes with putative CDS and protein sequences. 
For domain search, the Pfam site (http://www.
sanger.ac.uk/software/pfam/search.html) (Finn 
et al. 2010) was used. Domain analysis was done 
using multiple EM for motif elicitation (MEME) 
software (http://meme.sdsc.edu/meme/meme.
html) (Bailey and Elkan 1994). The conserved 
protein motifs deduced by MEME were char-
acterized for biological function analysis using 
protein BLAST, and the domains were studied 
with InterProScan version 24 (Quevillon et al. 
2005).

36.3  Results and Discussion

36.3.1  PCR Amplification of Pectin 
Lyase Genes from Different 
Strains of Aspergillus flavus

Five pectin lyase genes with assigned ac-
cession numbers, namely AFLA_017180, 
AFLA_119860, AFLA_124660, AFLA_116040, 
AFLA_025400 predicted from the genome se-
quence of A. flavus NRRL 3357 were retrieved 
from NCBI databases and were used for de-
signing primers (Table 36.1). PCR amplifica-
tion of pectin lyase genes using these sets of 
primers were standardized with genomic DNA 
of A. flavus NIICC 8142 as template DNA 
(Fig. 36.1). The PCR amplification with primer 
sets GCEL-PNL023 at annealing temperature 

Table 36.1  List of primers designed for PCR amplification of pectin lyase genes
Code Primers (5′–3′) Size 

(mer)
Tm % GC Source gene Amplicon 

size (bp)
GCEL-PNL023-F
GCEL-PNL023-R

GCGGAGGCAAACCCTTCTCACT
TGCGCATGCAAACCTGTCGGA

22
21

71.5
76.1

59
57

AFLA_017180 1,697

GCEL-PNL024-F
GCEL-PNL024-R

TGTTGGCCATACTCCCTTTC 
CAACCACCCATGTCACTGAG

20
20

63.7
64.2

50
55

AFLA_025400 1,863

GCEL-PNL025-F
GCEL-PNL025-R

AGCTAGGGACCTTCGCTCTC
TTGTGTGACGCTGTGCATTA

20
20

63.8
64.0

60
45

AFLA_119860 1,717

GCEL-PNL026-F
GCEL-PNL026-R

CGTGTAGCCATGTTGGAGTG
ATTGCTCAAGGCAGCAAGAT

20
20

64.2
63.8

55
45

AFLA_124660 1,371

GCEL-PNL027-F
GCEL-PNL027-R

TGGGACTCCCTAACAAGGCCGA
ATCGTCGTCCCGTGCAGAGT

22
20

72.5
69.4

59
60

AFLA_116040 1,737

http://www.sanger.ac.uk/software/pfam/search.html
http://www.sanger.ac.uk/software/pfam/search.html
http://meme.sdsc.edu/meme/meme.html
http://meme.sdsc.edu/meme/meme.html
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57 °C and GCEL-PNL024, GCEL-PNL025, 
GCEL-PNL026, and GCEL-PNL027 at anneal-
ing temperature of 62 °C resulted in expected 
size bands. The other A. flavus strains, namely A. 
flavus MTCC 7589, A. flavus MTCC 10938, A. 
flavus MTCC 8836, A. flavus NIICC 8142, and 
A. flavus NIICC 8147 also gave the expected size 
bands with the same set of primers.

36.3.2  Gel Elution of Expected Size 
Amplicons and Sequencing

The expected size amplicons from different sets 
of primers representing multigene family of 
pectin lyase from A. flavus were gel eluted by 
HiPur ATMAgarose Gel DNA Purification Spin 
Kit and analyzed on 1.5 % agarose gel, quan-
tified spectrophotometrically and sequenced 
with respective primers used for amplification. 
These sequences were submitted to GenBank 
and were assigned accession number JQ35890 
to JQ35894.

36.3.3  In Silico Analysis of Sequenced 
Pectin Lyase Genes

The sequences of five pectin lyase genes des-
ignated as Afpnl-1, Afpnl-2, Afpnl-3, Afpnl-4, 
and Afpnl-5 with assigned accession numbers 
JQ735890 to JQ735894, respectively, were 
subjected to BLAST for homology search. The 
BLAST analysis revealed its maximum identity 
to the predicted pectin lyase genes from the whole 
genome sequence of A. flavus NRRL 3357. The 
results of BLAST show best hit with maximum 
identity ranging from 99–100 % (Table 36.2).

The nucleotide sequences of five pectin lyase 
genes were then subjected to FGENESH to iden-
tify putative CDS and protein (Table 36.3). The 
amino acid residues ranged from 99 to 214 in the 
corresponding translated proteins of the sequenced 
pectin lyase genes of A. flavus. Except Afpnl-1 (JQ 
735890), the remaining pectin lyase genes were 
predicted for putative exons in + ve (direct) strand 
of sequence. Sequencing of eluted amplicons with 
gene-specific primers has resulted in the partial se-
quences of pectin lyase genes ranging from 455 to 
781 bp (Table 36.3). The cloning of these expected 
size amplicons in suitable vector and subsequent 
sequencing with the universal primer might result 
in the expected sequence length. The pectin lyase 
gene Afpnl-4 revealed two CDS regions while the 
remaining four genes have single CDS.

The multiple sequence alignment of five pnl 
gene sequences by ClustalW revealed a con-
served nucleotides at variable positions, namely 
137(A), 168(C), 179(C), 185(G), 197(G),218(G), 
219(G), 244(C), 245(G), 268(C), 281(G), 
316(C), 365(G), 376(), 377(), 387(C), 388(C), 
407(G),409(T), 422(G), and 434(G) (Fig. 36.2).

The phylogenetic tree constructed by NJ 
method for five pectin lyase genes of A. flavus 
revealed two distinct clusters comprising three 
(JQ735892, JQ735894, JQ735890) and two 
genes (JQ735891, JQ735893), respectively 
(Fig. 36.3a). These sequences were also subject-
ed to phylogenetic tree construction after incor-
porating sequences of 18 PCR-amplified pectin 

Fig. 36.1  Pectin lyase gene from A. flavus NIICC 
8142. Lane 1—Afpnl-1 (1697 bp), Lane 2—Afpnl-2 
(1863 bp), Lane 3—Afpnl-3 (1717 bp), Lane 4—Afpnl-
4 (1371 bp), Lane 5—Afpnl-5 (1737 bp), Lane L—1Kb 
Ladder. (Merck Specialities, India)
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lyase genes from different fungal sources as re-
ported earlier (Dubey et al. 2012). The four pec-
tin lyase genes sequences (JQ735891, JQ735892, 
JQ735893, JQ735894) of A. flavus occupied dis-
tinct position in the tree forming separate clusters 
comprising of two members each, respectively, 
while JQ735890 formed cluster with pectin lyase 
gene of A. niger (JF44761) (Fig. 36.3b).

The nucleotide sequences of these five pectin 
lyase genes were translated to respective protein 
sequences using translation tool and subjected 
to protein functional analysis using Pfam and 
INTERPROSCAN version 24. These protein 
sequences were analyzed for the presence of 
conserved motifs by means of MEME software. 

A total of three conserved motifs designated as I, 
II, and III occupied different positions in the five 
pectin lyase sequences (Fig. 36.4)

Motif I was observed in four of the pectin 
lyase genes, namely JQ35891-JQ35894 while 
motif II was observed in JQ35891 and JQ35893 
and motif III was observed in JQ35890 and 
JQ35893. All the three motifs were found in the 
sequence JQ35893 (Fig. 36.4). The best possible 
matches of these three motifs are represented by 
respective motif logos (Fig. 36.5). The best pos-
sible amino acid sequences of these three motifs 
revealed their identity to pec_lyase_C superfam-
ily on BLAST search indicating that they belong 
to a common group, i.e., trans-eliminases as 

Table 36.2  BLAST analysis of PCR-amplified pectin lyase genes of A. flavus
Pnl genes Accession 

number
Maximum similarity Max score Total score Query 

coverage 
(%)

E value Max identity 
(%)

Afpnl-1 JQ735890 Aspergillus flavus 
NRRL3357 pectin lyase 
A XM_002375697.1

1,061 1,061 76 0 99

Afpnl-2 JQ735891 Aspergillus flavus 
NRRL3357 pectin lyase 
D XM_002374010.1

1,062 1,062 100 0 100

Afpnl-3 JQ735892 Aspergillus oryzae pel1 
gene for pecyinlyase 1 
AB029322.1

843 843 100 0 99

Afpnl-4 JQ735893 Aspergillus flavus 
NRRL3357 pec-
tin lyase precursor 
XM_002381618.1

1,011 1,355 93 0 100

Afpnl-5 JQ735894 Aspergillus flavus 
NRRL3357 pectin lyase 
B XM_002384270.1

560 560 66 3e-156 100

Table 36.3  The putative CDS and protein of five pectin lyase genes of A. flavus NIICC8142
Pnl genes Accession 

number
Size (bp) Strand CDS Featurea Amino 

acid
Afpnl-1 JQ735890 760 − 170–646 (576 bp) CDSl 191
Afpnl-2 JQ735891 575 + 40–570 (528 bp) CDSi 176
Afpnl-3 JQ735892 472 + 48–467 (420 bp) CDSf 140
Afpnl-4 JQ735893 781 + 44–547 596–733 CDSi 214
Afpnl-5 JQ735894 455 + 153–451 CDSf 99
a CDSf first (starting with start codon), CDSi internal (internal exon), CDSl last coding segment (ending with stop 
codon)
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reported earlier (Yadavet al. 2009; Dubey et al. 
2010). Though these three motifs represents 
pec_lyase_C superfamily, their variable distribu-
tion among the sequenced PCR-amplified pectin 
lyase gene sequences needs to be further ana-
lyzed by cloning these genes in suitable vector 
and subjecting them to expression profiling.

36.4  Conclusions

The insights into the available genomic sequenc-
es of A. flavus NRRL 3357 revealed the pres-
ence of several pectin lyase genes. Based on the 
predicted pectin lyase gene sequences, specific 
primers were designed and an attempt was made 
to amplify the putative pectin lyase genes from 
different strains of A. flavus. A total of five genes 

from A. flavus NIICC 8142 were amplified, gel 
eluted, and sequenced and in silico characterized 
to reveal their identity. These putative genes need 
to be cloned in suitable vector, sequenced, and 
will be subjected to expression profiling. The in 
silico prediction of secondary, tertiary structure 
of these pectin lyase enzymes can further give an 
insight into the potential target for possible ma-
nipulation for enhancing the catalytic efficiency.
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Fig. 36.2  Multiple sequence alignment of five pectin lyase genes of A. flavus (* showed conserved nucleotide among 
these sequences)
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Fig. 36.3  Phylogenetic tree constructed by NJ method using nucleotide sequences of pectin lyase genes of a A. flavus 
NIICC8142 and b A. flavus NIICC 8142 along with other fungal pectin lyase genes

 

Fig. 36.4  Distribution of three conserved motifs for PCR-amplified pectin lyase genes of A. flavus
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Abstract

In the present investigation, crude extracts of five different species of 
Agave ( Agave americana, Agave ferox, Agave montana, Agave scabra and 
Agave marginata) have been examined against six plant pathogenic fungi, 
viz. Macrophomina phaseolina, Alternaria porii, Aspergillus awamorii, 
Aspergillus niger, Fusarium udum and Fusarium solani using media poi-
soning method. The percent inhibition of hyphal growth was measured 
after the seventh day of incubation. Vast variations were observed in their 
activities on different pathogens. Amongst the fungi studied, the highest 
inhibition (more than 50 %) of hyphal growth was observed for M. pha-
seolina by all the extracts. These data suggest that the different Agave spe-
cies have potential as antifungal agents with a broad range of activity. The 
antifungal compound isolated from these plants can be used as possible 
ecofriendly plant-based fungicides to control plant diseases.

Keywords 

Agave sp. · Antifungal activity · Macrophomina phaseolina · Inhibition 

37.1  Introduction

Effective management of a plant disease is the 
key to save plants from microbes, as plants have 
both economic and aesthetic values. Nowadays, 
quick and effective management of plant dis-

eases and microbial contamination in several 
agricultural commodities is generally achieved 
by the use of synthetic pesticides (Agrios 1997). 
Despite serious environmental implications as-
sociated with their use, chemical fungicides re-
main the first line of defense against effective 
and efficient management of pathogens. Many 
of these chemical fungicides cause tremendous 
environmental load, thereby adversely affecting 
the agro-ecosystem (Zadoks 1993; Guleria and 
Kumar 2009).

The recurrent and indiscriminate use of fun-
gicides have posed a serious threat to human 
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health and to the existing human eco-geograph-
ical conditions as some of them have already 
been proved to be mutagenic, carcinogenic, or 
teratogenic. Also, many pathogenic microor-
ganisms and insect pests have developed resis-
tance against these chemical pesticides (Wil-
liams and Heymann 1998; Witte 1998; Yadav 
2010).

Due to increased awareness about the risks 
involved in the use of chemical pesticides, 
much attention is being focused on alternative 
methods of pathogen control. The spiralling 
cost of chemical fungicides, the threat to human 
health, particularly in developing countries, by 
the accumulation of obnoxious chemical resi-
dues due to continuous use of fungicides and 
the development of resistance races to these 
chemicals are now forcing scientists to look for 
methods, which are ecologically friendly, safe 
and specific for pathogens (Joseph et al. 2008; 
Mazid et al. 2011).

Keeping in view the drawbacks of chemicals, 
the use of plant extracts in the management of 
plant diseases is gaining importance. Various 
plant products like plant extracts, essential oils, 
gum, resins etc. were shown to exert biological 
activity in vitro and in vivo and are used as bio-
fungicidal compounds (El-Mougy and Alhabeb 
2009; Fawzi et al. 2009; Al-Askar and Rashad 
2010).

Biological approaches for the control of 
pathogens on aerial surfaces have been worked 
out extensively over the past 30 years (Blakeman 
and Fokkema 1982; Elad 1993; Sahayaraj et al. 
2011). During this period, most approaches em-
ployed for the biological control of diseases of 
aerial plant surfaces have concentrated on the use 
of a single, empirically selected biocontrol agent 
to antagonize a single pathogen (Wilson 1997).

Plants have been known for their medicinal 
and antimicrobial properties since ancient times. 
For this reason, attention has been diverted to 
alternative, safe and economic methods for the 
management of pathogenic microorganisms 
from plant products (Khallil 2001; Begum et al. 
2010). The potential of plant extracts to control 
plant diseases has long been recognized (Ark 
and Thompson 1959). There are approximately 

250,000 species of higher plants, of which only 
5–15 % have been studied for their therapeutic 
value (Rojas et al. 2003). The use of plants for 
human disease control attracts more attention, 
compared with its use in that of plant and animal 
diseases (Newton et al. 2002; Cano and Volpato 
2004). In crop protection studies, various natu-
ral plant products have been identified and em-
ployed to control postharvest diseases (Mekbib 
et al. 2007; Ilondu 2011).

Agave is a plant which produces medically 
useful substances such as vitamins and steroid 
precursors like saponins and fructans (Gentry 
1982; Sanchez et al. 2005; Guleria and Kumar 
2009). The antifungal activity of Agave is due to 
steroidal saponins (Yang et al. 2006). Saponins 
are secondary plant metabolites that occur in a 
wide range of plant species (Hostettmann and 
Marston 1995). The natural role of saponins in 
plants is to provide protection against attack by 
pathogens and pests (Morrissey and Osbourn 
1999). The antifungal activity of steroidal sapo-
nins, particularly against agricultural pathogens, 
has been known for a long time (Wolters 1966; 
Imai et al. 1967; Dimoglo et al. 1985; Sahu et al. 
2008; Zwane et al. 2011).

Other reported activities for this class of com-
pounds include antibacterial (Chattopadhyay 
et al. 2001), anti-insect (Kozukue et al. 2004) 
and anti-yeast activities (Miyakoshi et al. 2000). 
The antifungal potency of these compounds is 
not associated with cytotoxicity to mammalian 
cells (Dini et al. 2001). Because of their anti-pest 
properties, saponins can be utilized for the devel-
opment of insecticidal and fungicidal prepara-
tions (Sparg et al. 2004).

Natural plant products are usually inherently 
less toxic than conventional fungicides, often are 
effective in very small quantities, and generally 
decompose quickly, thereby resulting in lower ex-
posures and largely avoiding pollution problems 
(Huang and Chou 2005; Gupta and Dikshit 2010). 
Considering these issues, the present study was 
undertaken to evaluate the effectiveness of the 
extract from five species of Agave, namely Agave 
americana, Agave ferox, Agave montana, Agave 
scabra and Agave marginata on the growth of six 
pathogenic fungi:  Macrophomina phaseolina, 
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Alternaria porii,  Aspergillus  awamorii, Aspergil-
lus niger, Fusarium udum and Fusarium solani.

37.2  Materials and Methods

37.2.1  Preparation of Fungal 
Inoculum

The fungi M. phaseolina, A. porii, A. niger and F. 
solani were isolated from their host. A. awamorii 
(MTCC-548) and F. udum (MTCC-2204) were 
obtained from Microbial Type Culture Collec-
tion (MTCC), Institute of Microbial Technology 
(IMTECH), Chandigarh, India. The lyophilized 
culture was revived on suitable media and then 
streaked that activated culture on potato-dex-
trose-agar (PDA) plate. After 7 days of growth, 
a disc of fungal culture was cut with 1 cm borer 
diameter and was placed in the centre of the other 
PDA plate. A disc from the peripheral margin of 
the 7-day-old growth of all fungi was used as in-
oculum.

37.2.2  Preparation of Leaves Extract

The leaves of A. americana, A. ferox, A. mon-
tana, A. scabra and A. marginata were col-
lected and washed with cleaned water. Fresh 
weights, 250 g, were measured and were kept 
to dry at 60 °C temperature. Dried leaves were 
grounded into fine powder and extracted with 
80 % methanol for 2 days. The plant debris was 
removed by twice centrifuging at 5,000 × g for 
20 min. The supernatants were collected and 
were allowed to evaporate, then dissolved in 
final volume (i.e. 10 ml) of sterile distilled 
water. These stock solutions were used for an 
antifungal activity against all fungi by media 
poisoning method.

37.2.3  Preparation of Media

The extracts of all the plants to be tested were 
mixed with PDA at 0.5/20 ml distilled water. The 
final volume was made up to 20 ml in glass tubes. 
The media in the tubes was autoclaved at 15 lb 
pressure and 121 °C temperature for 15 min. 
The sterilized medium (20 ml) was then poured 
into the radiation-sterile petri plates (90 × 15 mm 
 diameter) under aseptic conditions.

37.2.4  Inoculation of Fungi

The centre of each poisoned PDA plate (with plant 
extracts) was inoculated with one fungal disc 
(10 mm diameter) of 7-day-old cultured plate. 
Control plates lacked plant extracts. The plates 
were incubated at 28 ± 2 °C for 7 days. The anti-
fungal activities of plant extracts were observed 
every 24 h and noted at the seventh day of incuba-
tion by measuring the diameter of test and control 
in millimetre. The toxicities of plant extracts were 
recorded in terms of percent mycelial inhibition 
(Al-Burtamani et al. 2005) against the test fungi. 
The percent inhibition of hyphal growth was cal-
culated based on the following formula:

37.3  Results and Discussion

In the present study, the extracts of the five 
species of Agave showed antifungal activities 
against the six pathogenic fungi tested by media 
poisoning method, and they failed to inhibit A. 
niger, (Fig. 37.3) and the inhibitory levels were 
 different in all cases. The radial growth assay 
was performed, and results were noted down. At 
the end of the seventh day of growth period, the 
highest percent inhibition was exhibited for M. 
phaseolina by all the extracts. The highest inhi-
bition was observed in A. marginata (64.75 %), 
followed by A. americana (61.69 %), A. ferox 
(59.39 %), A. montana (58.24 %) and the  lowest 

Percent inhibition Diameter of fungal colony in treatments
=

DDiameter of fungal colony in control
1  × 00%
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as 48.66 % in A. scabra. So, four species of 
Agave showed more than 50 % inhibition for M. 
phaseolina (Fig. 37.1).

A. awamorii showed higher growth inhibi-
tion by A. americana (34.44 %) and A. montana 
(34.17 %), followed by A. ferox (30.00 %). There 
was no significant inhibition observed in A. mar-
ginata (18.06 %), and A. scabra failed to show 
any inhibition (Fig. 37.2). For A. niger, no inhibi-
tion was observed in any extract (Fig. 37.3).

F. solani showed maximum inhibition by 
A. ferox (39.34 %), followed by A. americana 
(38.86 %), A. montana (35.55 %), A. scabra 
(31.75 %) and A. marginata (22.27 %; Fig. 37.4). 
On the other hand, F. udum was the least affected 
by these extracts; A. scabra extract was found to 
be ineffective. Amongst these extracts, the high-
est activity was seen in A. marginata (27.61 %), 
followed by A. montana (26.12 %), A. ferox 
(23.88 %), with the least in A. americana (8.00 %; 
Fig. 37.5). A. porii was 29.05 % inhibited by 
A. ferox; A. americana was only able to inhibit 
10.14 % of the hyphal growth, and negligible in-
hibition was shown by A. marginata (5.41 %). A. 
montana and A. scabra act as growth-promoting 
agents (Fig. 37.6).

Bobbarala et al. (2009) reported in their 
study that significant reduction was seen in the 
growth of M. phaseolina with extracts of 49 
plants. M. phaseolina appears to be a non-host-
specific fungus. Physiological specialization of 
the fungus is not well demonstrated. High level 
of variation in morphology, physiology and 

Fig. 37.4  Percent inhibition in hyphal growth of Fu-
sarium solani by different species of Agave

 

Fig. 37.3  Percent inhibition in hyphal growth of As-
pergillus niger by different species of Agave

 

Fig. 37.2  Percent inhibition in hyphal growth of As-
pergillus awamorii by different species of Agave

 

Fig. 37.1  Percent inhibition in hyphal growth of Macro-
phomina phaseolina by different species of Agave

 

A. R. Maharshi and V. S. Thaker



427

pathogenesis has been reported even when iso-
lated from different parts of the same plant (Dh-
ingra and Sinclair 1973; Khan 2007).

Totally contradictory to our finding, Guleria 
and Kumar (2009) have reported that leaf ex-
tracts of A. americana showed antifungal activ-
ity against Alternaria brassicae, a causal agent 
of Alternaria blight of Brassica juncea. The in-
hibitory effect of the plant extracts might be at-
tributed to the presence of antifungal compounds. 
Currently, only limited information is available 
regarding the biological activity of compounds 
isolated from Agave sp. Many workers have re-
ported the antifungal and antimicrobial activity 
of A. americana (Pandey et al. 1992; Jin et al. 
2002; Guleria and Kumar 2009; Chetan et al. 
2010; Khan et al. 2010), while very few studies 

have been carried out on other species of Agave 
(Abdel-Khalik et al. 2002; Verastegui et al. 2008; 
Santos et al. 2009; Hammuel et al. 2011).

Agave lophanta has steroidal saponins with 
activity against stomach ulcers and anti-inflam-
matory properties (Abdel-Khalik et al. 2002). 
Antifungal activity of steroidal saponins from 
A. americana has been reported by Yang et al. 
(2006) against Candida albicans, C. glabrata 
and Aspergillus fumigatus. The antimicrobial 
activity of Agave lecheguilla against pathogens 
such as Clostridium perfringens, Salmonella en-
teritidis, Proteus vulgaris, Y. enterocolitica, Ac-
tinomycetes and molds has been also reported 
(Verastegui et al. 1996). Verastegui et al. (2008) 
have also reported the antimicrobial activity of A. 
scabra and Agave picta extracts in Escherichia 
coli, Listeria monocytogenes, Staphylococcus 
aureus and Vibrio cholerae.

Saponins also exhibit anticholesterolemic, an-
ticancer (Haridas et al. 2001; Afrose et al. 2009), 
adjuvant (Behboudi et al. 1999; Ragupathi et al. 
2010) and haemolytic (Oh et al. 2000; Hassan 
et al. 2010) activities. Some saponins have 
negative effects and were detrimental to human 
health; steroidal glycoalkaloids can be toxic 
when they are ingested (Friedman 2002). Sapo-
nins produced complexes with sterols and cause 
sterol-dependent membrane permeabilization 
(Morrissey and Osbourn 1999). The antifungal 
activity of saponins was generally attributed to 
this membrane permeabilizing property. Some 
fungi were resistant to the toxic effects of sa-
ponins because they have little or no sterols in 
their membranes, while others produce enzymes 
which specifically detoxify the saponins of their 
host plant (Osbourn et al. 1995; Ito et al. 2004; 
Coleman et al. 2010).

Natural chemicals and their use for integrated 
plant protection is one of the main interest areas 
of research workers all over the world (Kiran et al. 
2006; Joseph et al. 2008; Chandler et al. 2011). 
The results of present investigation are clear indi-
cation of the potential that plant extracts and their 
compounds can be used to control fungal patho-
gens. It is evident from the results that all the plant 
extracts significantly inhibited the radial growth 
of isolated fungus. The formulation studies of 

Fig. 37.6  Percent inhibition in hyphal growth of Al-
ternaria porii by different species of Agave

 

Fig. 37.5  Percent inhibition in hyphal growth of Fu-
sarium udum by different species of Agave
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the plant extracts can be successfully devised as 
fungicides using a simple process with minimum 
instrumentation and few chemical agents.

An interesting observation was that some of 
the test chemicals showed stimulation rather than 
inhibition. Stimulation of radial mycelial growth 
of fungi with test chemicals may be due to uti-
lization of the chemicals or/of their degradative 
products (fungal enzymes) by the fungi for their 
growth and development; for this, the mode of 
action should be worked out. The mode of ac-
tion of saponins in imparting antifungal activity 
is not fully understood; according to one possible 
mechanism, their activity could be due to their 
ability to form complexes with sterol constituents 
of fungal cell membranes, leading to the loss of 
membrane structure (Keukens et al. 1995; Mor-
rissey and Osbourn 1999; Simons et al. 2006; 
Shukla et al. 2011).

In view of the harmful effects associated with 
the use of synthetic chemical fungicides, the 
worldwide trend calls for environmentally safe 
methods of plant disease control such as bio-
logical control, use of induced resistance by bi-
otic and abiotic means (Lyon et al. 1995; Guleria 
et al. 2005; Guleria and Kumar 2006a) and the 
use of biodegradable natural products, especial-
ly from medicinal plants (Prithiviraj and Singh 
1995; Guleria and Kumar 2006b; Begum et al. 
2010) for sustainable agriculture. The present 
work may add one more building block in this 
research field.

37.4  Conclusions

On the basis of results, it is concluded that the 
Agave species are important for the development 
of a bio-fungicide preparation for the manage-
ment of fungal pathogens of crop plants. How-
ever, this activity could differ depending on the 
method used to determine it and on its applica-
bility in different processes. The biological ac-
tivity exhibited by the Agave species and their 
wide geographic distribution suggest that, in fu-
ture, Agaves may have applications important to 
human health and medicine, in addition to their 
traditional uses.
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Abstract

A total of 299 fungal isolates were obtained from 33 soil samples collected 
from different regions of Haryana. All the isolates were screened for extra-
cellular phytase production on phytase-screening medium. Among all the 
isolates, 97 isolates were found positive for phytase production. After re-
peated screening, ten potent phytase-producing fungi were selected. Select-
ed fungi were screened for phytase production using quantitative screening. 
Phytase-producing fungal isolates belonged to the genera of Aspergillus, 
Penicillium and Trichoderma. Aspergillus sp. 50 was found to be the best 
phytase producer in liquid medium.

38.1  Introduction

Phosphorus is an essential element for the growth 
of all living organisms; therefore, feed must be 
supplemented with inorganic phosphorus in order 
to meet the requirements of animals (Vohra and 
Satyanarayana 2003; Vats and Banerjee 2004; 
Singh and Satyanarayana 2011, Singh et al. 
2012). One-third of phosphorus is present in soil 
in digestible inorganic form and two-thirds of or-
ganic phosphorus is present in the form of phytin, 

which is a mixture of calcium–magnesium salts 
of inositol hexaphosphoric acid, known as phytic 
acid (Maga 1982; Singh and Satyanarayana 2011, 
Singh et al. 2012). Phytic acid is the main constit-
uent of animal diet, but it cannot be digested by 
monogastric animals due to the lack of adequate 
levels of phytases in their digestive tract (Maenz 
and Classen 1998; Boling et al. 2000; Singh and 
Satyanarayana 2011). The unabsorbed phospho-
rus passes into the environment with faeces and 
causes environmental pollution due to eutrophi-
cation (Mullaney et al. 2000). Reduction of inor-
ganic phosphate supplementation to animal feed 
reduces phosphorus in the manure by about 33 %, 
thus cutting the pollution burden by one-third. 
This type of pollution can be reduced to some ex-
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tent with the help of phytate-degrading enzyme, 
i.e. phytase (Singh et al. 2011, 2012).

Phytases (myo-inositol hexaphosphate phos-
phohydrolase) hydrolyze phytic acid to myo-ino-
sitol and inorganic phosphates through a series 
of myo-inositol phosphate intermediates, and 
eliminate its anti-nutritional properties (Wodz-
inski and Ullah 1996; Singh et al. 2011). Phytic 
acid ( myo-inositol 1,2,3,4,5,6 hexakisdihydrogen 
phosphate) is the major storage form of phos-
phorus abundantly present in plant-derived food 
materials (1–5 % by weight), such as edible 
legumes, cereals, oil seeds and nuts (Wodzinski 
and Ullah 1996; Vats and Banerjee 2004; Greiner 
and Konietzny 2006; Rao et al. 2009; Singh et al. 
2011). Phytic acid form complexes with some 
metal ions (Ca2+, Mg2+, Fe2+, Zn2+) and proteins, 
resulting in their decreased dietary availability 
(Wodzinski and Ullah 1996; Vats and Banerjee 
2004, Singh and Satyanarayana 2011; Singh 
et al. 2011). Phytic acid can be removed by some 
physical (autoclaving, cooking) or chemical (ion 
exchange, acid hydrolysis) methods, but these 
methods negatively affect the nutritional value 
of the food (Singh et al. 2011). Therefore, the 
reduction of phytic acid content in foods and 
feeds by enzymatic hydrolysis using phytase is 
desirable, which improves the nutritional value 
of the foods. This enzyme also has potential 
applications in other fields and is of immense 
commercial value primarily in feed and food in-
dustries (Singh et al. 2011).

A large number of fungi have been reported to 
produce phytases (Vohra and Satyanarayana 2003; 
Vats and Banerjee 2004; Singh and Satyanarayana 
2011; Singh et al. 2011, 2012). Most of the scien-
tific work has been done on microbial phytases, 
especially those originating from filamentous 
fungi such as Aspergillus niger, Mucor piriformis 
(Vats and Banerjee 2005), Sporotrichum thermo-
phile BJTLR50 (Singh and Satyanarayana 2009), 
Thermomucor indicae seudaticae ATCC28404, 
Myceliophthora thermophila ATCC48102 
(Mitchell et al. 1997), Thermoascus aurantiacus 
(Nampoothiri et al. 2004), A. niger NCIM 563 
(Shah et al. 2009), A. niger st-6 (Tahir et al. 2010) 
and A. tamari (Shah and Trivedi 2012). In view 
of industrial importance, the ultimate objective 

of the present investigation is to isolate fungi for 
extracellular phytase production and establish 
conditions for its industrial application. So, one 
attempt was made to isolate and screen fungi for 
extracellular phytase production. This paper de-
scribes the isolation and screening of mesophilic 
moulds for extracellular phytase production.

38.2  Materials and Methods

38.2.1  Isolation and Maintenance  
of Mesophilic Fungi

Soil fungi were isolated from various soil samples 
collected from different parts of Haryana on phy-
tase-screening medium (PSM) containing (g/L) 
D-glucose 15, calcium phytate 3, ammonium sul-
phate 5, magnesium sulphate 5, potassium chlo-
ride 5, ferrous sulphate 0.01, manganese sulphate 
0.01, agar–agar 20 (pH 5.5). One gram of sample 
was suspended in 100 ml normal saline and incu-
bated at 30 °C and 200 rpm for 1 h. The serially 
diluted soil samples were plated on PSM agar. The 
medium was supplemented with antibiotics like 
ampicillin/streptomycin (50 µg/ml) to suppress 
the bacterial growth. Any colony that developed 
in media and developed a clear zone in medium 
was taken as phytase positive. Phytase-producing 
fungus produced a hydrolysis zone by the activ-
ity of phytase. Stock cultures are maintained on 
potato dextrose agar (PDA) slants at 4 °C.

38.2.2  Qualitative Screening Using 
Double-Staining Method

The phytase-producing isolates were further 
screened in the medium containing sodium phy-
tate instead of calcium phytate in order to avoid 
false selection in case of acid-producing mi-
crobes (Bae et al. 1999). These acids secreting 
into the medium caused solubilization of calcium 
phytate. After incubation at 30 °C for 48–72 h, 
the plates were flooded with 2 % (w/v) cobalt 
chloride and incubated at room temperature for 
5 min. The cobalt chloride solution was replaced 
with a freshly prepared solution containing equal 
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volumes of a 6.25 % (w/v) ammonium molybdate 
and a 0.42 % (w/v) ammonium vanadate solu-
tion. The plates were incubated for 5 min at room 
 temperature and then the solution was decanted 
off, and the plates were observed for zone of hy-
drolysis (Bae et al. 1999).

38.2.3  Quantitative Screening: 
Screening for Phytase 
Production in Shake Flasks

The phytase-producing fungi selected by qualita-
tive screening were screened for phytase produc-
tion in liquid medium. A total of 50 ml of phytase 
production broth in 250 ml Erlenmeyer flasks 
containing (g/L) starch 10, glucose 30, magne-
sium sulphtate 0.5, potassium chloride 0.05, fer-
rous sulphate 0.1, ammonium sulphate 5 (pH 5.0) 
was autoclaved, inoculated with 1 ml spore sus-
pension and incubated at 30 °C and 200 rpm for 
3 days. The contents of the flasks were filtered 
through Whatman no. 1 filter paper, and cell-
free culture filtrates were used in phytase assays 
as described earlier (Singh and Satyanarayana 
2009).

38.2.4  Measurement of Phytase 
Activity

Phytase was assayed by determining the amount 
of phosphate liberated (Fiske and Subbarow 1925) 
using calcium phytate as the substrate (Singh 
and Satyanarayana 2009). The reaction mixture 
consisted of 0.5 ml acetate buffer (0.1 M, pH 4.0 
containing 2.0 mM calcium phytate) and 0.5 ml 
of crude enzyme. After incubation for 10 min at 
50 °C, the reaction was stopped by adding 1 ml 
of 10 % tricholoroacetic acid. The amount of 
free phosphate released was determined spectro-
photometrically at 660 nm. One unit of phytase 
is defined as the amount of enzyme required to 
liberate 1 nmol of inorganic phosphate ml-1 s-1 
under the assay conditions using KH2PO4 as the 
standard.

38.2.5  Selection of Potent Phytase-
Producing Fungal Isolates

After repeated screening, the best phytase pro-
ducing isolates were further screened in liquid 
medium. After incubation for 3 days, the cell-
free culture filtrates were used in determination 
of phytase activities as described earlier.

38.3  Results and Discussion

Phytates have been considered a threat in human 
diet due to their anti-nutritional behaviour, 
known as strong chelators of divalent minerals, 
proteins, carbohydrates and enzymes (Wodzin-
ski and Ullah 1996; Vohra and Satyanarayana 
2003; Vats and Banerjee 2004; Singh and Saty-
anarayana 2011; Singh et al. 2011). The reduc-
tion of this phytates can be achieved through 
both enzymatic and nonenzymatic removal. En-
zymatic degradation includes addition of either 
isolated form of wild-type or recombinant ex-
ogenous phytate-degrading enzyme carrying mi-
croorganisms in the food matrix. However, there 
are still limited sources of phytase suited for 
all food application. Thus, screening for ideal 
phytase with more improved properties and 
engineering phytases in order to optimize their 
catalytic and stability features are of research in-
terest (Greiner and Konietzny 2006; Singh and 
Satyanarayana 2011).

In the present investigation, we have isolated 
299 fungal cultures from 33 soil samples col-
lected from different parts of Haryana. Extracel-
lular phytase activity was displayed by a large 
number of isolates. During the initial screen-
ing of fungi for phytase production, 97 fungi 
showed zone of hydrolysis on PSM agar plates 
(Fig. 38.1). Among these isolates, 40 isolates 
of fungi showed high phytase production as 
compared to others on the basis of ratio of di-
ameter of zone of hydrolysis and fungal colony 
(Table 38.1). Extracellular phytase production 
was shown clearly in 40 fungal isolates. Simi-
lar findings were observed earlier by Shieh and 
Ware (1968). They isolated more than 2,000 cul-
tures from 68 soil samples in enrichment culture 
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medium and found extracellular phytase activity 
mainly among the various fungal isolates. How-
ever, the number of isolates-producing phytase 
was significantly lower than the total number. 
Howson and Davis (1983) examined 84 fungi 
from 25 species for the production of extracellu-
lar phytase. Only 58 fungal strains showed sub-
stantial phytase activity. Among the large num-
ber of fungal isolated from soils collected from 
Korea, only five colonies, fungal strain L002, 
L102, L116, L117 and L121, displayed the larg-
est clearing zones in  comparison to others (Lee 
et al. 2005). The screening of 203 fungal strains 
resulted in the selection of Aspergillus sp. 307, 
which synthesizes both acid phosphatase and 
phytase acting equally well at pH 5.0 and 2.5 
(Gargova et al. 1997).

All the 40 fungal isolates were further 
screened on PSM agar containing sodium phy-
tate instead of calcium phytate. It was observed 
that only 19 fungi were able to grow and show 
clear zone of hydrolysis after double-staining 
method (Bae et al. 1999; Table 38.2). This could 
be explained by the formation of various acids 
like acetic acid, mallic acid, etc., which solubi-
lize calcium phytate and result in zone forma-
tion. These acids lower the pH of the medium and 
hence increase the solubility of calcium phytate 

(Bae et al. 1999). The number of phytase-produc-
ing fungi were reduced, when they were grown 
in PSM broth. Similar findings were made earlier 
(Shieh and Ware 1968, Howson and Davis 1983, 
Gargova et al. 1997, Lee et al. 2005, Kumar et al. 
2011).

After final screening by double-staining 
method, 10 fungi were selected and phytase pro-
duction was compared in liquid medium. Only 
four fungi were able to produce phytase extra-
cellularly in which three isolates belong to genus 
Aspergillus and one to Trichoderma (Fig. 38.2). 
It has been evident from other report that Asper-
gillus spp. are the predominant phytase produc-
ers in majority of the studies carried out on fungi 
(Shieh and Ware 1968; Howson and Davies 
1983, Lee et al. 2005).

38.4  Summary and Conclusions

In this investigation, we have isolated 299 fun-
gal isolates from different soil samples collected 
from various regions of Haryana. Among all the 
isolates, 97 isolates were found positive for phy-
tase production as revealed by zone of hydrolysis. 
These selected fungi were screened for phytase 
production using quantitative screening. Phytase-

Fig. 38.1  Calcium phytate agar plates showing zones of hydrolysis by different fungal isolates
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producing fungal isolates belong to the genera of 
Aspergillus, Penicillium, Trichoderma, etc. Fun-
gal isolate Aspergillus sp. 50 was found to be the 
best phytase producer in the liquid medium.

Acknowledgement The authors wish to thank the Univer-
sity Grants Commission (UGC), New Delhi for providing 
financial assistance during the course of this investigation.

Table 38.1  Calcium phytate hydrolysis zone by various fungal isolates
S. No. Fungal isolates Hydrolysis zone/colony diameter (cm)
1 Isolate-1 4/2
2 Isolate-3 7/3.8
3 Isolate-5 6.5/3
4 Isolate-6 3.5/1.7
5 Isolate-7A 3/1.5
6 Isolate-7B 8/5.5
7 Isolate-8A 8.5/5.5
8 Isolate-8B 7.5/4.8
9 Isolate-9 No zone
10 Isolate-10 3.8/1.5
11 Isolatee-12 3.5/1.7
12 Isolate-13A 4/1
13 Isolate-13B 3.6/1.5
14 Isolate-14A 4/2.5
15 Isolate-14B 6/3
16 Isolate-14C 3/1.4
17 Isolate-14D 3/1.6
18 Isolate-15A 2.1/1.8
19 Isolate-15B 2.4/1.4
20 Isolate-16A 3/2.4
21 Isolate-16B 6.7/3.0
22 Isolate-16C 4/1.8
23 Isolate-16D 2.7/1.7
24 Isolate-16E 2.2/1.2
25 Isolate-18A 3.2/1.8
26 Isolate-18B 3.5/2.1
27 Isolate-18C No zone
28 Isolate-19 3.5/1.9
29 Aspergillus sp. 49 8/3.8
30 Aspergillus sp. 50 7/2.5
31 Aspergillus sp. 51 8/3.8
32 Trichoderma sp. 199 8/4.5
33 Aspergillus sp. 224 Ca

34 Aspergillus sp. 244 6.5/5.3
35 Aspergillus sp. 251 Ca

36 Fusarium sp. 255 5.5/1.8
37 Trichoderma sp. 256 6/3
38 Aspergillus sp. 262 8.5/6.3
39 Penicillum sp. 273 5.7/2.5
40 Aspergillus sp. 284 8.5/4.6
a Complete hydrolysis of calcium phytate



436

Fungal isolates

Aspergillus sp. 50

Aspergillus sp. 49

Aspergillus sp. 51

Trichoderma sp. 199

P
hy

ta
se

 p
ro

du
ct

io
n 

(U
/L

)

0

200

400

600

800

1000

1200

1400

1600

1800

B
io

m
as

s 
(g

/L
)

0

5

10

15

20

25

Fig. 38.2  Phytase production by selected fungal isolates in liquid medium at 30 °C and 200 rpm after 3 days

 

Table 38.2  Hydrolytic zone by selected fungal isolates on PSM agar containing sodium phytate using double-staining 
method
Sl. no. Fungal isolates Hydrolytic zone/colony diameter (cm)
1 Isolate-1 2.8/1.1
2 Isolate-7A 2.8/1.3
3 Isolate-7B 2.0/1.8
4 Isolate-8A 2.3/1.6
5 Isolate-8B Full plate
6 Isolate-10 No zone
7 Isolate-14A 3.3/2.2
8 Isolate-14B 1.9/1.7
9 Isolate-14C 1.8/1.6
10 Isolate-16A 2.2/0.5
11 Isolate-16B 0.7/0.5
12 Isolate-19 1.0/0.8
13 Aspergillus sp. 49 2.9/2.7
14 Aspergillus sp. 50 5.0/2.0
15 Aspergillus sp. 51 3.3/1.8
16 Trichoderma sp. 199 5.8/5.5
17 Aspergillus sp. 251 2.4/2.2
18 Aspergillus sp. 262 No zone
19 Penicillum sp. 273 1.8/1.2
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Abstract

Two species of Bacillus exhibiting laccase activity were screened from 
earthworm cast and soil samples. The M162 medium with 5 mM guaiacol 
was used for isolating bacterial strains capable of oxidizing guaiacol. One 
species was identified as Bacillus pumilus and the other as Bacillus lichen-
iformis based on the result of biochemical tests and 16S rDNA analysis. 
B. pumilus and B. licheniformis could grow at temperature ranging from 
30–55 °C and showed optimum growth at temperature 37 °C and pH 8.0 
and 5.0. Laccase activity was maximum at 37 °C and pH 7.0. They were 
found positive for different hydrolytic enzymes. The dyes toluidine blue O 
and rose bengal were degraded within 24 h.

Keywords 

Bacillus pumilus · Bacillus licheniformis · Bacterial laccase · Hydrolytic 
enzymes

39.1  Introduction

Laccases are defined in the Enzyme Commission 
(EC) nomenclature as oxidoreductases acting on 
diphenols and related substances using molecu-
lar oxygen as acceptor. Laccases (EC 1.10.3.2) 
couple the four electron reduction of molecular 

oxygen to water with the oxidation of a broad 
range of substrates including phenols, aryl-
amines, anilines, and thiols (Thurston 1994). Fur-
thermore, laccases are also capable of perform-
ing polymerization, depolymerization, methyla-
tion, and demethylation reactions (Solomon et al. 
1996; D’Annibale et al. 2000; Ullah et al. 2000; 
Held et al. 2005). Because of their wide substrate 
activity, laccases have received broad interest 
for their biotechnological applications in paper 
pulping, dye decolourization, wood composite 
production, bioremediation, denim refining, tex-
tile cleaning, juice and wine clarification, biosen-
sor and biofuel cell design (Couto and Herrera 
2006; Desai and Nityanand 2011), synthesis of 
natural products like pigments and antioxidants 
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through dimerization of phenolic and nonpheno-
lic acids, manufacture of new compounded mate-
rial from lignin waste (Hüttermann et al. 2001), 
detoxification of environmental pollutants, 
and revalorization of wastes and wastewaters 
(Mayer and Staples 2002; Saparrat et al. 2002a; 
Jurado et al. 2009).

The first laccase was studied from Rhus ver-
nicifera in 1883, a Japanese lacquer tree (Yo-
shida 1883). Laccases are widely distributed in 
plants, fungi, bacteria, and insects (Gregory and 
Bendall 1966; Givaudan et al. 1993; Alexandre 
and Zhulin 2000; Sato et al. 2001; Heinzkill and 
Messner 1997; Hattori et al. 2010), performing 
specific functions in each; in higher plants, these 
enzymes participate in the synthesis of lignin 
(Sato et al. 2001). In fungi, they play a role in 
lignin degradation, pigment formation, detoxifi-
cation, and pathogenesis (Williamson 1994; Eg-
gert et al. 1996; Nosanchuk et al. 1999). In bac-
teria, laccases are found to have roles in melanin 
production, spore coat resistance, involvement 
in morphogenesis, and detoxification of copper 
(Kuznetsov et al. 1984; Roberts et al. 2002; Shar-
ma et al. 2007). In insects, laccases have been 
suggested to be active in cuticle sclerotization 
and catalyse cuticle tanning (Dittmer et al. 2004; 
Sharma and Kuhad 2008).

The bacterial laccases may have many advan-
tageous properties compared to classical fungal 
laccases because of their highly efficient expres-
sion, much higher thermostability (example is 
CotA), which is higher than fungal laccases (Mar-
tins et al. 2002), and alkaline torelancy (such as 
Lbh1 from Bacillus halodurans C-125) that may 
be useful for paper pulp bleaching (Ruijssenaars 
and Hartmans 2004). Since spores allow micro-
organisms to survive under extreme conditions, 
spore coat enzymes might also withstand high 
temperatures or extreme pH values. Spore lac-
cases which are active in the alkaline pH range 
could be used for industrial and biotechnological 
applications (Held et al., 2005).

Furthermore, existence of intron in fungal 
laccase genes, formation of disulfide bridges, and 
glycosylation of fungal laccase are also frequent-
ly obstructive. Despite such stability and the 
numerous advantages that prokaryotic enzyme 

production may offer over eukaryotic production, 
until now the majority of laccases characterized 
have been derived from fungi especially from 
white-rot basidiomycetes, and only a few bacte-
rial laccases have been completely purified and 
characterized (Sharma et al. 2007; Singh et al. 
2007; Koschorreck et al. 2008). Industrial or bio-
technological use of bacterial laccase is still not 
viable because of its extremely low yield (Endo 
et al. 2003; Suzuki et al. 2003). Therefore, there 
is a need to find novel bacterial laccases with 
potential industrial relevance through the explo-
ration of natural diversity and also to improve 
the yield which can have tremendous laccase 
applications.

Due to the diverse roles played by laccase in 
different organisms and its wide range of bio-
technological applications, the present investiga-
tion was planned for the isolation and screening 
of laccase-producing bacteria from soil samples. 
In the present study, we have isolated two ther-
motolerant Bacillus strains having wide pH sta-
bility, capable of producing laccase, and having 
dye decolourization abilities. The isolates were 
also found to be positive for different hydrolytic 
enzymes like xylanase, cellulose, pectinase, and 
α-amylase.

39.2  Materials and Methods

39.2.1  Isolation and Screening  
of Bacteria

For isolation, earthworm cast and soil samples 
were collected from decomposing leaf litter from 
forest canopy, Rohtak, Haryana. The samples 
were diluted and plated on M 162 agar plates 
containing 5 mM guaiacol and incubated at 37 °C 
for 96 h and also on nutrient agar medium con-
taining (g/L) 5 g peptone, 5 g sodium chloride, 
1.5 g beef extract, 1.5 g yeast extract, and 2 g agar 
and were incubated at 37 °C for 24 h (Figs. 39.1 
and 39.2). The bacterial colonies obtained were 
further screened for laccase production by plate 
assay using 25 mM guaiacol in 100 mM citrate-
phosphate buffer (pH 5.2), used as substrate.

D. Singh et al.
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39.2.2  16S rRNA Sequencing  
and Analysis

DNA was isolated using standard protocol 
(Sambrook et al. 1989). The polymerase chain  
reaction (PCR) products comprising the par-
tial 16S rDNA sequence were generated and 
sequenced using 50 ng template, 20 pmol 
each of 16S rDNA primers (forward primer 
5′AGAGTTTGATCCTGGCTCAG3′ and reverse 
primer 5′ACGGCTACCTTGTTACGAC3′), 10 × 
PCR buffer (Tris/HCl, pH 8.4, 200 mM; KCl, 
500 mM; MgCl2, 15 mM), Taq DNA polymerase 
(1 unit) in 100 µl. The thermal program consisted 

of 30 cycles of 95 °C for 30 s, 60 °C for 40 s and 
72 °C for 2 min). The last cycle was for 10 min 
at 72 °C. The amplified products were run on 
1 % agarose electrophoresis gel (Fig. 39.3) and 
the desired band was purified using HiYieldTM 
Gel/PCR DNA Mini Kit (Real Genomics, RBC). 
The purified products were sequenced from 
the University of Delhi, South Campus by an 
ABI PRISM 310NT Genomic Analyzer (Perki-
nElmer) using a BigDye Terminator Cycle-
Sequencing Kit. The nucleotide sequence data 
obtained were then analyzed using the NCBI da-
tabases blastn. The sequences were submitted to 
GenBank (accession no. Bacillus pumilus strain 

Fig. 39.1  Growth of Bacillus pumilus DSKK1 on different media. a Morphological colony appearance on nutrient agar 
medium. b Reddish brown appearance of colonies on M162 medium indicates laccase production as compared with 
control. c Qualitative plate assay using guaiacol as a substrate gives intense red colouration which confirms the pres-
ence of intracellular laccase. d Qualitative plate assay for cellulose. e α-amylase. f Xylanase. g Pectinase. h Protease
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DSKK1: JQ639010 and Bacillus licheniformis 
strain DSKK2: JQ639011).

39.2.3  Phylogenetic Tree 
Constructions

Sequences were aligned using ClustalW with 
default settings. Phylogenetic relationships 
(Fig. 39.4) were inferred by two different meth-
ods using the MEGA analysis tool version 3.5: 

maximum parsimony with statistical support 
obtained by generating 500 bootstrap repli-
cates or UPGMA clustering based on the Day-
hoff PAM250 matrix with statistical support by 
generating 100 bootstrap replicates. Sequences 
have been deposited in the GenBank.

Fig. 39.2  Growth of Bacillus licheniformis DSKK2. a Morphological colony appearance on nutrient agar medium. 
b Reddish brown appearance of colonies on M162 medium indicates laccase production as compared with control.  
c Qualitative plate assay using guaiacol as a substrate gives intense red colouration which confirms the presence of 
intracellular laccase. d Qualitative plate assay for cellulose. e α-amylase. f Xylanase. g Pectinase. h Protease
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39.2.4  Optimization of Growth 
Conditions

39.2.4.1  Effect of pH

The effect of pH range 3–10 on the growth of the 
bacteria was studied. The cultures were grown in 
250 ml Erlenmeyer flask containing 50 ml nutri-
ent broth media with different pH and incubated 
at 37 °C, 200 rpm for 24 h. The medium without 
inoculation was considered as control. The dif-
ference in growth at varying pH was measured 
using spectrophotometer at 600 nm.

39.2.4.2  Effect of Temperature
1.1.1. The effect of varying temperatures 30, 37, 
45, 50, and 55 °C on the growth of the bacteria 
was studied. The cultures were grown in 250 ml 
Erlenmeyer flask containing 50 ml nutrient broth 
media incubated at different temperatures at 
200 rpm for 24 h. The medium without inocula-
tion was considered as control. The difference in 
the growth at varying temperature was measured 
using spectrophotometer at 600 nm.

39.2.4.3  Effect of rpm
1.1.2. The effect of varying rpm (150, 200, and 
250 rpm) on the growth of the bacteria was stud-
ied. The cultures were grown in 250 ml Erlen-
meyer flasks containing 50 ml nutrient broth 
media and incubated at 37 °C and varying rpm 

for 24 h. The medium without inoculation was 
considered as control. The difference in growth 
at varying rpm was measured using spectropho-
tometer at 600 nm.

39.2.4.4  Effect of Amount of Inoculum
The effect of the amount of inocula at 0.2, 0.4, 
0.6, 0.8, and 1 ml on the growth of the bacteria 
was studied at every 2 h interval. The cultures 
were grown in 250 ml Erlenmeyer flask contain-
ing 50 ml nutrient broth media incubated at 37 °C 
200 rpm for 24 h. The medium without inocula-
tion was considered as control. The difference in 
the growth with varying amount of inoculum was 
measured by using spectrophotometer at 600 nm.

39.2.5  Harvesting Intracellular 
Laccase

Bacterial isolates were grown in Luria-Bertani 
broth media and incubated at 37 °C for 72 h. 
Thereafter, the cultures were centrifuged at 
10,000 rpm for 3 min at 4 °C. The pellet was dis-
solved in minimum amount of citrate-phosphate 
buffer, pH 7. The cells were then sonicated to 
harvest intracellular laccase. Laccase assay for 
extracellular and intracellular laccases was done 
with guaiacol as substrate.

39.2.6  Laccase Assay

39.2.6.1  Qualitative Assay of Spore 
Laccase

The cultures were grown in three different 
250 ml Erlenmeyer flasks containing 50 ml 
Luria-Bertani broth medium at 37 °C, 200 rpm 
for 72 h. Laccase is a secondary metabolite and 
is produced by the culture under stressed condi-
tions. Heat shock treatment increases laccase 
production (Wang et al. 2012). Stress was given 
by transferring the flasks to higher temperature. 
One flask was transferred to 50 °C and one to 
55 °C for 24 h. The culture was centrifuged at 
10,000 × g for 3 min at 4 °C. The pellet was dis-
solved in minimal amount of citrate phosphate 
buffer, pH 7. A total of 200 µl of culture pellet 

Fig. 39.3  Agarose gel electrophoresis showing band 
of 16S rDNA sequence. a Bacillus pumilus DSKK1. 
b Bacillus licheniformis DSKK2. c Bacillus firmus 
DSKK3 and d 1 Kb marker
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was added to 200 µl of guaiacol solution (25 mM 
guaiacol in 100 mM citrate-phosphate buffer, 
pH 7). After vortexing for few seconds at room 
temperature, incubation was done at 37 °C for 
30 min. Appearance of reddish-brown colour 
showed the presence of laccase.

39.2.6.2  Qualitative Assay of Spore 
Laccase

The cultures were grown in 250 ml Erlenmeyer 
flasks containing 50 ml Luria-Bertani broth me-
dium at 37 °C, 200 rpm for 210 h. One flask was 
withdrawn every 24 h, and the culture was cen-
trifuged at 10,000 × g for 5 min at 4 °C. The pel-
let was dissolved in minimal amount of citrate-
phosphate buffer, pH 7.0. Thereafter, 250 µl of 
guaiacol solution was added to 250 µl of culture 
pellet (25 mM guaiacol in 100 mM citrate-phos-
phate buffer, pH 7.0). After vortexing for few 
seconds at room temperature, incubation was 
done at 37 °C for 30 min. The laccase activity 
was measured at 460 nm. One unit of laccase was 
defined as the change in absorbance of 0.01/ml/
min at 460 nm.

39.2.7  Decolourization of Dyes by 
Bacterial Culture

Decolourization of dyes by the bacterial cultures 
for malachite green, congo red, xylidine ponceau, 
remazol brilliant blue R (50 mg/L), methylene 
blue, rose bengal, toluidine blue O, lissamine 

green B, bromophenol blue indicator, and crys-
tal violet (25 mg/L) was studied on Luria-Bertani 
agar plates incubated at 37 °C for 48 h.

39.2.8  Production of Hydrolytic 
Enzymes

The qualitative plate assay for the production of 
hydrolytic enzymes by the cultures was studied 
on modified Horikoshi agar medium containing 
yeast extract 0.5 %, peptone 0.5 %, MgSO4.7H20 
0.01 %, KH2PO4 0.1 %, and agar 2.0 % and 
birchwood xylan 0.25 %, carboxymethyl cellu-
lose 0.5 %, starch 0.25 %, and citrus pectin 0.25 % 
for xylanase, cellulase, α-amylase, and pectinase, 
respectively. The plates were incubated at 37 °C 
for 24 h and the visible clear zone surrounding the 
culture showed the production of the hydrolytic 
enzyme.

39.3  Results and Discussion

Approximately 204 bacterial isolates were ob-
tained from soil samples, of which 30 were found 
positive for laccase production. Out of 59 isolates 
obtained from earthworm cast, seven were found 
positive for laccase production as they gave an 
intense reddish-brown colony on M162 agar 
plates containing 5 mM guaiacol (Figs. 39.1b 
and 39.2b). Degryse et al. (1978) and Bains 
et al. (2003) used similar media for the screening 

D. Singh et al.

Fig. 39.4  Phylogenetic tree using Mega 5 software of the bacterial strain Bacillus pumilus DSKK1 and Bacillus li-
cheniformis DSKK2. The ITS sequence of Ganoderma lucidium was used as outgroup species
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of laccase-producing bacteria from industrial 
wastewater-drained soil. Laccase production by 
the isolates was confirmed by qualitative plate 
assay of 48-h-old culture with 25 mM guaiacol 
in 100 mM citrate-phosphate buffer, pH 5.2 
(Figs. 39.1c and 39.2c).

Both the isolates were Gram-positive rods. 
They were endospore forming and catalase 
positive identified as Bacillus. Further, biochem-
ical characterization showed them to be oxidase, 
methyl red, and Voges–Proskauer positive but 
indole and hydrogen sulfide negative. Citrate 
was utilized by the isolate from the soil sample 
but not by the isolate from the earthworm cast 
(Table 39.1).

Using 16S rDNA sequencing, the best laccase-
producing isolate obtained from earthworm cast 
was identified as B. pumilus DSKK1 (accession 
no. JQ639010) and that from soil samples as B. 
licheniformis DSKK2 (accession no. JQ639011). 
Phylogenetic tree was constructed using MEGA 
analysis tool version 3.5. The phylogenetic tree 
showed close resemblance among the same spe-
cies. Bacillus safensis FFA40 was in the same 
clad with B. pumilus species which reveals high 
evolutionary similarity. The ITS sequence of 
Ganoderma lucidum NW407 was used as out-
group species.

The growth conditions for the cultures were 
optimized for different parameters such as pH, 
temperature, rpm, and amount of inoculum. 
B. pumilus DSKK1 was able to grow at a pH 
range of 4–10, but the maximum growth was at 

pH 8 (Fig. 39.5) while B. licheniformis DSKK2 
was able to grow at a pH range of 3–10, but the 
maximum growth was at pH 5. The cultures 
were found to be thermo tolerant as they showed 
growth at 50 °C but the optima for B. pumilus 
DSKK1 and for B. licheniformis DSKK2 was 
at 30 °C (Fig. 39.6). Previous workers have also 
reported thermostable cot A laccase from B. 
pumilus that showed biocatalytic activity (Reiss 
et al. 2011). The optimum agitation for growth 
was found to be 150 rpm. The effect of differ-
ent amount of inocula was studied at every 2 h 
time interval for 24 h. The growth of bacteria was 
directly proportional to the amount of initial in-
ocula. The growth was maximum in the case of 
the highest amount of primary inocula and vice 
versa. Previous studies show the inoculum size 
plays significant role in production of enzymes 
like xylanase (Mittal et al. 2013), protease 
(Daniel et al. 2013), and laccase (Yesilada et al. 
1997; Patel et al. 2009).

Expression of laccase is induced in response 
of glucose starvation (Nurudeen and Ahearn 
1979; Polacheck et al. 1982). So, the cultures 
were grown in Luria-Bertani broth medium as 
it lacks carbon source. With the increase in the 
incubation temperature, there was a gradual de-
crease in laccase activity. Activity was maximum 
at temperature 37 °C, and it decreased with in-
creasing temperature from 50 to 55 °C (Fig. 39.7). 
Similarly, in earlier reports, the brown pigmen-
tation of Cryptococcus neoformans, which is 
due to laccase, was enhanced by low glucose 

Sl. no. Characteristic feature Isolate 1 Isolate 2
1. Gram stain + +
2. Morphology Rod Rod
3. Cellulose utilization + +
4. Xylan utilization + +
5. Pectin utilization + +
6. Starch utilization + +
7. Oxidase + +
8. Catalase + +
9. Indole production − −
10. Methyl red test + +
11. Voges–Proskauer + +
12. Citrate utilization − +
13. H2S production − −
14. Identified as Bacillus Bacillus

39 Isolation, Characterization and Production of Bacterial Laccase from Bacillus sp.

Table 39.1  Characteristic 
features of Bacillus sp. 
isolated from soil samples
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a b

c d

Fig. 39.6  Effect of different physiological parameters on the growth of Bacillus licheniformis DSKK2. a Effect of pH. 
b Effect of temperature. c Effect of rpm and d effect of inocula
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Fig. 39.5  Effect of different physiological parameters on growth of Bacillus pumilus DSKK1. a Effect of temperature. 
b effect of pH. c effect of rpm and d effect of inocula
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concentrations and low temperatures (Jacobson 
and Emery 1991). The production of laccase 
was associated with the formation of spores. The 
laccase activity was enhanced when the culture 
were grown for 72 h. Laccase assay was done 
with guaiacol as substrate, although we did not 
get any activity of extracellular laccase as well 
as intracellular laccase in nutrient broth. Further, 
laccase activity was detected at the sporulating 
stage. In B. pumilus DSKK1, the activity was 
found to be maximum at 5.4 units, after seventh 
day of incubation whereas in B. licheniformis 
DSKK2, the activity was maximum at 8.1 units, 
after 8 days of incubation.

Different hydrolytic enzymes like cellulose 
(Figs. 39.1d and 39.2d), xylanase (Figs. 39.1f 
and 39.2f), pectinase (Figs. 39.1g and 39.2g), 
and α-amylase (Figs. 39.1e and 39.2e) were also 
screened and were found positive on qualita-
tive plate assays. Among the nine different dyes 
screened on plate assay, the clear zone surround-
ing the growth of bacteria showed positive dye 
decolourization. In rose bengal and toluidine blue 
O, good bacterial growth as well as dye deco-
lourization was observed (Fig. 39.8). After 24 h, 
the dye was completely decolourized, whereas 
congo red was partially decolourized. In xylidine 
ponceau, bromophenol blue, and lissamine green 
bacterial growth occurred but no decolouriza-
tion was observed. No growth was observed on 

malachite green and crystal violet which shows 
that the concentration of the dye used in the study 
was lethal to the bacteria (Table 39.2). Previous 
studies showed 92.79 % decolourization of reac-
tive black 5, 86.40 % decolourization of reactive 
blue 19, and 91.99 % decolourization of indigo 
carmine by B. licheniformis LS04 at pH 9 (alka-
line; Lu et al. 2011). Further, Wang et al. (2010) 
reported 90 % decolourization of remazol bril-
liant blue R and alizarin red by spore laccase 
of Bacillus subtilis WD23, whereas Cho et al. 
(2011) reported the decolourization of indigo 
carmine by spore laccase of B. subtilis within 2 h.

39.4  Conclusion

Spore laccase isolated from B. licheniformis 
DSKK2 was found to give more enzyme activ-
ity as compared to B. pumilus DSKK1. More-
over, the enzyme was found to be thermostable, 
pH stable, and efficient in dye decolourization. 
Due to the high stability of the enzyme, it can 
be applied under harsh conditions in textile in-
dustry, bioremediation as well as paper and pulp 
industry. Not much work has been done in bac-
terial laccase system, so the area remains unex-
plored and possesses further opportunities in the 
field of enzyme technology.

Fig. 39.7  Laccase assay with 25 mM guaiacol in 100 mM citrate phosphate buffer as substrate, pH 7. a Bacillus pumi-
lus DSKK1 at 50 °C. b Bacillus pumilus DSKK1 at 55 °C. c Bacillus pumilus DSKK1 at 37 °C. d Bacillus licheniformis 
DSKK2 at 55 °C. e Bacillus licheniformis DSKK2 at 50 °C and f Bacillus licheniformis DSKK2 at 37 °C
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Abstract

A renewed interest in the study of proteolytic enzymes is chiefly attribut-
able to its surging industrial applications apart from its pivotal role in the 
cellular metabolic process. We report the screening, isolation and partial 
purification of a low-molecular-weight halo-tolerant alkaline protease from 
a bacterial isolate of marine environment. Twenty four bacterial isolates 
were collected from marine environment, of which Vibrio alginolyticus 
showed relatively higher proteolytic activity on agar plate and was sub-
jected to further characterization. Enzyme production kinetics under sub-
merged fermentation was optimized, that included incubation time, pH 
and heavy metal tolerance. The bacterium produced the highest protease 
activity (4650 U/mL) when incubated for 48 h at pH 8.0. The organism 
was found to be more tolerant to iron than other metals like Cu2+, Mn2+, 
Zn2+, Co2+ and Hg2+. Natural substrates such as rice and wheat brans were 
evaluated for protease enzyme production under solid state fermentation. 
A mixture of rice and wheat bran at a ratio of 1:1 supported the higher en-
zyme production. Effect of NaCl, heavy metals and EDTA on the catalytic 
activity of the crude enzyme was assayed. The total activity of the crude en-
zyme was unaffected at elevated concentrations of NaCl and retained 40 % 
of its activity even at 4 M concentration which indicated the halo-tolerant 
ability of the bacterium. An increase in the catalytic activity (about 30 % 
or 1.2 fold) was recorded when incubated with 1 mM of Co2+ while con-
siderable loss in function was recorded with other heavy metals. Similar 
loss of function has been recorded with EDTA indicating that it is a metal 
ion-dependent enzyme. The partially purified enzyme was able to digest 
the meat and showed high capability of removing blood stains from fabric.
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40.1  Introduction

Proteases constitute one of the most impor-
tant groups of industrial enzymes accounting 
for nearly 60 % of the total worldwide enzyme 
sales (Beg et al. 2003; Kalisz 1988; Ellaiah et al. 
2003; Adinarayana and Ellaiah 2003). Of late, 
there has been growing interest in microbial 
proteases that are of commercial importance. 
Bacterial proteases are the most significant 
among the various proteases when compared to 
animal and fungal proteases (Ward 1985). Pro-
teases produced by alkalophilic microorganisms 
are investigated not only in the scientific areas 
but also in the laundry, dishwashing, food and 
other such industries. In recent years, the use of 
thermostable alkaline enzymes has increased in 
a wide range of biotechnological applications 
such as silver recovery, feed and peptide syn-
thesis. These enzymes are currently receiving 
increased attention in view of their inherent sta-
bility at high pH and temperature, and are active 
in the presence of surfactants, organic solvents 
and denaturing agents, which enable their use 
in processes that restrict conventional enzyme 
(Kumar et al. 1999). Marine microorganisms 
serves as a source of novel alkaline proteases 
with their inherent stability at a wide range of 
pH with the maximum activity between pH 9 
and 11, cleavage of a wide spectrum of pep-
tide bonds (Mao et al. 1992), temperature and 
salinity. Several proteolytic bacteria have been 
reported to be associated with both fresh water 
and marine fish processing wastes (Sudeepa 
et al. 2007). It has also been reported that aquat-
ic microbes synthesize exoenzymes identified 
as inducible catabolic enzymes (Chrost 1990; 
Kim et al. 2002). In view of the above informa-
tion, an attempt has been made in the present 
investigation to isolate bacteria from marine en-
vironment and screen them for the production 
of protease. A halo-tolerant bacterium isolated 
in the present study produced relatively higher 
protease enzyme than other bacteria. An attempt 
has also been made to characterize and study the 
efficacy of the protease produced by the above 
organism and was evaluated for industrial ap-
plications.

40.2  Materials and Methods

40.2.1  Microorganism and Growth 
Conditions

Water samples, soil sediments (collected at 
30–40 cm depth), shells and fishes were collected 
from Marina beach, Bay of Bengal, Chennai, India. 
The water and soil sediment samples were serially 
diluted and spread on Nutrient Agar medium pre-
pared in sea water and incubated at 37 °C for 48 h. 
The shells and fish samples were kept on the ma-
rine agar plate and incubated at 37 °C for 48 h. The 
bacterial colonies were isolated and maintained on 
marine Nutrient Agar slants for further study.

40.2.2  Screening of Microorganisms 
for Protease Production

Each of the bacterial isolates isolated from ma-
rine sources were streaked on to 1 % casein and 
gelatine agar plates and incubated at 37 °C for 
24 h. A clear zone of hydrolysis gave an indica-
tion of protease production on the plates. The 
promising bacterial strain was chosen based on 
the size of zone of clearance.

40.2.3  Identification of Protease 
Producing Bacterium

40.2.3.1  DNA Extraction, PCR 
Amplification and Sequencing

For genomic DNA isolation, the bacterium was 
grown on Nutrient Broth medium. The total ge-
nomic DNA was extracted (Ausubel et al. 1987) 
and then RNase enzyme was added to the sample 
to remove RNA, followed by incubation at 37 °C 
for 2 h. The intensity of DNA was examined by 
electrophoresis on 0.8 % agarose gel in tris-bo-
rate-ethelynediaminetetraacetic acid (TBE) buf-
fer stained with ethidium bromide and visualized 
under ultraviolet (UV) light.
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40.2.3.2  Polymerase Chain Reaction
Amplification reactions were performed in a total 
volume of 20 µl consisting of the 1μl of genomic 
DNA, 1× polymerase chain reaction (PCR) buf-
fer including 20 pmol of forward (0.5μl) and re-
verse primers (0.5μl), 10μl of 0.16mM dNTP mix 
and 8μl of milliQ water (MBI, Fermentas, Lithu-
ania). The mixer was overlaid with two drops of 
mineral oil. PCR amplification was carried out 
in a thermocycler (Eppendorf Mastercycler 5330, 
Germany) for 30 cycles. The forward and reverse 
primers used were 27F bacterial 5′ AGA GTT 
TGA TCM TGG CTC 3′ and 1525-R bacterial 5′ 
AAG GAG GTG WTC CAR 3′. Four microliters 
of PCR amplified product was electrophoresed 
on 1 % agarose gel in 1 × Tris-aceate-ethelynedi-
aminetetraacetic acid (TAE) buffer (40 mM Tris, 
1 mM EDTA pH 8.0) and visualized in an image 
analyzer (Chemilmager 5500, Alpha Innotech, 
CA, USA) after staining with ethidium bromide 
(0.5 µg mL−1).

40.2.3.3  DNA Sequencing and 
Phylogenetic Analysis

The PCR product was directly sequenced in an 
automatic DNA sequencer (Applied Biosystems, 
Inc., CA, USA). The sequence reactions were 
conducted using the Dye Terminator Cycle Se-
quencing Kit (Applied Biosystems, Inc., CA) 
following the manufacturer’s protocol. Analyses 
of sequences were performed with the basic se-
quence alignment BLAST program run against 
the database NCBI. A tree showing the phyloge-
netic relatedness between the isolates was con-
structed from the distance matrix values by the 
neighbor-joining method using ClustalW.

40.2.4  Production of Protease

Production of protease was carried out in a Nutri-
ent Broth medium and incubated at 37 °C for 48 h 
in a refrigerated shaker at 125 rpm. The pH of 
the medium was adjusted to 7.6 with 1N NaOH 
or 1N HCl. After the completion of fermentation, 
the broth was centrifuged at 10,000 rpm at 4 °C 
for 20 min and the clear supernatant was recov-
ered and used as a crude enzyme source.

40.2.5  Determination of Total Protein 
and Protease Activity

The total protein content of the culture superna-
tant was estimated by the dye-binding method 
of Bradford (1976) using bovine serum albumin 
fraction (V) (Sigma Chemical Co., USA) as the 
standard.

The proteolytic enzyme activity was assayed 
using casein as the substrate. The reaction mixture 
contained a known amount of protein (50 µg) in 
0.5 ml culture filtrate and 0.5 ml of 2 % (w/v) ca-
sein. The mixture was incubated for 1 h at 37 °C 
and the reaction was terminated by the addition of 
1 ml of cold trichloroacetic acid (10 % w/v). The 
undigested casein was removed by centrifuga-
tion in a microfuge for 5 min at 5,000 rpm and 
the aliquots of the supernatant (0.5 ml) were taken 
in separate tubes and to this 2.5 ml of reagent 
(2.9 % Na2Co3 and 0.3N NaOH) was added. Then, 
0.75 ml of Folin–Ciocalteu’s phenol reagent (1:2 
diluted with glass distilled water) was incubated 
for 30 min at room temperature for colour devel-
opment. The liberation of tyrosine equivalents 
was determined at 650 nm (Mc Donald and Chen 
1965) in a spectrophotometer. A standard curve 
constructed with tyrosine served as a reference 
for protease-activity measurement. Heat-killed 
enzyme with the substrate served as control. One 
unit of protease activity was defined as the amount 
of enzyme liberating 1 mM tyrosine equivalent/ml 
under the assay condition.

40.2.6  Optimisation of Enzyme 
Production

40.2.6.1  Effect of Incubation Time

The effect of incubation time on the production 
of protease enzyme was evaluated under sub-
merged fermentation condition for 72 h. The 
samples were harvested at 12 h intervals (12, 24, 
36, 48, 60, 72, 84, 96, 108 and 120) and the pro-
tease enzyme activity was measured.
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40.2.6.2  Effect of pH
The bacterium was grown in the basal medium ad-
justed to different pH from 6.0 to 10.0 for the time du-
ration as optimized above. The samples were collect-
ed and the protease enzyme activity was measured.

40.2.6.3  Effect of Heavy Metals
The effect of heavy metals like copper, co-
balt, manganese, iron, zinc and mercury on the 
protease production of the organism was studied. 
The bacterium was inoculated in the medium 
containing respective heavy metal ions at a final 
concentration of 1 mM and the protease produc-
tion of the organism under these heavy metal 
conditions was assayed after 48 h.

40.2.6.4  Evaluation of Natural 
Substrates for Protease 
Production Under Solid State 
Fermentation (SSF)

The protease production of the test isolate was 
carried out in 500 ml conical flasks either indi-
vidually with 20 g wheat or rice brans or in com-
bination of 10 g of wheat bran and 10 g of rice 
bran. The agro waste was moistened with 10 ml 
of mineral salt medium containing K2HPO4, 
MgSO4, CaCl2, FeSO4 and ZnSO4. The flask was 
inoculated with 1 ml of 24-h-grown culture and 
kept for incubation at 37 °C for 48 h.

40.2.6.5  Effect of NaCl on Protease 
Activity

The supernatant containing the enzyme was incu-
bated with NaCl (1.0–4.0 M) at 37 °C for 30 min. 
After the incubation period the residual activity 
was assayed as described above. Casein was used 
as the substrate.

40.2.6.6  Effect of EDTA and Metal Ions 
on Protease Activity

The effect of different heavy metals on the pro-
teolytic activity of crude enzyme was investi-
gated by incubating the enzyme in the presence 
of metal ions (1 mM) such as Cu2+, Mn2+, Hg2+, 
Fe2+, Zn2+ and Co2+. The protease inhibitor EDTA 
was also used at the same concentration. The en-
zyme supernatant containing the enzyme was in-

cubated with metal ions for 30 min at 37 °C, and 
the residual activity was measured.

40.3  Partial Purification of Protease

The proteins in the culture supernatant was pre-
cipitated with 80 % saturation of ammonium 
sulphate and was allowed to stand overnight at 
4 °C. The resulting precipitate was collected by 
centrifugation at 10,000 rpm for 10 min at 4 °C. 
The precipitate was dissolved in Tris-HCl buffer 
(50 mM; pH 7.2) and dialyzed at 4 °C against the 
Tris-HCl buffer (10mM; pH7.2). The dialysate 
was then lyophilized and used for further studies.

40.4  Applications of the Partially 
Purified Protease

40.4.1  Protease in Digestion  
of Natural Proteins

The lyophilized protease enzyme 4000U/mL was 
incubated with 2 ml of animal blood sample and 
coagulated egg white in Tris-HCl (10mM; pH7.2) 
at 37 °C. The blood clots and the coagulated egg 
white were examined for clot removal after 14 h 
of incubation.

40.4.2  Protease in Meat Tenderization

A small piece of meat (2 gm) was incubated with 
the lyophilized enzyme in Tris-HCl (10 mM; pH 
7.2) at 37 °C for 14 h and the meat was then ex-
amined for tenderness. A piece of meat without 
enzyme treatment served as control.

40.4.3  Protease in Dehairing of Skin

A small piece of goat’s skin (3.5 × 4 cm) with 
hair was incubated with the lyophilized enzyme 
4000U/mL in Tris-HCl (10 mM; pH7.2) at 37 °C 
for 14 h, and the ability of the enzyme in remov-
ing the hairs was then visually monitored.
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40.4.4  Protease in Removing  
Blood Stain

A clean piece of cotton cloth (4 × 4 cm) was soaked 
with goat’s blood and dried at room temperature. 
Then, the cloth was soaked in 2 % formaldehyde 
for 30 min and washed with water to remove excess 
formaldehyde. The cloth was cut into two equal 
halves, and the first half was incubated with partial-
ly purified enzyme 4000U/mL in Tris-HCl (10 mM; 
pH 7.2), and the second half was incubated with the 
buffer alone without enzyme at 45–50 °C. After 2 h, 
the cloth pieces were rinsed with water for 2 min 
and then dried. The removal of blood stain from the 
cloth pieces were examined visually.

40.5  Results and Discussion

40.5.1  Isolation of Microorganisms

There were about 24 isolates obtained from dif-
ferent marine sources. Their growth and morpho-
logical characteristics were studied and have been 

listed in Table 40.1. A clear zone of hydrolysis was 
observed around the bacterial strain PC 24 in agar 
plates containing casein and gelatine (Fig. 40.1). 
This zone of hydrolysis appeared after 24 h incu-
bation indicating protease production on the plate 
and this isolate was used for further studies.

40.5.2  Identification of Protease 
Producing Bacterium

To solve the inherent doubts of classical identi-
fication of bacterial species, various molecular 
techniques are currently being used to character-
ize and analyze the taxonomic complexity of the 
bacteria. One of the frequently used techniques 
is PCR-based amplification of the 16S rRNA se-
quence with universal primers. The nucleotide 
sequence of the amplified product was obtained 
and contained 237 base pairs. The nucleotide base 
pairs were aligned with sequences of closely re-
lated bacteria using the software ClustalW and a 
phylogenetic tree was constructed using PHYLIP 
software. The above analyses have shown 99 % 

Table 40.1  Morphological and growth characteristics of the bacteria isolated from marine source
S. No. Test isolates Pigmentation Growth Motility
1 PC 1 Yellow colony Moderate growth Non-motile
2 PC 2 White colony Slow growth Non-motile
3 PC 3 White colony Fast growth Non-motile
4 PC 4 White colony Fast growth Non-motile
5 PC 5 Pink colony Fast growth Non-motile
6 PC 6 White colony Fast growth Non-motile
7 PC 7 Yellow colony Moderate growth Non-motile
8 PC 8 Orange colony Fast growth Non-motile
9 PC 9 White colony Moderate growth Non-motile

10 PC 10 White colony Moderate growth Non-motile
11 PC 11 Pink colony Slow growth Non-motile
12 PC 12 Orange colony Fast growth Non-motile
13 PC 13 White colony Slow growth Non-motile
14 PC 14 White colony Fast growth Non-motile
15 PC 15 Yellow colony Fast growth Non-motile
16 PC 16 Orange colony Slow growth Non-motile
17 PC 17 White colony Moderate growth Non-motile
18 PC 18 White colony Moderate growth Non-motile
19 PC 19 White colony Fast growth Non-motile
20 PC 20 White colony Fast growth Motile
21 PC 21 White colony Fast growth Non-motile
22 PC 22 White colony Fast growth Non-motile
23 PC 23 White colony Fast growth Non-motile
24 PC 24 White colony Fast growth Motile
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homology with Vibrio alginolyticus (Fig. 40.2), 
and therefore the bacterium was identified as V. 
alginolyticus. The identified bacterial sequence 
was submitted to GenBank with the accession 
No. JQ 780446.

40.5.3  Effect of Incubation Time on 
Protein Content and Protease 
Activity

The total protein and the total enzyme activity 
were determined from the supernatants collected 

from 12 to 120 h. The supernatant collected after 
48 h incubation showed maximum protease ac-
tivity as well as protein content, and hence fur-
ther assays were carried out with the incubation 
time of 48 h (Table 40.2).

40.5.4  Effect of pH on Enzyme 
Production

V. alginolyticus showed relatively higher activ-
ity at pH 8. Decrease or increase in pH from 
8.0 resulted in decreased enzyme activity. As 

Fig. 40.2  Phylogenetic tree showing taxonomic position of the isolate Vibrio alginolyticus. The evolutionary his-
tory was inferred using the UPGMA method (Sneath and Sokal 1973). The optimal tree with the sum of branch 
length = 0.03306149 is shown (next to the branches). The evolutionary distances were computed using the Maximum 
Composite Likelihood Method (Tamura et al. 2004) and are in the units of the number of base substitutions per site. The 
analysis involved 15 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were 
a total of 1,203 positions in the final dataset. Evolutionary analyses were conducted in MEGA5. (Tamura et al. 2011)

 

Fig. 40.1  Plates 
showing hydrolytic 
zone of casein (a) and 
gelatin (b) by test 
Vibrio alginolyticus
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evident from Fig. 40.3, the enzyme remained 
active even at pH 10.0. This is comparatively 
higher with the protease from Vibrio fluvialis 
VM10 (Venugopal & Saramma 2006) with an 
optimum pH at 8, V. fluvialis TKU005 (Wang 
et al. 2007) at pH 7.5.

40.5.5  Effect of Heavy Metals on 
Enzyme Production

The bacterium was able to grow in the presence 
of iron, and the enzyme production was found 
to be unaffected. The organism was moderately 
tolerant to zinc and manganese while less toler-
ant to mercury and cobalt. In contrast, copper 

completely inhibited the growth of the organism 
(Fig. 40.4) and therefore no protease activity was 
measured.

40.5.6  Effect of Natural Substrates on 
Protease Production

The test bacterium produced relatively higher 
protease enzyme when incubated with a mixture 
containing equal proportion of wheat bran and 
rice bran. The protease activity, however, was 
relatively lower when the bacterium was grown 
on only one substrate. The organism showed the 
least enzyme activity on rice bran (Fig. 40.5).

Fig. 40.3  Effect of 
pH on the activity of 
protease

 

Time (in hours) Total protease activity 
(U/ml)

Total protein (mg/ml)

12 2650 0.016
24 2640 0.030
36 2750 0.020
48 4650 0.032
60 4200 0.014
72 3200 0.018
84 2200 0.020
96 3400 0.020

108 2500 0.024
120 2050 0.032

Table 40.2  Total pro-
tease activity and total 
protein of Vibrio algino-
lyticus from 12 to 120 h
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40.5.7  Effect of NaCl on Crude Enzyme 
Activity

The optimal activity of the enzyme remained un-
affected in the presence of NaCl even at a concen-
tration of 2 M (Fig. 40.6) and started decreasing 
when the concentration of NaCl was increased 
from 2 M and higher. However, the enzyme was 
not completely inhibited even at a concentration of 
5 M. About 40 % of the activity was retained even 
in the presence of 4 M NaCl which unequivocally 
indicate that the bacterium is a halo-tolerant.

40.5.8  Effect of EDTA and Metal Ions 
on Enzyme Activity

Incubation of the enzyme with metal ions such 
as Co2+, Mn2+ and Cu2+ enhanced the enzyme 
activity with the highest enhancement observed 
with Co2+. Incubation of the enzyme with other 
metal ions such as Fe2+, Zn2+, Hg2+ and EDTA 
has considerably reduced the activity. The inhi-
bition by metals may be because the metals not 
only affect the active site of the protease, but also 

Fig. 40.5  Production 
of extracellular prote-
ase on solid substrate 
fermentation

 

Fig. 40.4  Heavy 
metal tolerances of 
the test isolate Vibrio 
alginolyticus against 
Zn2+, Co2+, Hg2+, Fe2+, 
Cu2+ and Mn2
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the non-catalytic protein-binding region, which 
is involved in efficient hydrolysis of the substrate 
(Subashini et al. 2012). EDTA was more effec-
tive in inhibiting the enzyme followed by Hg2+ 
(Fig. 40.7). Activity of the crude enzyme was de-
creased in the presence of EDTA, indicating that 
it is a metal ion requring enzyme.

40.5.9  Digestion of Natural Proteins

The crude and ammonium sulphate fractionated 
proteins containing protease enzyme were incu-
bated with coagulated egg white (Fig. 40.8a) and 
blood clot (Fig. 40.8b) for 14 h and examined 
for removal of coagulated egg protein and blood 
clot. As evident in Fig. 40.8, the crude enzyme 
as well as the ammonium sulphate fractionated 

Fig. 40.6  Effect of 
NaCl on the stability 
of protease

 

Fig. 40.7  Effect of 
metal ions on the 
enzyme activity of 
the test isolate Vibrio 
alginolyticus

 

40 Optimization of Protease Enzyme Production by the Halo-Tolerant …



460

enzyme appreciably removed the clots after 14 h 
of incubation.

40.5.10  Meat Tenderization and 
Dehairing of Skin

The ammonium sulphate fractionated protease 
enzyme was incubated with fresh meat for 14 h 
and the tenderizing capacity of the meat was ex-
amined. The meat incubated with the enzyme 
become soft (Fig. 40.9b). The partially purified 

enzyme was able to digest the meat when it was 
incubated with it. The capability of this enzyme 
to digest different natural substrates with base of 
fibrin, albumin and collagen suggests the use-
fulness of this enzyme for different applications 
such as extraction of collagen from skin for col-
lagen replacement therapy, waste treatment and 
other related applications. As seen in Fig. 40.10b, 
the hair has been significantly removed from 
the skin treated with partially purified enzyme 
whereas it remained intact and fine in the skin 
treated with the buffer alone. the (Fig. 40.10a).

Fig. 40.9  Analysis 
of tenderizing ability 
of protease enzyme. 
a Control. b Enzyme 
treated

 

Fig. 40.8  Effect of protease on the removal of clots of egg white albumin (a) and blood (b)
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40.5.11  Removal of Blood Stain

As is evident in Fig. 40.11a and 40.11b, the 
protease enzyme removed the blood stain from 
the fabric significantly, and the stain was intact 
in the fabric treated with the buffer alone. This 
enzyme showed high capability for removing 
proteins and stain from cloth. The properties 
of this enzyme such as metal tolerance, alka-
line pH make it as a potential candidate as an 
alkaline protease in detergent powders or solu-
tions. Same kind of results have already been 
obtained from Bacillus cereus isolated from ma-
rine samples which removed the animal blood 
stains from the fabric (Abou-Elela et al. 2011).

40.6  Conclusion

There is renewed interest in the study of proteo-
lytic enzymes, mainly due to the recognition that 
these enzymes not only play an important role in 
the cellular metabolic processes but also consid-
erable attention in the industrial applications. In 
this study, a low-molecular weight halo-tolerant 
alkaline protease-producing bacteria was isolated 
from marine environment. The organism showed 
maximum enzyme activity at pH 8, and it was 
resistant to the heavy metal Fe2+. The metal ions 
like Cu2+, Co2+ and Mn2+ enhanced the protease 
activity. The activity of the crude enzyme was de-
creased in the presence of EDTA, indicating that 
it is a metal ion-dependent enzyme. Even in the 
presence of 4 M NaCl, the crude retained 40 % of 

Fig. 40.11  Removal 
of blood stain from 
fabric by protease 
enzyme. a Control. b 
Enzyme treated

 

Fig. 40.10  Analysis 
of dehairing potential 
of the enzyme. a Con-
trol. b Enzyme treated
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its activity, indicating the halo-tolerant behaviour 
of the enzyme. The partially purified enzyme was 
able to digest the meat when it was incubated 
with it and showed high capability for remov-
ing blood stain from cloth which showed it could 
be used in detergent powder or solution. Thus, 
the remarkable activity and stability of alkaline 
protease from V. alginolyticus to higher pH, salt 
tolerance, heavy metal tolerance and digestion of 
natural proteins and capability of removing blood 
stain make this enzyme to be an alternative can-
didate in the industrial sector.
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Abstract

Many green and blue-green algae were examined for their antibacterial and 
antifungal properties using their extracts in three different solvents, ethanol, 
methanol-toluene (3:1) and acetone, on solidified agar nutrient medium by 
agar well diffusion method. Extracts of only five screened cyanobateria, 
Westiellopsis prolifica ARM 365, Hapalosiphon hibernicus ARM 178, Nos-
toc muscorm ARM 221, Fischerella sp. ARM 354 and Scytonema sp., were 
found to have antimicrobial activity against the bacteria Pseuomonas striata, 
Bacillus subtilis, Escherichia coli, Bradyrhizobium sp. and fungi Aspergillus 
niger, Alternaria brassicae and Fusarium moniliforme. Ethanol extracts of 
Westiellopsis prolifica ARM 365 and H. hibernicus ARM 178 showed the 
greatest antibacterial as well as antifungal activity against the tested bacteria 
and fungi as revealed by the largest inhibition zone formation on solidified 
agar nutrient medium. The test bacterium P. striata and the test fungus A. 
niger were found to be the most sensitive to ethanol extracts of H. hibernicus 
ARM 178 and W. prolifica ARM 365. These cyanobacterial extracts inhibited 
test bacteria more strongly than test fungi. The strongest antimicrobial activ-
ity of H. hibernicus ARM 178 and W. prolifica ARM 365 was observed on 
the tenth day of their growth and their ethanol extracts showed the maximum 
antimicrobial activity at 30 °C temperature. These antimicrobial compounds 
may have potential pharmaceutical, biocontrol or agricultural applications.
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41.1  Introduction

Due to the occurrence of cyanobacteria in di-
verse habitats, requirement of low-cost inor-
ganic N and P sources and their intrinsic abil-
ity to take up H2O and CO2 with the aid of 
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solar  energy, these organisms are a promising 
material for investigation for their antimicro-
bial activity. A number of cyanobacteria are 
known to produce intracellular and extracellu-
lar compounds which are accumulated and/or 
secreted as primary or secondary metabolites 
with diverse biological activities such as antial-
gal (John et al. 2003), antibacterial, antifungal 
(Ghasemi et al. 2007; Isnansetyo et al. 2003; 
Jaki et al. 1999; Kundim et al. 2003; Soltani 
et al. 2005) and antiviral (Moore et al. 1989). 
These metabolites are polysaccharides, nitrog-
enous compounds, bacteriocin-like proteins, 
bicyclic secondary amine anatoxin-a produced 
by Anabaena flos-aquae and may have vast po-
tential in diverse fields, like antibiotics (Biswas 
1957; Fogg 1952; Kulik 1995; Tuney et al. 
2006), biocontrol activities in agriculture, con-
trol of mosquitoes, etc. These bioactive com-
pounds play a major role in biological interac-
tions in natural ecosystems.

Use of Bacillus thuringiensis and Bacillus 
sphaericus has been found to be successful in 
mosquito control. Blooms of certain cyano-
bacteria have been found to be associated with 
the absence of mosquito larvae from certain 
rice fields, and many cyanobacteria have been 
reported to be toxic to mosquito larvae. Cya-
nobacteria have better properties as biocontrol 
agents against mosquitoes as compared to toxic 
bacteria because of their natural presence in the 
habitats of mosquito larvae, ability to grow in 
these habitats and being suitable food for the 
mosquito larvae. Antifungal activity of some 
algal species has been reported against some 
dermatophyte strains and pathogenic yeasts 
(Calvo 1986; Tariq 1991). Analysis of bioac-
tive metabolites have been studied mostly with 
marine algal species (Lima-Filho et al. 2002), 
and little is known about terrestrial algae and 
cyanobacteria (Burja et al. 2001). In aquacul-
ture and agriculture fields, antimicrobial algae 
have been the best choice, and screening the 
bioactivity of algal crude extracts is mandatory 
in biomedical practice. The search for cyano-
bacteria with antimicrobial activity has gained 

importance in recent years, and in the present 
investigation, some strains of cyanobacteria 
have been screened and their pure cultures 
have been tested for their antimicrobial activity 
against some microorganisms.

41.2  Materials and Methods

Five axenic cyanobacterial strains Westiellop-
sis prolifica ARM 365, Hapalosiphon hiber-
nicus ARM 178, Nostoc muscorm ARM 221, 
Fischerella sp. ARM 354 and Scytonema sp. 
screened for their antimicrobial activity and 
the sensitive test bacteria Pseuomonas striata, 
Bacillus subtilis, Escherichia coli and Brady-
rhizobium sp. were obtained from CCUBGA, 
IARI, New Delhi. Cyanobacteria were grown in 
BG-11 medium (Stanier et al. 1971) at tempera-
ture 27 ± 1 °C and 14.4 ± 1Wm−2 light intensity 
for a 12/12 light–dark cycle. P. striata grew in 
Pikovaskaya’s medium (Pikovaskaya 1948), E. 
coli in Luria broth (Sambrook et al. 1989) and 
Bradyrhizobium in Fred’s medium (Fred et al. 
1932) in dark at 32 ± 1 °C. Aspergillus niger, Al-
ternaria brassicae and Fusarium moniliforme 
were isolated from soil samples and were kind-
ly identified by Pathology Department, IARI, 
New Delhi and were grown in glucose-peptone 
broth at 30 ± 1 °C in dark.

For preparation of algal extracts, 0.5 g of 
dried algal powder of each of the five cyanobac-
teria was suspended in three different solvents, 
ethanol, methanol-toluene (3:1) and acetone. 
For testing antimicrobial activity of cyano-
bacteria, 100 µl of different sensitive indicator 
bacteria and fungi were inoculated on separate 
1.5 % agar solidified nutrient medium in petri 
plates. Two wells of 6 mm diameter were made 
in each plate and were filled with 100 µl of cya-
nobacterial extracts. The plates were incubated 
for 2 days at 32 ± 1 °C for bacteria and 3 days at 
30 ± 1°C for fungi. The diameter of inhibition 
zones was measured.
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41.3  Results and Discussion

Forty five cyanobacterial strains were screened 
for their antimicrobial activity using their extracts 
in three different solvents, ethanol, methanol-tol-
uene (3:1) and acetone, on solidified agar nutrient 
medium by agar well diffusion method against 
various bacteria and fungi as sensitive test organ-
isms. Out of these, metabolites of only five cya-
nobacteria, W. prolifica ARM 365, H. hibernicus 
ARM 178, N. muscorm ARM 221, Fischerella sp. 
ARM 354 and Scytonema sp., were found to have 
a weak-to-strong antimicrobial activity. Clear 
growth inhibition hyaline zones were formed 
around the wells made in petri plates inoculated 
with different sensitive strains P. striata, B. subti-
lis, E. coli, Bradyrhizobium sp., A. niger, A. bras-
sicae and F. moniliforme due to the production of 
some extracellular substances by growing algae 
with antimicrobial activity. Ethanol extracts of W. 
prolifica ARM 365 and H. hibernicus ARM 178 
showed the greatest antibacterial as well as anti-
fungal activity against the tested sensitive bacte-
ria and fungi as revealed by the largest inhibition 

zone formation on solidified agar nutrient me-
dium. Plaza et al. (2010) identified different fatty 
acids and volatile compounds with antimicrobial 
activity, such as phytol, fucosterol, neophytadi-
ene or palmitic, palmitoleic and oleic acids; and 
ethanol was found to be the most appropriate 
solvent for the extraction of these compounds. 
The test bacterium P. striata and the test fungus 
A. niger were found to be the most sensitive to 
ethanol extracts of H. hibernicus ARM 178 and 
W. prolifica ARM 365. These cyanobacterial ex-
tracts inhibited test bacteria more strongly than 
test fungi (Fig. 41.1). Das et al. (2005) examined 
acetone, ethanol and methanol extracts of some 
algae and showed from moderate-to-high activ-
ity against strains of virulent pathogens Pseu-
domonas florescence, Aeromonas hydrophila, 
Vibrio anguillarum and E. coli. Cyanobacteria 
Anabaena oryzae, Tolypothrix ceytonica and 
Spirulina platensis and green algae Chlorella 
pyrenoidosa and Scenedesmus quadricauda ex-
hibited antibacterial and antifungal agent produc-
tion on various organisms that incite diseases of 
humans and plants, such as E. coli, B. subtilis, 
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and antifungal activities 
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Staphyllococcus aureus, Pseudomonas aerugi-
nosa, A. niger, Aspergillus flavus, Penicillium 
herquei, F. moniliforme, Helminthosporium sp., 
A. brassicae, Saccharomyces cerevisiae, Candida 
albicans (Rania and Hala 2008). Harder in Nostoc 
punctiforme (Harder 1917) and Frankmolle et al. 
(Frankmolle et al. 1992) in Anabaena laxa have 
reported that these algae produce some metabo-
lites which accumulate in the medium and inhibit 
the growth of other microorganisms. Cell extracts 
and active constituents of various algae may be 
potential bioactive compounds of interest in the 
pharmaceutical industry (Rodrigues et al. 2004).

In order to test the best growth phase for the 
strongest antibacterial and antifungal activity, 
ethanol extracts of W. prolifica ARM 365 and H. 
hibernicus ARM 178 obtained from different pe-
riods of growth were used against sensitive test 
bacteria and fungi in petri plates. The strongest 
antimicrobial activity of H. hibernicus ARM 178 
(Fig. 41.2) and W. prolifica ARM 365 was ob-
served on the tenth day of their growth (Fig. 41.3) 
for all the tested sensitive microorganisms.

To find the temperature stability of antimicro-
bial compounds of W. prolifica ARM 365 and H. 
hibernicus ARM 178, their ethanol extracts ob-
tained from 10-day-old cultures were subjected 

to different temperature regimes. It was revealed 
that maximum antimicrobial activity was ob-
served at 30 °C whereas decreased activity was 
found both at lower (15 °C) and higher (45 °C) 
temperatures (Figs. 41.4 and 41.5) as revealed 
by the diameter of clear hyaline areas. Factors 
like temperature, pH of the culture medium, 
incubation period, medium constituents and light 
intensity have been reported to influence bio-
synthesis of antimicrobial agent production by 
Noaman et al. (2004) where 35 °C temperature, 
pH 8 and 15-day-old cultures were found to be 
the best for antimicrobial agent production.

Thus, extracts of cyanobacteria, W. prolific 
ARM 365, H. hibernicus ARM 178, N. muscorm 
ARM 221, Fischerella sp. ARM 354 and Scyto-
nema sp. were found to have antimicrobial activ-
ity against the test bacteria and fungi, and these 
antimicrobial compounds may have potential 
pharmaceutical, biocontrol or agricultural ap-
plications. Although the chemical nature of the 
antimicrobial metabolites produced by test cya-
nobacteria is unknown, they have potential as 
biological agents to control undesired micro-
bial growth. Various strains of cyanobacteria are 
known to produce intracellular and extracellular 
metabolites with diverse biological activities such 
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as antialgal, antibacterial, antifungal and antivi-
ral activities (Kalireioglu et al. 2006). Pratt et al. 
(1944) isolated the first antibacterial compound 
from a microalga, Chlorella, where a mixture of 

fatty acids, viz. chlorellin, was found to be re-
sponsible for the inhibitory activity against both 
Gram+ and Gram− bacteria. Emergence con-
cerns have been raised to establish structural and 
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functional properties of the bioactive compounds 
described in algal crude extracts, and to date, 
more than 2,400 bioactive metabolites have been 
isolated and identified from a diverse group of 
algal communities (Faulkner 2001). The antimi-
crobial activity of microalgae has been attributed 
to compounds belonging to several chemical 
classes including indoles, terpenes, acetogenins, 
phenols, fatty acids and volatile halogenated hy-
drocarbons (Mayer and Hamann 2005; Cardozo 
et al. 2007). Antimicrobial substances, such as 
polyunsaturated fatty acids, octadecanal (alde-
hyde) nitrocyclohexane-2-hexyl-1, produced by 
algae and cyanobacteria, have been reported to 
inhibit the growth and occurrence of other algal 
and microbial species and the lysis of stressed 
phytoplankton cells (Al-Wathnani et al. 2012, 
Chiang et al. 2004, Wu et al. 2006). Stearyl al-
cohol and ethane, 1,1-diethoxy in Tolypothrix 
distorta have shown valuable therapeutic uses 
like, anti-inflammatory, antipyretic, antithrom-
botic and analgesic effects (Al-Wathnani et al. 
2012). Some algal antimicrobial compounds 
have been shown to exhibit important biomedi-
cal characteristics such as butanal in controlling 
bovine soles symptoms in cattle (Gregory et al. 
2006). Some properties of bioactive compounds 

from many cyanobacteria have been reported to 
be useful in medicine and agriculture, such as 
cryptophycin 1 agent with anticancer activity 
and several bioactive compounds with demon-
strated biopesticide property in agriculture which 
is safe, nontoxic and efficient (Thummajitsakul 
et al. 2012). Emergence of microbial diseases 
in pharmaceutical industries implies serious 
loss, and the usage of commercial antibiotics for 
human disease treatment produces undesirable 
side effects. So far, few biomedical properties 
of the antimicrobial compounds have been as-
sessed, and algal biologically active primary and 
secondary metabolites may be potential biomedi-
cally important compounds in the pharmaceutical 
industry (Rania and Hala 2008) and other areas 
like control of unwanted bacteria in aquaculture 
and food processing. Cell-free extracts are al-
ready being tested as additives for food and feed 
formulation, in attempts to replace antimicrobial 
compounds of synthetic origin currently in use—
including subtherapeutical doses of antibiotics 
employed as prophylactic measure in animal 
breeding (Tramper et al. 2003).

The present study provides an understanding 
of the role of extracellular metabolites in natural 
selection of dominant algae. Fungal infection has 
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been observed to be widely distributed in human 
pathology, and the potential application of the 
antifungal compounds produced by the cyano-
bacteria in medicines may have a very promis-
ing approach. Algae are valuable natural sources, 
effective against infectious agents, and so far 
no antifungal activity has been reported against 
many fungi such as C. albicans and A. niger. 
Nowadays, antibiotic resistance in bacteria is one 
of the emerging health-related problems owing 
to the widespread and almost unrestricted use of 
antibiotics. The study of resistance to antifungal 
agents has lagged behind the study of antibacte-
rial resistance as fungi were not recognized as im-
portant pathogens until a few years ago. The asso-
ciated increase in fungal infections has prompted 
the search for newer and safer agents to combat 
fungal infections, and extensive efforts for the 
identification of bioactive compounds derived 
from various algae have been made worldwide.

Though these findings would help in opening 
up new trends in biomedical and pharmaceutical 
industries, further study of the purification of the 
potent compounds to explain their usefulness in 
the pharmaceutical and biotechnological indus-
try is required. We are attempting to characterize 
the antimicrobial compounds and to undertake 
small-scale studies to find out about the practi-
cal potential of these cyanobacteria as algicides, 
bacteriocides and fungicides for controlling 
undesired microorganisms.
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Abstract

Fifty varieties of chickpea were screened against M. phaseolina and per-
oxidase activity of both control and inoculated plants were determined 
for its correlation with resistant response. Out of the 50 varieties, RSG-
143 was found to be resistant. Two varieties RSG-896 and RSG-973 were 
found to be moderately resistant. The varieties Pusa-391, Pusa-362, Pusa-
267, RSG-888 and RSG-963 were found to be susceptible and the variet-
ies Pusa-256, Pusa-372 and Pusa-1003 were rated as highly susceptible 
to M. phaseolina. A positive correlation was found between peroxidase 
activity and resistance response of the varieties.

Keywords 
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42.1  Introduction

The intimate interactions between cultivated crops 
and bacterial, viral and fungal pathogens often re-
sults in serious outbreak of diseases. ‘Plant disease’ 
is defined as ‘physiological disorder’ or structural 
abnormality that is harmful to the plant or any of its 
parts or products or that reduces its economic value 
(Guiñazú et al. 2012). Chickpea ( Cicer arietinum) 
is an important leguminous crop. It not only serves 
as a good source of nutrition to the people but also 
improves the soil. Chickpea plays the pivotal role 
of supplying protein source in the vegetarian diet, 
it is also called as the ‘poor man’s meat’ (Singh 

1987; Smithson et al. 1985). Macrophomina pha-
seolina (Tassi) Goid is an important pest of chick-
pea causing significant loss in its yield. It is a soil 
borne, plant pathogenic fungus, ubiquitous in na-
ture. It belongs to anamorphic ascomycetes. M. 
phaseolina induced disease, e.g. charcoal root rot 
(Smith et al. 1989), may occur in severe form when 
a proper combination of high temperature and low 
soil moisture exists, that is why this disease is quite 
prevalent in Rajasthan. Multicellular, typically 
dark, sclerotia of variable size enable the fungus 
to survive adverse environmental conditions and 
later serve as a source of inoculum for infection. 
Host plant resistance may offer a potential practi-
cal solution (Kesta and Atantee 1998) to resistant 
of varieties. Rapid screening methods to evaluate 
host resistance and pathogen variability are needed 
to hasten progress in developing resistant cultivars. 
M. phaseolina produces a number of phytotoxins, 
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namely asperlin, isoasperlin, phomalactone, pha-
seolinic acid, phomenon and phaseolinone (Dhar 
et al. 1982; Mahato et al. 1987; Bhattacharya et al. 
1992). Phaseolinone appears to be the most impor-
tant toxin that induces disease symptoms in plants. 
It is a non-specific exotoxin that is highly stable 
and non-biodegradable even at high temperatures. 
It affects seed germination, seedling growth and 
cause necrosis in tissue cultures, during callusing 
and regeneration. Screening of germplasms to get 
resistant or tolerant cultivars may be important be-
cause it can be used as a source of resistance in 
plant-breeding programs. Peroxidase may have 
an important role in the resistance mechanism of 
plant (Daly et al. 1971; Noel and McClure 1978; 
Siddiqui and Mahmood 1992; Mantoo and Sid-
diqui 1996). Higher peroxidase activity resulted 
in an increase in the phenolic contents of plant, 
which plays an important role in the resistance of 
cultivar (Mahmood and Saxena 1986). Resistance 
to some plant diseases is associated with increased 
peroxidase activity and expression of specific 
isoenzymes (Ye et al. 1990; Goy et al. 1992). In 
the present study, 50 varieties of chickpea were 
screened against M. phaseolina, and peroxidase 
activity of both control and inoculated plants 
were determined for its correlation with resistant 
response.

42.2  Material and Methods

42.2.1  Collection of Plant Material

Seeds of different varieties of chickpea were 
procured from Krishi Vigyan Kendra (KVK), 
Banasthali and Division of Genetics, Indian Ag-
ricultural Research Institute, New Delhi.

42.2.2  Activation of Fungal Strain

M. phaseolina was obtained from IMTECH 
Chandigarh (MTCC 2165). The lyophilized fun-
gal strain was activated by inoculating in potato 
dextrose broth (PDB) under proper aseptic condi-
tions. The flask was then incubated at a tempera-
ture of 25 ± 2 °C at 120 rpm in the incubator shaker 
for 5 days. This activated fungal strain was then 

streaked on the PDA slants. These slants were then 
incubated for 7 days at 25 ± 2 °C. Figure 42.1. The 
mycelium growth initiated after 2 days of incuba-
tion.

42.2.3  Preparation of Inoculum

The surface of the mycelium mat was scrapped 
gently 2–3 times with the sterilized inoculating 
loop and inoculated in the conical flask contain-
ing autoclaved distilled water. These flasks were 
then kept in the incubator shaker at 25 ± 2 °C, 120 
rpm. for 2  h.

42.2.4  Experiment Design

Ten seeds of each chickpea variety were sown in 
15 cm diameter plastic pots, containing 1 kg ster-
ilized soil and vermicompost (3:1) mixture. One-
week-old seedlings were inoculated with 10 ml of 
mycelia suspension of M. phaseolina. The experi-
ment was continued for 90 days after inoculation 
and data on dry shoot weight and root-rot index 
were recorded (Figs. 42.2–42.4). Peroxidase activ-
ity of control and inoculated plants was determined 
by the method of Putter (1974). Dry shoot weight 
and root-rot index was calculated according to 
Hussain (1986). Resistance-susceptibility rating 

Fig. 42.1  Slant of Macrophomina phaseolina
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Fig. 42.2  Symptom 
development on chickpea 
resistant line RSG-
143, after 90 days. a 
Control b inoculated, 
after inoculation 
with Macrophomina 
phaseolina

 

Fig. 42.3  Symptom 
development on chickpea 
moderately resistant line 
RSG-896, after 90 days. 
a Control b inoculated, 
after inoculation 
with Macrophomina 
phaseolina

 

Fig. 42.4  Symptom 
development on chickpea 
highly susceptible line 
Pusa-1003, after 90 days. 
a Control b inoculated, 
after inoculation 
with Macrophomina 
phaseolina
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were calculated on reduction in dry shoot weight 
and root-rot index according to the 0–5 scale pro-
posed by Hussain (1986) with slight modification 
(using root-rot index in place of nematode re-
production), where 0 = no root-rot and 5 = severe 
root-rot. Suppression in dry shoot weight was also 
calculated on 0–5 scale as: 0 = no suppression in 
dry shoot weight = Immune (I); 5 = more than 25 % 
suppression in dry shoot weight = highly suscep-
tible (HS). Detection of Hydrogen Peroxide by 
DAB (3,3′-diaminobenzidine) staining in chick-
pea leaves (Figs. 42.5–42.7).

42.3  Results and Discussion

Out of 50 chickpea varieties tested, only one 
variety, i.e. RSG-143 was found as resistant, 
two as moderately resistant (RSG-896 and 
RSG-973) and the varieties, viz. Pusa-391, 

Pusa-362, Pusa-267, RSG-888, RSG-963 were 
found to be susceptible and the remaining vari-
eties Pusa-256, Pusa-372, Pusa-1003 were rated 
as highly susceptible to M. phaseolina. It is clear 
from the results presented in Table 42.1 that in-
crease in peroxidase activity resulted in resis-
tant response of the chickpea varieties, which is 
in agreement with the findings of Siddique and 
Mahmood (1993). Increase in peroxidase activ-
ity in response to M. phaseolina infection over 
control in resistant variety RSG-143 was 43.3 %. 
This increase was 38.38 and 38.54 % in moder-
ately resistant varieties RSG-896 and RSG-973, 
respectively. In susceptible varieties 23, 19.95, 
16.6, 20.11 and 22.81 % in Pusa-391, Pusa-362, 
Pusa-267, RSG-888 and RSG-963. However, in 
highly susceptible varieties the increase in per-
oxidase activity due to infection of M. phaseolina 
over control was 7.6, 5.1 and 12.5 % in Pusa-256, 
Pusa-372 and Pusa-1003. A positive correlation 

Fig. 42.5  Detection of 
hydrogen peroxide in 
chickpea resistant line 
RSG-143. a Control 
b inoculated by staining 
with 3,3′-diaminobenzidine 
(DAB) after inoculation 
with Macrophomina 
phaseolina

 

Fig. 42.6  Detection of 
hydrogen peroxide in 
chickpea moderately 
resistant line RSG-896. 
a Control b inoculated 
by staining with 
3,3′-diaminobenzidine 
(DAB) after 
inoculation with 
Macrophomina 
phaseolina
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was found between peroxidase activity and re-
sistant response of the varieties. Peroxidase ac-
tivity as a preliminary biochemical marker may 
predict resistance of uninfected muskmelon to 
Pseudoperonospora cubensis (Reuveni 1983) 
and resistance of maize to gray leaf spot (Gar-
raway and Beltran 1997). Peroxidase activity 
could be related to a fast production of physical 
barriers involved in avoiding virus translocation 
through the plant restricting it to the localized 
region of infection. Lignin synthesis (Whitmore 
1978; Siegel 1953), oxidative coupling reactions 
involving phenolics that are esterified to wall 
polysaccharides (Geissman and Neukon 1971; 
Hartley 1973; Fry 1982a), and the formation of 
isodityrosine bridges that are believed to cross-
link extension molecules (Fry 1982b) are among 
the functions proposed for peroxidase that could 
be responsible for reinforcements of the cell wall 
as a barrier to the pathogen (Ride 1975). Similar 
results were obtained when peroxidase activities 
were calculated between groups of muskmelon 
genotypes varying in their resistance to P. cuben-
sis (Reuveni 1983), between maize genotypes 
varying in their resistance to Cercospora Zeae-
maydis (Garraway and Beltran 1997), between 
lettuce genotypes contrasting in their resistance 
to downy mildew (Reuveni 1983) and in Nico-
tiana hybrid resistance to several diseases has 
been linked to high levels of peroxidase (Goy 
et al. 1992). Some peroxidase isoforms have also 
been associated with disease resistance. In maize, 
resistance to northern leaf blight was associated 
to a specific isoform (Bar-Zur et al. 1998) and 

resistance to Exesrohilium turcicum was corre-
lated to peroxidase-banding patterns (Shimoni 
et al. 1996). Collectively, these results indicate 
that increased peroxidase activity and expres-
sion of specific isoenzymes may be a constitutive 
mechanism used by plants against severe patho-
gen infection. These results are in agreement with 
the inoculation of tobacco leaves with tobacco 
mosaic virus (TMV) leading to an increase in 
peroxidase activity (Ye et al. 1990), inoculation 
of okra with yellow vein mosaic virus (Ahmed 
et al. 1992), and inoculation of maize with E. tur-
cicum (Shimoni et al. 1996). These studies show 
that increased peroxidase activity occur in both 
resistant and susceptible genotypes. The role 
of oxidative enzymes such as peroxidase could 
be explained as an oxidation process of phenol 
compounds to oxidized products (quinones) 
which may limit the fungal growth. Vance et al. 
(1980) and Fry (1982b) stated that peroxidase is 
known to be involved in the oxidation of polym-
erization of hydroxycinnamyl alcohols to yield 
lignin and crosslinking isodityrosine bridges in 
cell wall. Peroxidase also produces free radicals 
and hydrogen peroxide which are toxic to many 
microorganisms (Pena and Kuc 1992). Another 
supportive suggestion was brought by Nawar 
and Kuti (2003) who stated that an increase in 
peroxidase activity is considered as a prelimi-
nary indicator for resistance of broad beans to 
chocolate spot disease (Tarred et al. 1993). These 
compounds act as barriers against pathogen inva-
sion. Aly and Afify (1989) pointed out that the 
resistance induced in barley plants showed new 

Fig. 42.7  Detection of 
hydrogen peroxide in 
chickpea resistant line 
Pusa-1003. a Control 
b inoculated by staining 
with 3, 3′-diaminobenzi-
dine (DAB) after inocula-
tion with Macrophomina 
phaseolina
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peroxidase isozymes in infected plants pretreated 
with ethephon. Bargabus et al. (2002) indicated 
that the increase in peroxidase-specific activity 
following benzoic acid derivatives (acibenzolar-
S-methyl) treatment was due to the production of 
two isoforms not found in untreated plants. These 
findings indicate positive correlation between re-
sistance response and peroxidase activity.
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Abstract

An extracellular β-amylase was produced from Aspergillus foetidus 
MTCC-508, and was purified 254.8-fold with 14.6 yields by precipita-
tion with acetone and by column chromatographies with DEAE-Sepha-
dex A-50 and Sephadex G-100. The purified enzyme was homogeneous 
on polyacrylamide gel electrophoresis. The band of enzyme was visible 
around 20 kDa on SDS-PAGE while around 80 kDa on Native-PAGE, 
showing its homotetrameric nature. The enzyme was optimally active at 
pH-6.0 and 50 °C temperature. It was fully stable at 50 °C for 2 h. The 
activity was strongly inhibited by Hg2+, Zn2+ and Co2+, while Mg2+ mar-
ginally enhanced the enzyme activity. The enzyme was able to hydrolyze 
the raw starches of potato, wheat, rice, maize, and Trapa natans, with the 
highest degree of saccharification of maize starch. The Km and Vmax values 
for this enzyme against boiled soluble starch were found 2.7 mg/mL and 
2,100 U/mg of protein, respectively.

Keywords 

β-amylase · Aspergillus foetidus · Enzyme activity · Enzyme purification · 
Native-PAGE

43.1  Introduction

Microorganisms are the most important sources 
for enzyme production. Selection of the right or-
ganism plays a key role in the high yield of desir-
able enzymes. The Aspergillus species produces 

a large variety of extracellular enzymes, of which 
amylases are of significant industrial importance 
(Pandey et al. 2000).

β-amylase (α-1, 4–glucan maltohydrolase, 
E.C. 3.2.1.2) is an exoamylase that catalyzes the 
hydrolysis of α-1, 4–glucan bonds in amylosac-
charide chains from the nonreducing ends, pro-
ducing β-maltose and β-limit dextrin as products 
(Thoma et al. 1971). It is used for the saccharifi-
cation of liquefied starch to produce high maltose 
syrups and high conversion syrups used in phar-
maceutical and clinical sectors and also increases 
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fermentability of brewing wort (White and White 
1997). In structural studies β-amylase is used for 
the structural analysis of starch and glycogen 
molecules (White and White 1997).

In fungi, detailed studies on amylases are in 
scarce and have largely been limited to only a few 
species of fungi (Abouzeid 1997). On the other 
hand, bacterial amylases have generally been 
produced from the strains belonging to genus 
Bacillus and Clostridium; several attempts have 
been made at their purification and characteriza-
tion, from both mesophilic as well as thermophil-
ic strains (Pandey et al. 2000). The thermostable 
β-amylase is needed especially in food and bever-
age industries. Therefore, in recent times most of 
the attention has been made to search β-amylases 
which can remain active at higher temperatures. 
Mostly thermostable β-amylases have been re-
ported from few bacteria, i.e., Bacillus sp., Clos-
tridium thermosulfurogenes (Kwan et al. 1994; 
Shen et al. 1988), etc. as well as plants, i.e., barley 
(Okada et al. 1995). Among fungi, extracellular 
thermostable β-amylase has been reported from 
Thermoactinomyces sp (Obi and Odibo 1984).

The amylase family of enzymes is of great 
biotechnological significance due to its wide 
area of potential application. Although a lot of 
research work has been done on α-amylase from 
various microbial sources, but less attention has 
been paid towards fungal β-amylase, which too 
can have enormous industrial applications. In 
addition to thermostability, such applications 
require highly purified amylases. Thus, it is sig-
nificant to develop economical and convenient 
processes for their purification to obtain pure 
enzymes with maximum specific activity. The 
apparent paucity of information on thermostable 
β-amylase from mesophilic fungi prompted us 
to screen various Aspergillus sp., among which 
Aspergillus foetidus MTCC-508 was found to be 
an excellent source for thermostable β-amylase 
production. Moreover, A. foetidus can be con-
sidered an important source of enzyme as it does 
not produce ochratoxin A, as reported by Schus-
ter et al. in 2002 and is a member of Aspergillus 
niger group which is considered as GRAS (gen-
erally regarded as safe) organism. To date, there 
is no report of thermostable β-amylase from A. 

foetidus in literature. This article describes the 
isolation, purification, and characterization of a 
thermostable β-amylase enzyme produced under 
submerged fermentation (SmF) conditions by A. 
foetidus MTCC-508.

43.2  Materials and Methods

43.2.1  Materials

A. foetidus MTCC-508 was procured from the 
Institute of Microbial Technology, Chandi-
garh, India. Fungal culture was maintained on 
potato-dextrose-agar medium. Sephadex G-100 
and DEAE-Sephadex A-50 were obtained from 
GE Healthcare (UK). Soluble starch, KH2PO4, 
K2HPO4, MgSO4.7H2O, (NH4)2SO4, FeSO4, and 
all other chemicals used were of analytical grade 
purchased from Merck, India. All experiments 
were repeated thrice.

43.2.2  Organism Growth  
and β-Amylase Production

The liquid culture medium for β-amylase produc-
tion was composed of (grams per liter) KH2PO4 
0.3; K2HPO4 0.7; MgSO4.7H2O, 0.5; (NH4)2SO4 
2.0; FeSO4 0.01; and 1 % (w/v) of soluble starch, 
pH 6.5. 250 ml Erlenmeyer glass flasks contain-
ing 50 ml of culture medium were autoclaved at 
121 °C for 20 min. These flasks were inoculated 
with fungal spores (1 × 108 mL−1) and incubated 
at 30 °C for 24 h in an automatic incubator.

43.2.3  Enzyme Activity Determination

Amylase activity was routinely assayed by mea-
suring the rate of generation of reducing sugars 
from starch. The enzyme assay for β-amylase 
activity used a reaction mixture (1 mL) contain-
ing boiled soluble starch (1 % (w/v)), and sodium 
acetate buffer (50 mM, pH 6.0). Reaction mix-
ture was incubated at 30 °C for 30 min and the 
reducing sugar released by enzymic hydrolysis 
of soluble starch was determined by dinitrosali-

S. K. Mishra et al.
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cylic acid method (Bernfeld 1955). One unit of 
β-amylase was defined as the amount of enzyme 
that produces 1 µmol of reducing sugar as malt-
ose per min under the above assay conditions.

43.2.4  Protein Determination

Protein concentration was determined by the 
method of Lowry et al. (1951) using bovine 
serum albumin as the standard.

Except for the chromatographic experiments, 
the enzyme activity values presented are mean 
values of triplicate assays. Standard deviation 
values were always smaller than 10 % of the 
mean value.

43.2.5  Purification of β-Amylase

The precooled acetone was slowly added to the 
crude extract with constant stirring to give a con-
centration of 75 % (v/v) and this solution was 
left on ice for 10 min. The precipitate was col-
lected by centrifugation at 10,000 rpm for 15 min 
at 4 °C, dissolved in acetate buffer (50 mM, pH 
6.0) with 2 mM CaCl2, dialyzed against the same 
buffer and then used as partially purified enzyme 
preparation.

The partially purified enzyme preparation 
was loaded on a DEAE-Sephadex A-50 column 
(45 × 1.5 cm), pre-equilibrated with 50 mM ac-
etate buffer, pH 7.0. After complete loading of 
the enzyme, the unbound fraction was checked 
for amylase activity and then the column was 
washed with the equilibration buffer. The en-
zyme was eluted with linear gradient of NaCl 
(0–1.0 M), prepared with 210 mL of equilibration 
buffer and 210 mL of the same buffer containing 
1.0 M NaCl. Samples of 3 mL were collected at 
a flow rate of ~30 mL/h. The single activity peak 
fractions were pooled, concentrated, and loaded 
on a Sephadex G-100 column (50 cm × 1.5 cm), 
which was pre-equilibrated with 50 mM acetate 
buffer (pH 6.0) with 2 mM CaCl2. The enzyme 
was eluted with the same buffer at a flow rate 
of ~ 10 mL/h. The single activity peak frac-
tions were collected, concentrated and dialyzed 

against the same buffer. The dialyzed enzyme so-
lution was then used as almost purified enzyme 
preparation.

The purity of the enzyme was checked on 
10 % SDS-PAGE under denaturing conditions 
according to the method of Laemmli (1970). 
Gel was stained with Coommasie Brillant Blue 
R-250. The molecular weight markers used in 
SDS-PAGE were ovalbumin (43,000), carbonic 
anhydrase (29,000), soybean trypsin inhibitor 
(20,100), and lysozyme (14,300). Native-PAGE 
was performed using 10 % polyacrylamide gel 
according to the method of Walker (2002). The 
procedure was same as SDS-PAGE except that 
SDS and β-mercaptoethanol were not added.

43.2.6  Effect of pH

The effect of pH on enzyme activity was assessed 
over a pH range from 3 to 9 by using either 
50 mM potassium phosphate buffer or 50 mM 
citric acid as buffer (adjusted to the required pH 
by the other components) under otherwise stan-
dard enzyme assay conditions. In both buffers 
with same pH, the activity of enzyme was same.

43.2.7  Effect of Temperature  
and Thermal Stability

The effect of temperature on enzyme activity was 
assessed by incubating enzyme with the substrate 
(as previously described) at various temperatures 
ranging from 30 to 80 °C.

The effect of temperature on enzyme stability 
was assessed by incubating enzyme at 50, 60, and 
70 °C for several time periods. The residual activ-
ity of the enzyme was estimated under standard 
assay conditions in each case and expressed as 
relative activity (%) referred to the activity ob-
served before incubation.

43.2.8  Effect of Metallic Ions

A mixture consisting of 0.1 mL of the prop-
erly diluted enzyme solution and 0.1 mL of 
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metallic ions (final concentration 0.5 mM) was 
incubated for 30 min at room temperature and en-
zyme activity was checked under standard assay 
conditions.

43.2.9  Hydrolysis of Raw Starch

The ability of the enzyme to hydrolyze raw starch 
was studied using rice, wheat, Trapa natans, and 
maize starches. Commercial soluble starch was 
used as the standard.

43.2.10  Substrate Specificity

The Km and Vmax for β-amylase using soluble 
starch as a substrate were determined by the 
method described by Lineweaver and Burk 
(1934).

43.3  Results and Discussion

43.3.1  Enzyme Purification

The enzyme purification steps are summarized in 
Table 43.1. β-amylase was purified 254.8-fold with 
14.6 % yield from the crude enzyme extract. First, 
the proteins in the crude extract were precipitated 
with 75 % acetone. The precipitation of proteins 
was also tried with 110 % ethanol but in this case 
significant amount of enzyme got inactivated 
and also the percent recovery was comparatively 
low and hence precipitation with acetone was 
preferred. In this step, enzyme purification fold 
achieved was 37.14 and 44.64 % enzyme could be 
recovered. Then the concentrated enzyme prepara-
tion was fractionated by anionic exchange chroma-
tography using DEAE-Sephadex A-50 column, in 
which the enzyme was eluted by 0.43 M NaCl in 
the fractions from 14 to 24 as shown in Fig. 43.1. 

Table 43.1  Steps for purification of β-amylase from Aspergillus foetidus MTCC-508
Purification step Total activity 

(units)
Total protein 
(mg)

Specific activity 
(units/mg)

Purification fold Recovery (%)

Crude extract 6800 820 8.29 1 100
Acetone 

precipitation
3036 9.86 307.91 37.14 44.64

DEAE-Sephadex 
A-50

1590 1.2 1325 159.8 23.4

Sephadex G-100 993 0.47 2112.76 254.8 14.6
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After this step, the purification fold and enzyme 
recovery were 159.8 and 23.4 %, respectively. To 
remove the remaining contaminating proteins, the 
partially purified enzyme was loaded on Sephadex 
G-100 column (Fig. 43.2). The enzyme was eluted 
in fraction numbers 51 to 64. All the fractions were 
pooled together, concentrated and loaded on 10 % 
SDS-PAGE to check the purity. In 10 % SDS-
PAGE, only one protein band could be observed 
at around 20 kDa (Fig. 43.3), confirming the pu-
rity of β-amylase enzyme. The purification scheme 
employed here is relatively simple and used rou-
tinely in a general protein laboratory.

When Native-PAGE of the purified enzyme 
was performed, the band came around 80 kDa 
(Fig. 43.4), suggesting that the enzyme is a ho-
motetrameric protein. Our finding is in agree-
ment with the earlier report by Shen et al. (1988), 
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Fig. 43.4  Ten percent Native-PAGE of Aspergillus foeti-
dus MTCC-508 β-amylase; 1—molecular mass standards; 
2—purified β-amylase

 

Fig. 43.3  Ten percent SDS-PAGE of Aspergillus foeti-
dus MTCC-508 β-amylase; 1—molecular mass standards; 
2—purified β-amylase
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who reported a thermostable β-amylase from 
C. thermosulfurogenes having homotetrameric 
structure. Colman and Matthews (1971) have 
also reported tetrameric β-amylase from sweet 
potato. There is also a report by Rama et al. 
(1998) about a 210 kDa tetrameric β-amylase 
from C. thermosulfurogenes SV2. Although there 
are several reports about monomeric and dimeric 
β-amylases as well (Obi et al. 1984).

43.3.2  Effect of pH on Activity  
and Stability

The A. foetidus MTCC-508 β-amylase was found 
to be maximally active at pH 6.0 (Fig. 43.5). 
This result is in agreement with the optimal pH 
for certain fungal amylase activities reported by 
Alli et al. (1998). In 2005, Ganiyu Oboh (2005) 
also reported the same optimal pH (6.0) for amy-
lase isolated from fermented cassava wastewater. 
The β-amylase from Clostridium thermocellum 
SS8 has also been reported to be maximally ac-
tive at pH 6.0 (Swamy et al. 1994). Optimum pH 
for an extracellular thermostable β-amylase from 
C. thermosulfurogenes has also been reported in 
the range of 5.5–6.0 by Hyun and Zeikus 1985. 
Figure 43.5 also indicates that the β-amylase is 
mostly active in acidic range of pH, showing 
> 80 % activity at pH 6.5 and 5.5 and almost 60 % 
activity in the pH range of 5.0–7.0. However, 
the activity of the enzyme decreased sharply 
above pH 7.0, which indicates that the enzyme 

loses activity in alkaline region. Most commonly 
described β-amylases lack significant activity 
at extreme pH (Swamy et al. 1994). Although 
there are reports available of β-amylases being 
optimally active either at neutral or alkaline pH 
(Kwan 1994; Bahrim 2007).

43.3.3  Effect of Temperature on 
Activity and Stability

The optimum temperature for the action of 
β-amylase on soluble starch was 50 °C (Fig. 43.6). 
The activity in broad range of temperature makes 
this enzyme an interesting candidate for indus-
trial applications.

When the thermal stability of the enzyme was 
checked, it was found to be completely stable at 
50 °C up to 2 h, while after 2 h, there was a grad-
ual decrease in the stability of enzyme showing 
40 % activity after 20 h incubation (Fig. 43.7). 
At 60 °C the enzyme was 80 % active for 30 min 
while at 70 °C it lost its 50 % activity after 
30 min. The decrease in stability increases with 
increase in temperature as shown in Fig. 43.6, 
with the enzyme showing the highest stability at 
50 °C and the least stability at 70 °C. Further, the 
enzyme is completely stable for longest duration 
at 50 °C although β-amylases from some thermo-
philic bacteria and fungi have been reported to 
be stable at higher temperatures (Shen 1988; Obi 
and Odibo 1984; Rama et al. 1998). Thermosta-
bility is an important attribute of this enzyme for 
its use in industries.

The temperature inactivation of the enzyme 
can be attributed to the formation of incorrect con-
formation due to processes such as hydrolysis of 
the peptide chain, destruction of amino acids and 
aggregation (Schokker and Van Boekel 1999).

43.3.4  Effect of Metallic Ions on 
Enzyme Activity

The effect of various metal ions (final concen-
tration 0.5 mM) on the activity of β-amylase 
was investigated (Table 43.2). The enzyme was 
strongly inhibited showing 2 % and 3 % of its 
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original activity in presence of Zn2+ and Hg2+ re-
spectively, while Co2+ and Fe3+ considerably in-
hibited the activity, whereas marginal inhibition 
was observed in the presence of Cu2+ and Mn2+. 
This result is in agreement with the report of 
Swamy et al. (1994), who reported that high mo-
lecular weight metal ions such as Ag+, Fe2+, Zn2+, 
Cu2+, and Hg2+ inhibit the activity of β-amylase 

from C. thermocellum SS8. Chang et al. (1996) 
have also reported inhibition of amylase by 
CuSO4 and HgCl2. Further, the inhibition by Hg+ 
may be attributed to their binding of the thiol 
group of the enzyme (Dey and Pridham 1977). 
Mg2+ was found to be the only metal which en-
hanced the activity of enzyme up to 106.2 % of its 
original activity. Other metal ions, such as Ca2+ 
and Ni2+ did not show any considerable effect on 
enzyme activity.

43.3.5  Hydrolysis of Raw Starch

The ability of the β-amylase from A. foetidus 
MTCC-508 to digest raw starch was studied 
using starches from different sources like maize, 
wheat, rice, and Trapa natans. The result shown 
in Table 43.3, reveals that the relative activity 
of this enzyme is maximum with maize starch 
(102.3 %) as compared to other raw starches used 
( Trapa natans: 73 %, wheat: 48 %, rice: 26.92 %). 
Better efficiency of this enzyme with maize 
starch is remarkable as maize starch is the most 
wide spread raw material used to produce starch 
derivatives and hydrolysis products. This enzyme 
being efficient in converting maize starch into 
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maltose, it can be applied to produce high malt-
ose syrups, one of the important maize sweeten-
ers that can be adapted to various needs; can be 
used in food to provide clean, sweet taste, retain 
moisture, controlled crystallization and freezing 
points, inhibit spoilage and modified density etc. 
It is obvious from the result that when the starchy 
material is incubated with amylases, it gets hy-
drolyzed into smaller subunits, but the degree of 
hydrolysis greatly depends on the source of the 
starch which is used as a substrate. This agrees 
with earlier reports of Omemeu et al. (2005) that 
the susceptibility of raw starch granules to diges-
tion by amylase is dependent on starch source.

43.3.6  Substrate Specificity

The effect of varying the substrate concentration 
on the rate of reaction was studied with soluble 
starch. Lineweaver-Burk plots of the data gave 
an apparent Michaelis constant ( Km) of 2.7 mg/
mL and a maximum velocity ( Vmax) of 2,100 U/
mg of protein (Fig. 43.8). No significant inhibi-
tion effect was observed at high substrate con-
centration.

The purified β-amylase of A. foetidus MTCC-
508, shows a low Km value for soluble starch, 
thus the enzyme seems to have higher affinity 
for soluble starch. Further the low Km value of 
the enzyme also explains its high specific activ-
ity. The specific activity of the enzyme was fairly 
high (2112.76 U/mg of protein) when compared 
with the β-amylases from Clostridium thermo-
actinomyces (408 U/mg of protein) by Obi and 
Odibo (1984) or from sweet potato (0.06 U/mg 
of protein) as reported by Oboh and Ajele (1997).

43.4  Conclusion

This is for the first time we are reporting thermo-
stable β-amylase from A. foetidus isolate (MTCC-
508), which has been purified in simple steps. This 
can be claimed as an important source of this en-
zyme as A. foetidus does not produce Chratoxin A 
and is a member of Aspergillus niger group which 
is considered a GRAS organism. In industries, 
β-amylases active in acidic range of pH are most-
ly required. The activity of this enzyme in acidic 
range of pH and at higher temperature makes it a 
suitable candidate for industrial use. This enzyme 
can be exploited in the industries where starch 
conversions are performed at relatively high tem-
peratures. Although this enzyme is capable of hy-
drolyzing all the raw starches tested but has been 
found to have better efficiency with maize starch, 
which is the most widely used raw material for 
producing starch derivatives and related products. 
Hence, the maize starch can be used in the produc-
tion of high maltose syrups and high conversion 
syrups required in pharmaceutical and clinical sec-
tors by using this enzyme. Further detail study is 
required regarding the conversing efficiency and 
hydrolyzing capability of this enzyme to maize 
starch to make it much more industrially suitable 
enzyme.
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Table 43.3  Digestibility of raw starches
Starch source Relative activity (%)
Soluble starch (potato) 100
Maize 102.3
Rice  26.92
Wheat  48
Trapa natans  73

 

Table 43.2  Effect of different metal ions on β-amylase 
activity
Metal ion (0.5 mM) Relative enzyme activity (%)
None 100
MgSO4 106.2
CaCl2 100
HgCl2  3
CoCl2  32
NiSO4  98.2
CuSO4  83.6
MnSO4  80.9
ZnCl2  2
FeCl3  70.1
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Abstract

Early blight in solanaceous plants is a common and serious disease of pota-
to and tomato caused by the pathogen Alternaria solani. Leaf blight caused 
by A. solani resulted in 50–80 % yield loss. Several fungicides have been 
used for a long time to prevent losses due to pre- and post-harvest diseases 
but have led to serious environmental threat to human life and microbial 
contamination. Therefore, the present study was done with the aim to anal-
yse the effect of acetone extract of leaf and alcohol extract of inflorescence 
of Euphorbia pulcherrima on spore germination of A. solani by detached 
leaf assay method for the development of biologically safe fungicide. A 
significant reduction in infection as well as conidial germination of A. so-
lani was observed on petiolated but detached leaves of Lycopersicon escul-
entum. Acetone extract of the leaf of E. pulcherrima was found to be 100 % 
inhibitory at 125 µg/ml concentrations whereas alcohol extract of inflores-
cence showed 100 % inhibition of spores at only 62.5 µg/ml concentration.

Keywords 

Early blight · Alternaria solani · Euphorbia pulcherrima · Plant protection

pre-harvest and post-harvest. Pre-harvest diseases 
occur in the standing crop whereas post-harvest 
diseases occur during storage, so loss in crop 
yield is much more in these types of diseases. 
Among the various severe plant pathogenic fungi, 
Alternaria is the most common fungi which cause 
blight disease in solanaceous plants such as po-
tato and tomato. Tomato is an important vegeta-
ble crop of the world and ranks next to potato in 
acreage and production (Saini et al. 2005). One 
of the most common diseases of tomatoes caused 
by the fungus Alternaria solani is known as the 

44.1  Introduction

Diseases caused by fungi in plants are responsible 
for decrease in yield of crops. Economic losses 
due to fungal diseases in plants are of two types: 
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early blight of tomatoes. The early blight may af-
fect foliage, stems and fruits (causing brown leaf 
spots and concentric black circles on the tomato 
fruit). This fungal disease can affect solanaceous 
crops (Karima and Sayeda 2007). Early blight is 
an important foliar pathogen of potatoes world-
wide. Susceptibility to infection is primarily de-
termined by the age of the host plant. A. solani 
causes collar rot in tomato seedlings, and early 
blight caused by A. solani is the most destructive 
disease of tomatoes in the tropical and subtropical 
regions. Each 1 % increase in intensity can reduce 
yield by 1.36 %, in mature tomatoes and potatoes 
(El-Mougy 2009; Babagoli and Behdad 2012). 
Complete crop failure due to early blight can also 
occur when the disease is the most severe (Pan-
dey 2003). Yield losses of up to 79 % have been 
reported in the USA, of which 20–40 % is due to 
seedling losses (collar rot) in the field (Chaerani 
and Voorrips 2006).

A. solani is also one of the most important fo-
liar pathogens of potato. In the USA, yield loss 
estimates attributed to foliar damage, which re-
sults in decreased tuber quality and yield reduc-
tion, can reach 20–30 %. In storage, A. solani can 
cause dry rot of tubers and may also reduce stor-
age length, both of which diminish the quantity 
and quality of marketable tubers. Singh (1985, 
1998) reported that production loss of tomatoes 
due to blight disease is as high as 78 %. Early 
blight is the most common disease of potatoes in 
South Africa and is caused by the fungus A. so-
lani. Yield loss of up to 50 % in heavily infected 
fields has been recorded (OrzoLek et al. 2010).

Several fungicides have been used for a long 
time to prevent losses due to pre- and post-harvest 
diseases but have led to serious environmental 
threat to human life and microbial contamination 
(Agriose 1997). Pathogenic microorganisms and 
insect pests develop resistance due to repeated 
use of these chemical pesticides. Hence, there is 
a need to develop an alternative, safe and cheap 
method for the management of pathogenic mi-
croorganisms (Rice et al. 1998).

Hence, in the present study, the effect of 
acetone and alcohol extract of Euphorbia 
pulcherrima leaf and inflorescence on the germi-
nation of A. solani was studied by detached leaf 
assay method.

44.2  Materials and Methods

44.2.1  Inoculum Preparation

Inoculum of the pathogen was prepared by har-
vesting spores from 7 to 8-day-old fungal cul-
ture growing on potato-dextrose-agar (PDA) 
medium. Spores were suspended in 5 ml of dis-
tilled water and were gently shaken with a glass 
rod. The resultant spore suspension was filtered 
through double-layered cheesecloth to remove 
mycelial fragments and was subsequently centri-
fuged at 3,500 rpm for 10 min. The spore pellet 
so obtained was resuspended in sterile water and 
suitably diluted to obtain spore density of 1 × 104 
spores/ml.

44.2.2  Effect of Plant Extract on Spore 
Germination

Leaves and inflorescence of E. pulcherrima 
were collected from the Botanical Garden of 
College of Science, Udaipur. Leaves and inflo-
rescence were shade dried, mechanically pow-
dered and were used for extract preparation. A 
total of 50 mg of extract was dissolved in 10 ml 
of dimethyl formamide (DMF) to obtain stock 
solution of 5 mg/ml concentration, and differ-
ent concentrations such as 500, 250, 125, 62.5, 
31.25, 15.62, 7.81 and 3.95 µg/ml were made 
from this stock solution by twofold serial dilu-
tion technique. Concentrations up to minimum 
inhibitory concentration (MIC) were further used 
for experimental purpose, i.e. up to 125 µg/ml 
concentration of acetone extract of leaves and up 
to 62.5 µg/ml concentration of alcohol extract of 
inflorescence were used.

Inhibition of spore germination was studied on 
petiolated but detached leaves of Lycopersicon 
esculentum. The leaves were washed in distilled 
water and the extracts were spread with a fine 
camel hairbrush on the adaxial surface of leaves. 
Three replicates were used for each concentration. 
A total of 1 ml of spore suspension was then spread 
on the surface of these leaves with the help of 
sterilized inoculation loop, untreated control was 
maintained to observe the normal germination of 
conidia, and Similarly negative control of DMF 
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was also maintained to rule out the possibility of 
its inhibitory effect. The leaves were transferred 
to petri plates filled with water. The leaf lamina 
was supported by tilted glass slide and the petiole 
was kept dipped in water. The leaves were incu-
bated at 20 °C for 24 h, and the experiment was 
repeated thrice. After incubation, the leaves were 
cut into small pieces (10 × 10 mm) and cleared 
by the method of Bruzzese and Hassan (1983). 
These pieces were placed in a hot solution of 1:1 
of glacial acetic acid and 95 % ethanol and were 
boiled gently for few minutes until the pieces lost 
their chlorophyll and became opaque. These leaf 
bits were cleared for 30 min in strong solution of 
chloral hydrate and stained with cotton blue and 
observed under a light microscope. The number 
of germ tubes/conidium, the length of the germ 
tube and the per cent germination were recorded.

44.3  Results and Discussion

Results of inhibitory effect of acetone extract 
of E. pulcherrima leaf on the per cent conidial 
germination, the length of the germ tube and 
the number of germ tube/conidium are listed in 
Table 44.1. The percent germination decreased 
with increasing concentration of extract. Inhibi-
tion of conidial germination started at 3.95 µg/
ml and 100 % inhibition was observed at MIC 
(125 µg/ml). The length and the number of germ 
tubes also decreased with increasing concentration 
of the extract. As compared to control germ tube 
length was decreased from 102.2 to 7.36 µm at 
62.5 µg/ml (MIC). Similarly, the number of germ 
tubes also decreased from 2.0/conidium (control) 
to single-germ tube/conidium at sub-MIC, i.e. at 
62.5 µg/ml. Mancozeb used as standard antifungal 
exhibited 75 % inhibition of conidia of A. solani.

Results of the effect of the alcohol extract 
of E. pulcherrima inflorescence on per cent co-
nidial germination, length of the germ tubes and 
the number of germ tube/conidium are listed in 
Table 44.2. Results indicate that as compared to 
mancozeb (2,000 µg/ml), 15.62 µg/ml concentra-
tion of the extract is found to be more inhibitory 
against conidia of A. solani. A total of 43.34 % 
inhibition of A. solani conidia was observed at 

sub-MIC concentration, i.e. 31.25 µg/ml. A total 
of 100 % inhibition was observed at 62.5 µg/ml 
(MIC) concentration of the extract. Similarly, 
the germ tube length was also decreased from 
99.16 µm (control) to 14.83 µm at sub-MIC, i.e. 
31.25 µg/ml. Decrease in the number of germ 
tubes/conidium was also observed. In control, 
1.9 germ tubes/conidia were observed, and at 
sub-MIC concentration of 31.25 µg/ml, a single 
germ tube/conidium was observed. At 62.5 µg/
ml, germ tubes were not formed which indicates 
that spores failed to germinate due to the treat-
ment of the extract.

Early blight in solanaceous plants is a com-
mon and serious disease of potatoes and toma-
toes caused by the pathogen A. solani. Leaf blight 
caused by A. solani resulted in 50–80 % of yield 
loss (Mathur and Shekhawat 1986). A significant 
reduction in infection as well as conidial germi-
nation of A. solani was studied on petiolated but 
detached leaves of L. esculentum by treatment 
with the acetone extract of leaf and the alcohol 
extract of inflorescence of E. pulcherrima. In-
hibitory effect of E. pulcherrima leaf and alcohol 
extracts on conidial germination increased with 
increasing concentrations of the extract.

Since ancient time, plants have been known 
for their medicinal and antimicrobial properties, 
and some plant extracts have been proven to be 
good hatching inhibitors and sporulation altering 
agents (Khalil 2001). Several plant products as 
therapeutic agents against various plant patho-
gens causing different diseases in cereal, oil seed 
and vegetable crops have been tried successfully 
(Ganesan 1994; Valarini et al. 1994). Hence, bio-
rational alternative including plant extracts are 
the best alternative present today for solving veg-
etable disease problems (Tiwari et al. 2004).

Feng and Zheng (2007) investigated that Cassia 
oil completely inhibit the growth of Alternaria 
alternata at 300–500 ppm whereas spore germi-
nation and germ tube elongation of the pathogens 
was strongly inhibited in the presence of 500 ppm 
concentration of Cassia oil. Reduction in mycelial 
growth and spore germination of Phytophthora 
infestans and A. solani has been reported 
(Abd-El-Khair and Haggag 2007). Murugan et al. 
(2007) reported inhibition of spore formation and 
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thus 100 % inhibition of the growth of Aspergillus 
flavus and A. parasiticus by using the flower ex-
tracts of Euphorbia milli and E. pulcherrima. 
Deepak et al. (2007) reported that aqueous extracts 
of some plants have the ability to inhibit zoospo-
rium formation and thus zoospore formation in 
Sclerospora graminicola. Zaker (2013) screened 
some medicinal plant extracts against Alternaria 
sesami, the causal agent of Alternaria leaf spot 
of sesame and reported that methanolic extracts 
of peppermint (15 and 10 %), lavandula (15 %) 
and eucalyptus (15 %) were more effective than 
methanol–water extracts and completely inhibited 
the growth of the pathogen. Among the tested ex-
tracts, methanolic extracts of peppermint (15 %) 
and eucalyptus (15 %) were the best in preventing 
spore germination of the pathogen ( P = 0.01).

44.4  Conclusion

It was concluded from the above-mentioned 
study that fungal diseases of tomatoes and pota-
toes are caused by several pathogenic fungi be-
fore and after storage conditions. Many studies 
have been carried out with respect to occurrence, 
causal organisms, severity, losses, pathogenicity 
and disease control with fungicides. The present 
study demonstrated that E. pulcherrima extracts 
can be used for bio-control of early blight 
disease. Thus, this method of control can contrib-
ute in minimizing the risks and hazards of toxic 
fungicides, especially on vegetables produced for 
fresh consumption. Further research into these 
extracts will identify the active compounds re-
sponsible for their fungicidal activity.

This chapter may help future researchers to 
devise a concrete strategy for evaluating different 
pathological aspects and manage the post-harvest 
fungal diseases of tomatoes. However, further 
study is needed to review all other recent reports 
about various pathological aspects of the fungal 
diseases of tomatoes and potatoes and the man-
agement strategies opted for pre-harvest diseases 
of tomatoes and potatoes.
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Abstract

Herbal drugs have been used since ancient times for prevention and 
treatment of diseases as well as to promote health and healing. Gen-
erally, herbal drugs are considered to be free from side effects but the 
poor practices of their harvesting, collection, transportation and storage 
often lead to extensive fungal growth and accumulation of mycotoxins. 
Fungal and mycotoxin contaminations are the major cause of decline of 
market value of herbal drug raw materials. Such contamination degrades 
the quality of raw materials and the medicinal value of the formulated 
herbal drugs. Synthetic chemical preservatives have been prescribed to 
control different post-harvest fungal contaminations but due to their re-
sidual and mammalian toxicities, herbal pharmaceutical industries need 
some safer  chemicals as preservatives during post-harvest processing of 
herbal raw materials. Currently, several plant-derived chemicals and their 
formulations are practically used on a large scale as antimicrobials and 
are  recognized as safer alternatives of synthetic chemicals. Among the 
higher plant products, plant essential oils, being volatile in nature, may be 
recommended as botanical fumigants to minimize fungal growth and my-
cotoxin contamination of herbal drug raw materials. The present chapter 
deals with an account of fungal and mycotoxin contamination of herbal 
raw materials and the prospective of plant-derived chemicals as preserva-
tives during post-harvest processing of herbal raw materials.

Keywords

Herbal drugs. Mycotoxins · Antimicrobial · Plant based preservatives · 
Botanical fumigants
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45.1  Introduction

Herbal drugs have been popular in all cultures 
and are being used by about 80 % of the world’s 
population especially in vast rural areas for curing 
their various health ailments and diseases (WHO 
2001). Herbal drugs are prepared from different 
parts of medicinal plants such as roots, stems, 
barks, leaves, flowers, fruits, seeds or the whole 
plant, which are called herbal drug raw materi-
als. Herbal medicine is gaining popularity day by 
day because of its efficacy, safety and lesser side 
effects. Furthermore, the herbal compounds such 
as phenolics, alkaloids, quinones, terpenoids, lec-
tins and polypeptides have been found to be very 
effective alternatives to antibiotics and synthetic 
drugs (Citarasu 2010). They also offer therapy 
for cancer and some age-related disorders like 
memory loss, osteoporosis, immune disorders for 
which no effective synthetic drugs are currently 
available (Kamboj 2000).

India is rich in medicinal plant diversity dis-
tributed in different parts of the country, from 
alpine in the Himalayas to tropical hot–humid in 
the south, arid in the northwest and cold wet in 
the northeast, and is also rich in tribal and folk 
knowledge system (Dubey et al. 2004). Out of 
the 17,000 species of flowering plants, 7,500 
plant species have been recognized for their me-
dicinal value. With such wonderful biodiversity 
of medicinal plants, India has tremendous po-
tential in the field of herbal medicine. About 300 
plant species are used for herbal preparation by 
around 7,800 herbal drug manufacturing units in 
India which consume about 2,000 tons of herbs 
annually for the production of around 25,000 ef-
fective plant-based formulations (Bhandari et al. 
2008; Aneesh et al. 2009).

Out of the ~ US $ 900 billion share of global 
pharmaceutical market, the present global mar-
ket of herbal medicine is around US $ 62 billion 
which is estimated to increase up to ~ US $ 5 tril-
lion in 2050 (Aneesh et al. 2009). The demand 
of medicinal plants among people is increasing 
continuously because of their increasing popular-
ity as an easily available and safe remedy for vari-
ous diseases in contrast to high prices and adverse 
side effects of synthetic medicines. Therefore, the 

countries rich in medicinal plant diversity will re-
ceive more revenue in near future following the 
widening of the market of herbal products in de-
veloped countries. India and China are the two 
largest producers of herbal raw materials; yet, 
in international markets, India accounts for only 
1.61 %share, which is a very small portion of the 
world trade of medicinal plants, while China holds 
30.65 % share of the total global herbal market.

The comparatively small share of India in 
global herbal market is due to the poorer qual-
ity of Indian herbal medicines than that of Chi-
nese medicines and to some extent the poor for-
eign trade policies of India for export of herbal 
products. The USA is the largest market for In-
dian herbal products accounting for about 50 % 
of total exports of India, whereas the countries 
like Japan, Hong Kong, Korea, Singapore and 
even the USA are the major importers of Chi-
nese herbal products which results in a smaller 
share of India in the global herbal market than 
that of China (Anon 2003). Microbial contamina-
tion of herbal raw materials is one of the major 
reasons for the very poor share of India in the 
world market because some foreign herbal phar-
maceutical firms have decided to re-evaluate the 
Indian herbal raw materials to make healthy for-
mulations (Dubey et al. 2008; Sahoo et al. 2010; 
Aneesh et al. 2009).

Medicinal plants after harvesting and grading 
need suitable post-harvest processing technolo-
gies to maintain their therapeutic value. In warm 
and humid areas like most parts of India, poor 
sanitary conditions during harvesting, collection, 
transportation and post-harvest processing may 
lead to microbial contamination of the harvested 
raw materials, and after long-term storage, these 
microbes especially molds secrete some undesir-
able toxic substances (mycotoxins)which make 
raw materials toxic to different human systems 
(Dubey et al. 2008). India can be a major herbal 
product exporter in the global herbal market if it 
adopts control measures to reduce fungal contam-
ination of the raw materials. The present chapter 
deals with fungal and mycotoxin contamination 
of herbal raw materials and the prospects of high-
er plant products during post-harvest treatment.
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45.2  Fungal Association and 
Mycotoxin Contamination  
of Herbal Raw Materials

In recent years, some reports are available on the 
adverse side effects of herbal drugs although they 
are generally considered as lesser or no side ef-
fects in contrast to synthetic drugs. Such adverse 
effects of herbal drugs are generally due to the 
consumption of herbal drug raw materials con-
taminated with molds and mycotoxins. The unde-
sirable effects are not due to the consumption of 
herbal drugs but due to the consumption of cer-
tain toxic substances secreted by microbes asso-
ciated with these drugs (Bugno et al. 2006; Maz-
zanti et al. 2008). A case of food poisoning and 
growth retardation of infants was found in some 
areas of South-eastern Africa when mycotoxin-
contaminated herbal preparation was given to 
them for ritual protection (Delgado et al. 2011). 
The raw materials of herbal drugs have the high-
est chance of contamination with various fungi 
due to unscientific storage conditions especially 
in tropical and subtropical countries like India 
where high temperature and moisture content 
is conducive to fungal growth and mycotoxin 
production (WHO 1993; Roy 2003). Mycotoxin 
produced by storage fungi causes major health 
hazards to the consumers of herbal drugs. They 
affect liver, kidney, nervous system, muscular 
system, digestive system, genital system and 
respiratory organs of humans (Efuntoye 1996; 
Rizzo et al. 2004; Bugno et al 2006; WHO 2007; 
Dubey et al. 2008; Mishra et al. 2012b). The most 
common mycotoxins reported on stored herbal 
drug raw materials are aflatoxins, ochratoxin, 
citrinin, zearalenone and fumonisin produced by 
Aspergillus flavus, Aspergillus ochraceous, Peni-
cillium citrinum and Fusarium spp., respectively 
(Dubey et al. 2004; WHO 2007; Dubey et al. 
2008; Delgado et al. 2011). A large number of re-
ports by researchers on the occurrence of myco-
flora on herbal drug raw materials reveal the spe-
cies of Aspergillus and Penicillium as the most 
dominant among the toxigenic molds associated 
with raw materials (Hitokoto et al. 1978; Roy 
and Chourasia 1990; Efuntoye 1996; Halt 1998; 
Abou-Arab et al. 1999; Rizzo et al. 2004; Bugno 
et al. 2006; Aquino et al. 2007; Singh et al. 2008; 

Kumar et al. 2009; Sahoo et al. 2010; Gautam and 
Bhadauria 2011; Mishra et al. 2012b). Aflatoxins 
are the most prevalent mycotoxin on different 
stored herbal raw materials (Roy et al. 1988; Roy 
and Chourasia 1990; Chourasia 1995; Aziz et al. 
1998; Efuntoye 1999; Pathanadech et al. 2001; 
Kumar et al. 2009)and are produced by A. fla-
vus, A. parasiticus and few strains of A. Nomius 
(Bhatnagar and García 2001; WHO-IARC 2002). 
Aflatoxins are highly toxic, mutagenic and car-
cinogenic in nature and are classified as group 
1 human carcinogen by the International Agency 
for Research on Cancer (WHO-IARC 1993; Raz-
zaghi-Abyaneh et al. 2008; Shukla et al. 2008; 
Prakash et al. 2010; Tian et al. 2011).

Fungal deterioration adversely affects the 
chemical composition of raw materials. During 
interaction with raw materials, the fungi absorb 
nutrients from raw materials by secreting hydro-
lytic enzymes, and these fungal enzymes change 
the complex active compounds of raw materi-
als into simpler useless forms or less efficacious 
forms, thereby degrading their quality (Roy 
2003; Kumar et al. 2009). Moreover, mycotoxin 
production makes the raw materials toxic due to 
which the finished herbal product also becomes 
toxic resulting in threat to human health. Thus, 
fungal proliferation on raw materials causes both 
quantitative and qualitative loss of herbal drug 
raw materials during storage.

45.3  Strategies to Minimize Fungal 
and Mycotoxin Contamination 
of Herbal Raw Materials

Control of molds and mycotoxin contamination 
during post-harvest storage of herbal raw mate-
rials can be achieved either by employing some 
physical and chemical methods or by using plant 
products as preservatives. Physical methods in-
clude heat therapy, low temperature storage, 
radiation treatment and modified atmospheric 
packaging. Chemical methods include applica-
tion of some synthetic chemical fumigants like 
methyl bromide, ethylene dibromane, etc. Physi-
cal methods are quite expensive for small-scale 
storage of raw materials, and hence, after cost 
benefit analysis, herbal industries find appropri-
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ate reasons to reject these methods (Golob 1997; 
Chauhan and Ghaffar 2002). However, chemical 
methods have other drawbacks. The undesirable 
side effects of synthetic chemical preservatives 
on human health and environment in addition 
to development of resistance in microorganisms 
are well known, because of which these agents 
will be surely unsuitable for herbal raw materials 
treatment (Webley and Harris 1977; Hatton and 
Cubbedge 1979; Feng and Zheng 2007). There-
fore, there is an urgent need to develop safer, 
more environment friendly and efficient alterna-
tives to reduce post-harvest losses of herbal raw 
materials by fungal and mycotoxin contamina-
tion. Thus, plant products have got the top posi-
tion as they fulfil the requirement of ideal preser-
vatives for herbal raw materials.

45.4  Higher Plant Products  
for Post-Harvest Processing  
of Herbal Raw Materials

The main purpose of post-harvest processing is 
to increase the efficacy and to preserve the ac-
tive ingredients of medicinal plants by reducing 
the microbial and toxic contaminants of raw ma-
terials. In addition, sometimes processing may 
improve the odor or flavor of the raw materials 
(Zhao et al. 2010; Chang et al. 2011; Zhan et al. 
2011). Thus, the use of plant products as preser-
vatives during processing chiefly during storage 
of herbal raw materials would be a better option 
in contrast to physical and chemical processing 
methods. Plants possess a variety of chemicals 
having the least role in their normal growth and 
metabolism called secondary metabolites, such 
as phenolics, flavonoids, quinones, tannins, 
terpenes, alkaloids, saponins and sterols. Such 
secondary plant chemicals may have evolved to 
protect the plants from the attack of microbial 
pathogens (Benner 1993). Hence, they may be 
exploited as better preservatives for herbal raw 
materials due to their reported antimicrobial ac-
tion. These plant chemicals would be biodegrad-
able, renewable in nature and safe to human 
health and environment if they are being treated 
as antimicrobials (Varma and Dubey 1999; Tripa-
thi et al. 2004).

45.5  Historical Use of Plant Products 
as Antimicrobials

Since ancient times, aromatic plants mainly 
spices and herbs have been recognised as anti-
microbials and have been used for the preserva-
tion of food and medicine (Conner 1993; Bauer 
et al. 2001). Later, it has been found that the 
volatile antimicrobial components of spices and 
herbs are mainly essential oils (EOs) which are 
a mixture of monoterpenes and sesquiterpenes, 
a class of organic compounds. Similarly, some 
non-volatile botanicals such as phenolics, fla-
vonoids, quinones, alkaloids and saponins also 
show antimicrobial property and these have been 
reviewed in the past to have antimicrobial prop-
erties. Extracts of various plant parts have been 
used for pest control from ancient times(Benner 
1993).The Bible and other early literature also 
revealed the description of plant diseases such as 
rusts, mildews, blights and blast and their control 
by using extracts and juices of locally available 
plants (Dubey et al. 2010). Application of leaf 
juice and seed oil of the Neem tree ( Azadirachta-
indica) as a natural pesticide is the best example 
of ancient use of botanical antimicrobials (Tripa-
thi et al. 2002). Hence, by remembering their his-
torical use as pesticides, such plant chemicals are 
virtually guaranteed to have antimicrobial activ-
ity, and undoubtedly, they can be used to control 
post-harvest pathogens of herbal raw materials 
during storage.

45.6  Current Status of Plant-Based 
Preservatives

Currently, different plant products and their for-
mulations are widely used as botanical pesticides 
in eco-friendly management of plant pests on a 
large scale for the protection of crops as well as 
for storing food commodities and pharmaceuti-
cals. These plant products have low mammalian 
toxicity and are cost effective. Some plant EO-
based food preservatives such as ‘DMC Base 
Natural’ (50 % EO from rosemary, sage and cit-
rus and 50 % glycerol) and carvone, a monoter-
pene of the EO of Carum carvi have already been 
commercially available and are used on a large 
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scale. ‘Protecta 1’ and ‘Protecta 2’ are blended 
herb extracts produced by Bavaria Corp. Apopka, 
FL, USA and are classed as generally recognized 
as safe (GRAS) food additives in the USA (Burt 
2004). Some plant products such as azadirachtin 
from A. indica, carvone from C. carvi and allyl 
isothiocynate from mustard and horseradish oil 
are being extensively used as food preservatives 
(Kumar et al. 2007). Some EO components and a 
large number of EOs have been reported by dif-
ferent workers to have in vivo antifungal effica-
cy, offering complete protection of stored grains, 
fruits, vegetables and herbal raw materials from 
post-harvest fungal deterioration.

Thymol is the main component of the EO of 
Thymus spp. and was found effective in control-
ling post-harvest gray mold rot caused by B. 
cineria and brown rot caused by M. fructicola 
(Chu et al. 1999). Thymol is considered as a food 
as well as food additive by the USA Food and 
Drug Administration (FDA) and was already 
registered as a pesticide in the USA since 1964 
(Tripathi and Dubey 2004). Carvone is the main 
component of caraway ( C. carvi) EO, which ex-
hibited in vivo fungicidal activity protecting pota-
to tubers from fungal rotting without altering their 
taste and quality. It has been sold as ‘TALANT’, 
the trade name in the Netherlands(Tripathi and 
Dubey 2004). EO components of Lippiascaber-
rimawas have been also found effective in vivo 
control measure during post-harvest processing 
of mango fruits (Combrinck et al. 2006).

Dubey et al. (1983) demonstrated the efficacy 
of the EOs of Ocimumcanum and Citrus medica 
as volatile fungi toxicants for the protection of 
some spices against post-harvest fungal dete-
rioration. The EO of Cymbopogon citratus has 
shown in vivo fumigant activity for the control of 
storage fungi of some food items (Mishra et al. 
1994). The EO of Salvia officinalis has shown 
practical potency in enhancing the storage life of 
some vegetables by protecting them from fungal 
rotting (Bang 1995). Varma and Dubey (2001) 
have determined the in vivo practical effective-
ness of Caesulia axillaris and Mentha arvensis 
as fumigants for the protection of orange fruits 
against fungal deterioration. Tripathi and Kumar 
(2007) have found that the EO from the seed 

kernels of Putranjiva roxburghii offers complete 
protection of peanut seeds during 6 months of 
storage without causing any adverse effect on 
seed germination and seedling growth of pea-
nuts. Tzortzakis (2007) has found a way of en-
hancing the shelf life of strawberry and tomato 
fruits by applying eucalyptus and cinnamon EOs. 
Lee et al. (2007) applied the EOs of two plants 
Cuminum cyminum and Eucalyptus citriodora 
for post-harvest preservation of artificially in-
fested apples with Botrytis cinerea. The EO of 
mustard has shown in vivo fumigant activity for 
the control of fungal growth in stored shelled 
groundnuts (Dhingra et al. 2009). Plooy et al. 
(2009) applied EO-amended coatings on citrus 
fruits for their post-harvest preservation. During 
in vivo investigation, Singh et al. (2010a) have 
found the incidence of fungi and aflatoxin B1 
production decreased considerably on the root 
samples of Asparagus racemosus treated by EO 
of Citrus reticulate and C. citratus. The EO of 
Cicutavirosa has shown potent fumigant activ-
ity for the preservation of cherry tomatoes (Tian 
et al. 2011). Prakash et al. (2012a) have applied 
the fumigant antifungal efficacy of the EO of 
Zanthoxylum alatum in vivo study for the preser-
vation of stored Piper nigrum fruits. The findings 
thus indicate the possibility of the exploitation of 
EO and EO components as effective post-harvest 
fungi toxicants for the control of storage fungi 
and mycotoxins and that they may be used on 
a large scale as plant-based safe preservatives 
for complete protection of herbal raw materials 
from fungal and mycotoxin contamination during 
post-harvest processing.

45.7  Future Prospects of Some 
Recently Explored Higher Plant 
Products for Preservation  
of Herbal Raw Materials

Plant chemicals, which are thought to play a major 
role in the defense system against plant pathogens 
during pre-harvest attack, may also be effective 
against post-harvest deteriorating microbes. If 
plant EOs and extracts having high concentration 
of antimicrobial constituents are being isolated 
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and applied as antimicrobials, it would be a boon 
for agro-industries and pharma companies dur-
ing post-harvest processing technologies and will 
replace synthetic chemical preservatives which 
are toxic to humans and the environment. In re-
cent years, a large number of plant extracts, EOs 
and their components have been investigated for 
their antifungal properties against storage fungi 
isolated from food commodities (Sanchez et al. 
2005; Joseph et al. 2005; Sharma and Tripathi 
2006; Tzortzakis and Economakis 2007; Omid-
beygi et al. 2007; Amiri et al. 2008; Zabka et al. 
2009; Tatsadjieu et al. 2009; Corato et al. 2010; 
Combrinck et al. 2011). These plant products can 
also be applied for the preservation of herbal raw 
materials. However, complete protection of raw 
materials can be achieved only when the preser-
vatives have the ability to check fungal growth as 
well as mycotoxin production. This will provide 
protection from quantitative as well as qualitative 
loss of herbal materials by deteriorating fungi.

Plant products selected as preservatives should 
be easily available and safe so that they can be 
applied on a large scale without any ill effect on 
the commodities during storage. For easy avail-
ability and the production of sufficient quantity 
of plant products, emphasis should be given to 
easily growing wild plants. Since hot and humid 
condition is more conductive to fungal and my-
cotoxin contamination on herbal raw materials, 
it would be beneficial to select naturally grow-
ing plants of hot and humid areas which contain 
antimicrobial components. Some recent litera-
ture show that several EOs isolated from higher 
plants easily grown in warmer areas have been 
found to possess antifungal as well as mycotoxin 
inhibitory potential (Kumar et al. 2007; Kumar 
et al. 2008; Shukla et al. 2009; Singh et al. 2010b; 
Kumar et al. 2010; Prakash et al. 2010; Prakash 
et al. 2011; Shukla et al. 2012; Prakash et al. 
2012a; Prakash et al. 2012b). Since most of the 
deteriorating fungi are common for both food 
commodities and herbal raw samples, the plant 
products recommended for the preservation of 
food commodities may also be recommended for 
the preservation of herbal raw materials.

In addition, the plant products which are used 
to control fungi deteriorating herbal raw mate-

rials would be more beneficial for post-harvest 
preservation of herbal raw materials. By virtue 
of this, some plants which have been easily culti-
vated and naturally growing in tropical and sub-
tropical parts of India have been selected by dif-
ferent workers for isolation of extracts and EOs 
and are applied as antifungal against fungi dete-
riorating herbal raw materials for their possible 
recommendation to preserve the raw materials by 
fumigation.

Cinnamomum camphora is a tree, native to 
China, Japan and Taiwan, which has been intro-
duced to other countries such as India and Sri 
Lanka. The EO of the plant has been recorded for 
antifungal and antiaflatoxigenic efficacy against 
herbal raw material-deteriorating fungi and is 
recommended for protection of herbal raw mate-
rials without the possibility of change in the orig-
inal quality of raw materials during storage as 
the plant is used in traditional medicines (Singh 
et al. 2008).The leaf extract of Adenocalymma 
alliaceum has shown antifungal and antiafla-
toxigenic potency against fungi deterioration of 
some herbal raw materials, viz. Acorus calamus, 
Boerhavia diffusa, Rauwolfia serpentina, Witha-
nia somnifera. The plant is commonly known as 
garlic creeper, and has been traditionally used as 
an analgesic, antiarthritic, anti-inflammatory, an-
tipyretic, antirheumatic, antitussive, depurative, 
purgative and vermifuge (Shukla et al. 2008). 
Due to easy cultivation, growth in hot and humid 
areas in India and traditional medicinal value, A. 
alliaceum leaf extract may be used to preserve 
herbal raw materials by spraying or dipping 
methods. Cymbopogon flexuosus (Cochin grass 
or Malabar grass) is a perennial grass naturally 
growing in India, Sri Lanka, Burma and Thai-
land. The EO of the grasses has been found to be 
inhibitory against fungi deteriorating herbal raw 
materials as well as aflatoxin produced by toxi-
genic A. flavus (Kumar et al. 2009).

C. axillaris, a common weed of paddy fields 
growing luxuriantly in central and north-central 
part of India, is selected for antifungal and an-
tiaflatoxigenic activity. The plant has sufficient 
amount of EO which have the potential to control 
a large number of fungi isolated from herbal raw 
materials of Andrographis paniculata, Terminalia 
bellirica and Tinospora cordifolia (Mishra et al. 
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2012a). The EO of another plant, Jamrosa ( Cym-
bopogon khasans), a hybrid grass widely grown 
in central and southern parts of India has shown 
very good antifungal activity against fungi iso-
lated from five herbal raw materials, viz. A. race-
mosus, Evolvulus alsinoides, Glycyrrhiza glabra, 
Holarrhena antidysenterica and R. serpentina 
(Mishra et al. 2012b). The components of Jam-
rosa EO, Z-citral and linalyl acetate have been 
also found effective as antifungal and antiafla-
toxigenic (Mishra et al. 2012b).Thus, because 
of significant antifungal and antimycotoxigenic 
efficacy and a broad spectrum of fungi toxicity 
against herbal raw material-deteriorating fungi, 
plant extracts, EOs and EO components after in 
vivo trial may be recommended as indigenous 
plant-based preservative for post-harvest preser-
vation of herbal raw materials in order to enhance 
their shelf life.

45.8  Conclusion

Post-harvest fungal deterioration and mycotoxin 
accumulation lead to loss of quantity as well as 
quality of herbal raw materials. During infesta-
tion, fungal enzymes change the active principle 
of raw materials into inert or less efficacious 
compounds and mycotoxin secretion makes them 
toxic due to which they become unfit for human 
use for curing their diseases. During post-harvest 
processing of medicinal plants, fungal and myco-
toxin contamination on herbal raw materials may 
occur at any stage during collection, transporta-
tion and storage; however, the highest chance of 
contamination occurs during storage. This prob-
lem is most common in tropical and subtropical 
countries due to hot and humid conditions which 
are more conducive for proliferation of different 
fungi. The fungal contamination of Indian herbal 
raw materials is the main reason of their declining 
market value. Due to this reason, some foreign 
pharmaceutical firms have rejected Indian herbal 
products as well as raw materials. Different plant 
products and their formulations are widely used 
as botanical fungicides for preservation of food 
items from food-spoiling microbes and can also 
be used to preserve stored herbal raw materials 
because most of the storage fungi are common in 

both cases. Some recently explored higher plant 
products having potent fungicidal and mycotoxin 
inhibitory capacity during in vitro conditions can 
also be recommended for post-harvest processing 
of herbal raw materials after large-scale in vivo 
trials and dose determination for complete pro-
tection from deteriorating fungi and mycotoxins 
as well as after their safety profile assessment.
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Abstract

This chapter deals with the isolation of nonpathogenic strain of ballistospo-
rous yeast Sporobolomyces salmonicolor from the liver of a house mouse 
Mus musculus and its epidemiological significance. Micromorphology of 
the yeast showed characteristics pseudohyphae. Isolated S. salmonicolor 
was found to assimilate glucose, galactose, sucrose, maltose, and lactose 
sugars. The pathogenicity of the isolated strain of S. salmonicolor was 
also tested on Swiss mice. Experimental animals were divided into im-
munocompetant and immunocompromised groups. Infected animals of 
both groups exhibited neither behavioral nor physical or histopathologi-
cal changes with respect to the control group. The present study suggests 
that this nonpathogenic strain of S. salmonicolor found in the liver of M. 
musculus was either present as a commensal or the animal served as the 
reservoir or passenger of this red yeast and may have epidemiological 
significance.
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46.1  Introduction

Sporobolomyces is a unicellular free-living “red” 
yeast belonging to the class Urediniomycetes 
and family sporobolomycetaceae. The family 
Sporobolomycetaceae has two genera: Sporobo-

lomyees and Bullera, which are distinguished 
from other yeasts by their reproductive method 
of ballistoconidia formation. Sporobolomyees 
produce visible carotenoid pigments, resulting in 
pink to orangeo color of colonies with asymmet-
ric ballistospores. These conidia are produced on 
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simple or branched denticles that arise from yeast 
and mycelial cells. At maturity, the ballistoco-
nidia are discharged like small missiles through 
a water drop excretion method and form satellite 
colonies (Fell and Tallman 1984). At present, the 
core group of Sporobolomyces, i.e., the species 
belonging to the Sporidiobolales, encompasses 
15 taxa (Sampaio 2001) comprising known spe-
cies, which are commonly found in air, soil, 
plants, and other decaying organic material. Re-
view of literature revealed that to date there have 
been six cases of documented Sporobolomyces 
infections: a nasal polyp (Dunnette et al. 1986), 
one case of dermatitis (Bergman and Kauffman 
1984), one case of endophthaimitis (Rantala and 
Vaahtoranta-Lehtonen 1995), and two cases of 
disseminated infection (lymph node and bone 
marrow) in patients with AIDS (Plazas et al. 
1994). Pathogenicity of Sporobolomyces spp. was 
also reported by many authors (Anaissie et al. 
2003; Dismukes et al. 2003; Morris et al. 1991; 
Nakase and Suzuki 1987a, 1987b; Morrow 1994).

This chapter describes the isolation of non-
pathogenic strain of ballistosporous yeast Spo-
robolomyces salmonicolor from the liver of a 
house mouse Mus musculus and its epidemio-
logical significance.

46.2  Material and Methods

46.2.1  Isolation and Identification

M. musculus (8.75 g; Fig. 46.1) was collected 
from BHU Campus, Varanasi. The animal was 
killed. All the vital organs (brain, liver, kidney, 
and lung) were removed and homogenized. 
Plating was done on Sabouraud’s dextrose agar 
(SDA) plates and the plates were kept in a BOD 
incubator at 28 °C for 3 days. For the identifica-
tion, the colonies were subcultured on corn meal 
agar and potato glucose agar to determine bal-
listoconidia formation. Isolated yeast was tested 
for urease production and assimilation tests were 
carried out in liquid media and read visually ac-
cording to the procedure of Wickerham (1951).

46.2.2  Experimental Animal

For animal pathogenicity of isolated culture of S. 
salmonicolor, Swiss male mice weighing approx-
imately 26 g were selected and fed on a pellet 
diet and water ad libitum. The mice were divided 
into two groups: control and experimental. Each 
group was divided further into two subgroups: 
immunocompetent and immunocompromised of 
three mice each. For immunosuppression, the 
animals were injected intraperitoneally (IP) with 
125 mg kg−1 body weight of aqueous cortisone 
acetate in three divided doses on alternate days 
(Naidu and Singh 1992).

46.2.3  Inoculum Preparation

Spore suspension was prepared from 7-day-old 
culture of the S. salmonicolor (Fig. 46.2) isolated 
from the liver of M. musculus by transferring two 
to three loopful of culture in 100 ml normal sa-
line containing 0.05 mg ml−1 chloramphenicol 
and filtered through a sterilized muslin cloth. 
The size of the test inoculum containing pre-
dominantly spores was adjusted approximately 
to 5.2 × 106 cfu ml−1 with an hemocytometer.

 

Fig. 46.1 House mouse (Mus musculus)
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46.2.4  Animal Pathogenicity

Twenty five hours after immunosuppression, the 
control mice were challenged with 0.5 ml of nor-
mal saline with 0.05 mg ml−1 of chloramphenicol 
and the experimental group of animals were chal-
lenged IP with 0.5 ml of spore suspension. The 
animals were killed and autopsied after 5 weeks 
of inoculation. The aseptically removed liver, 
lung, brain, and kidney from each animal were 
homogenized and inoculated on SDA plates. 
Parts of the organs were also examined histo-
pathologically using hematoxylin and eosin (HE) 
staining (Kwon-chung and Bennet 1992).

46.3  Result and Discussion

A salmon-colored mucoid colony with a flat and 
fringe margin appeared on the SDA plates after 
3 days of incubation. Ovoid to ellipsoid ballisto-
conidia, the formation of which was determined 
at 22 °C (Fig. 46.4), formation of pseudohyphae 
(Fig. 46.3) and the inability of the yeast to as-
similate starch-like compounds suggested it to 
be a red yeast S. salmonicolor, which was iso-
lated from the liver of M. musculus. Unlike the 
variety of S. salmonicolor isolated by Mishra and 
Randhawa (1976), this strain of S. salmonicol-
or was found to assimilate maltose and lactose 
(Table 46.1).

Sporobolomyces is often associated with other 
plant parasites and can be found in plant lesions 
as well as in trees and other wood substrates. 
As far as the isolation from veterinary samples 
is concerned, Satosh and Makimura (2008) iso-
lated a new species Sporobolomyces koalae from 

Table 46.1  Showing result of carbon assimilation tests 
of isolated strain of S. salmonicolor
S. No. Carbon compounds Assimilation 

test
1 Glucose Positive
2 Lactose Positive
3 Galactose Positive
4 Maltose Positive
5 Sucrose Positive
6 Starch Negative

Fig. 46.4  Micromorphology of S. salmonicolor 
showing ballistoconidia. Cotton blue × 100

 

Fig. 46.3  Micromorphology of S. salmonicolor 
showing pseudohyphae. Lacto × 40

 

Fig. 46.2  Culture of red yeast ( Sporobolomyces 
salmonicolor)
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nasal smears of Queensland Koalas kept in the 
Japanese zoological park. However, the animal 
pathogenicity of S. koalae was not determined by 
the authors.

Sporobolomyces is also found as an environ-
mental saprophyte and as a human commensal 
(Huxley and Hurd 1956). Three species of Spo-
robolomyces, viz. roseus, holsaticus, and sal-
monicolor have been reported to be pathogenic 
(Connell et al. 1953, 1954; Morrow and Fraser 
2009). There are few cases of sporobolomycoses 
including reports of maduromycosis, dermatitis, 
fungemia, and lymphadentitis in both immuno-
competent and AIDS patients (Plazas et al. 1994; 
Sharma et al. 2006).

S. salmonicolor was first time reported as a 
fish pathogen by Muench et al. in 1996.They iso-

lated this red yeast from kidney swabs of heav-
ily infected fries of Chinook salmon Oncorhyn-
chus tschawytscha. In the present study, we also 
tested the pathogenicity of the isolated strain of 
S. salmonicolor on Swiss male mice. Though in 
the present study no behavioral, physical, and 
histopathological abnormalities were recorded 
in the experimental animals (Figs. 46.5, 46.6, 
46.7), this study exhibits that wild and domestic 
animals can harbor such fungi which may have 
some epidemiological significance. Incidentally, 
to our knowledge, this is the first report of isola-
tion of S. salmonicolor from the liver of house 
mouse M. musculus.

46.4  Conclusion

On the basis of the present study, we may con-
clude that the isolated strain of red yeast S. sal-
monicolor, which is nonpathogenic to both im-
munocompetent and immunocompromised hosts 
could be a commensal or a passenger. However, 
further work is required in this direction.
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Fig. 46.7  T. S. of liver of Swiss mouse. HE × 40

 

Fig. 46.6  T. S. of lung of Swiss mouse showing al-
veolar macrophages. HE × 100

 

Fig. 46.5  T. S. of lung of Swiss mouse. HE × 40
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Abstract

Some of the most potent toxins are synthesized by fungi. Fungal toxins 
are the chemicals produced by fungi under certain conditions. They may 
be classified under different chemical classes. They are not essential for 
fungal growth or reproduction, but are toxic to plants, animals or humans. 
Fungal toxin contamination in certain agricultural commodities has been a 
serious concern for animal and human health. The major toxin-producing 
fungi are the species of Aspergillus, Penicillium, Fusarium and Alter-
naria. Aflatoxins, citrinin, fumonisins, fusaric acid, moniliformin, AAL-
toxins and alternariol are some of the important fungal toxins responsible 
for causing economic losses to agriculture, spoilage of food that are often 
fatal to living systems. This review focuses on toxigenic fungi, toxins and 
their characteristics with biological effects.

Keywords 
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47.1  Introduction

Several species of fungi produce toxins that have 
significant agricultural, epidemiological and eco-
nomical impact. Aspergillus, Fusarium, Penicil-
lium and Alternaria species are responsible for 
majority of agricultural mycotoxin contamina-
tions. These fungi are common components of the 
microbial flora associated with many agronomic 
crops including maize, peanuts, tree nuts, grapes, 

coffee, cotton, wheat, barley and other cereal 
grains (Palencia et al. 2010). Depending on the 
host crop and the fungal species, mycotoxigenic 
fungi may cause plant diseases such as Aspergil-
lus fruit rot of grapes, maize ear rots caused by 
Aspergillus and Fusarium species, and Fusarium 
head blight and seedling blight diseases on cereal 
crops (Palumbo et al. 2008). Thus, these inter-
actions result in further crop losses resulting in 
economic loss. In contrast, other host–fungal in-
teractions do not cause disease symptoms such as 
epiphytic growth of mycotoxigenic Aspergilli on 
tree nuts and asymptomatic endophytic growth of 
Fusarium in maize leaves (Palumbo et al. 2008). 
The major mycotoxins are aflatoxins, citrinin, fu-
monisins, fusaric acid, trichothecenes, deoxyni-
valenol, AAL-toxin, alternariol, ochratoxins, 
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etc., each of which is produced by several fungal 
species. Aspergillus flavus and Aspergillus para-
siticus are the major producers of aflatoxins; Fu-
sarium verticillioides and Fusarium proliferatum 
produce fumonisins. The impact of these classes 
of mycotoxins on human and animal health has 
been extensively studied. Thus, these mycotoxins 
are of considerable food safety concern, which 
lead to regulatory action to limit contamination of 
agricultural commodities used for food and feed. 
Although many scientific reports have been pub-
lished concerning the occurrence of mycotoxins 
in foods and feeds, their impact on human and an-
imal health needs more documentation on the lev-
els and effects of mycotoxin contamination in the 
environment. The aim of this chapter is to focus 
on the major fungal toxins which are contami-
nants of many agronomic crops worldwide and 
cause both economic losses and health effects.

47.2  Major Fungal Toxins

47.2.1  Aflatoxin

Aflatoxins (AF) are the best-known toxic sec-
ondary metabolites and are a major group of 
polyketide-derived mycotoxins produced by 
three species of Aspergillus: A. flavus, A. para-
siticus and the rare A. nomius which have world-
wide distribution. AF are able to contaminate a 
wide range of substrates including cereal grains, 
oilseeds, and tree nuts under favourable condi-
tions of temperature and relative humidity (Ben-
nett and Klich 2003). Under favourable environ-
mental conditions, the propagules of these fungi 
grow on plants and other materials and produce 
carcinogenic AF. It has been estimated that the 

genes for AF biosynthesis have persisted for 
more than 100 million years (Cary and Ehrlich 
2006). It is believed that AF are produced as a 
fungal defense response to stressful conditions, 
for protecting the fungus from UV damage, as 
virulence factors or as a part of defense mecha-
nisms to protect the fungus from predators in the 
environment (Cary and Ehrlich 2006). Most of 
the people worldwide are exposed to dietary AF. 
Exposures are highest in tropical and subtropi-
cal regions of the world, where maize and pea-
nuts are the dietary staple food. Poor harvesting 
practices, improper storage, and less than opti-
mal conditions during transport and marketing 
can also contribute to proliferation of fungus and 
increase the risk of AF production (Bhat and Va-
santhi 2003). Human exposure to AF can result 
directly from ingestion of contaminated foods, or 
indirectly from consumption of foods from ani-
mals previously exposed to AF in feeds.

47.2.1.1  General Characteristics
Although 20 compounds, all designated as AF, 
have been isolated referring to four metabolites 
of this group of bis-furocoumarin metabolites 
produced by Aspergillus flavus, A. parasiticus, 
and A. nomius. These are designated as B1, B2, 
G1, and G2 (Table 47.1, Fig. 47.1), all of which 
occur naturally and are normally found in foods. 
A. flavus produces only B aflatoxins, while the 
other two species produce both B and G aflatox-
ins. The four compounds are distinguished on the 
colour of their fluorescence under long-wave ul-
traviolet illumination (B = blue; G = green), with 
the subscripts relating to their relative chromato-
graphic mobility (Sargeant et al. 1963). Aflatoxin 
M1 (AFM1) and aflatoxin M2 (AFM2) are hydrox-
ylated metabolites of AFB1 and AFB2.  Aflatoxin 

V. K. Singh et al.

Table 47.1  Some important physical and chemical properties of the aflatoxins (Reddy and Waliyar 2000)
Aflatoxin Molecular formula Molecular weight Melting point UV absorption max (e), nm, methanol

265 360–362
B1 C17H12O6 312 268–269   12,400 21,800
B2 C17H14O6 314 286–289   12,100 24,000
G1 C17H12O7 328 244–246     9,600 17,700
G2 C17H14O7 330 237–240     8,200 17,100
M1 C17H12O7 328 299   14,150 21,250 (357)
M2 C17H14O7 330 293   12,100 (264) 22,900 (357)
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B2a (AFB2a) and aflatoxin G2a (AFG2a) are 
8,9-hydrated products of AFB1 and AFG1 (Dut-
ton and Heathcote 1968). These compounds are 
relatively nontoxic when compared with AFB1 
and AFG1. Aflatoxins B1, B2, G1, and G2 are clas-
sified as Group I human carcinogens, whereas 
M1 is classified as Group 2B probable human 
carcinogen (Ioannou et al. 1999). These findings 
were confirmed in vitro (Terao and Ueno 1978) 
and in vivo (Cole and Cox 1981).

Chemically, AF are dihydrofuran or tetrahy-
drofuran moieties fused to a coumarin ring. AF 
are small molecular weight compounds, which 
are freely soluble in moderately polar solvents 
(e.g. chloroform and methanol), especially in di-
methylsulphoxide, and also have some water sol-
ubility. AF are quite stable in many foods and are 
fairly resistant to degradation. These compounds 
are very stable at high temperatures, with little or 
no destruction occurring under ordinary cooking 
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conditions or during pasteurization. The presence 
of the lactone ring in their structure makes the AF 
molecule susceptible to alkaline hydrolysis. Acid 
treatments (e.g. propionic acid) are also used fre-
quently for their detoxification.

47.2.1.2  Biological Effects on the Living 
Systems

The principle biological effects of AF are car-
cinogenicity (WHO 1979), immunosuppression 
(Pier and McLoughlin 1985), mutagenicity (Ong 
1975) and teratogenicity (Di Paolo et al. 1967). 
The biochemical effect of AF are characterised 
by the inhibition of nucleic acid synthesis, en-
zyme synthesis, inhibition of glycogenesis, and 
clotting factor synthesis as well as depression of 
protein synthesis, lipid metabolism, glucose me-
tabolism, fatty acid synthesis and mitochondrial 
respiration (Busby and Wogan 1981).

The principal target organ for AF is the liver. 
After the invasion of AF into the liver, lipids in-
filtrate hepatocytes that lead to necrosis or liver 
cell death. The main reason is that AF react nega-
tively with different cell proteins, which leads to 
inhibition of carbohydrate and lipid metabolism 
and protein synthesis. In correlation with the de-
crease in liver function, there is a dearrangement 
of the blood clotting mechanism, icterus (jaun-
dice), and a decrease in essential serum proteins 
synthesized by the liver.

47.2.1.2.1 On Plants
AF inhibits the seed germination, seedling 
growth, root elongation, chlorophyll and carot-
enoid synthesis as well as protein, nucleic acid 
and some enzyme synthesis in plants (Sinha et al. 
1993). AF is reported to induce chromosomal 
aberrations in plants (Lin and Key 1968). At the 
cellular level, low concentrations of AF stimulate 
lipase activity in Gossypium and β-indole acetic 
acid activity in Pisum, whereas high concentra-
tion is inhibitory (Jones et al. 1967; Reiss 1971). 
Thus, AF restrict the plant growth by altering the 
physiological processes of plants. Plants contam-
inated with the above permissible level are not 
allowed to use in food and feed products.

47.2.1.2.2 On Animals
The carcinogenic, mutagenic and immunosup-
pressive effects of AF on several animals have 
been well documented and studied (IARC 1993). 
AF are primarily hepatotoxic and cause liver 
damage in animals. Animals which consume sub-
lethal quantities of AF for several days or weeks 
develop a subacute toxicity syndrome which com-
monly includes moderate to severe liver damage 
and teratogenic effects. Large doses of AF in diet 
have been shown to produce hepatic necrosis. 
Even with low levels of AF in the diet, there will 
be a decrease in growth rate, lowered milk or egg 
production, Vitamin D3 production, and immuno-
suppression. Carcinogenesis has been observed in 
rats, ducks, mice, trout and subhuman primates, 
and it occurs due to the formation of 8,9-epoxide, 
which binds to DNA and alters gene expression. 
There is some observed carcinogenicity, mainly 
related to AFB1. The effects of prenatal AF ex-
posure have been studied in animals. AF given 
to rat towards the end of the pregnancy, resulted 
in foetal growth retardation (Buttler and Wiggles-
worth 1966), but no effects were observed when 
the same dose was given early in pregnancy. Ef-
fects on the lungs, myocardium and kidneys have 
also been observed and AF can accumulate in the 
brain. The susceptibility towards AF mainly var-
ies with breed, species, age, dose, length of expo-
sure and nutritional status.

47.2.1.2.3 On Humans
Consumption of AF in humans is considered 
not only as a risk factor for cancer but also has 
immunologic and nutritional effects associated 
modulation with the infectious diseases such as 
HIV (Williams et al. 2004, 2010). AF have been 
implicated in subacute and chronic effects in hu-
mans. These effects include primary liver can-
cer (Peers and Lindsel 1973; Shank et al. 1972), 
chronic hepatitis (Ngindu et al. 1982; Krishnam-
achari et al. 1975), jaundice, hepatomegaly and 
cirrhosis through repeated ingestion of low levels 
of AF. It is also considered that AF may play a 
role in a number of diseases, including Reye’s 
syndrome (Dvorackova et al.1977), kwashiorkor 
(Hendricks et al. 1982), and hepatitis. AF can 
also affect the immune system (Pier 1991). In 
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human, AF react not only with nucleic acids to 
generate the polynucleotide-base adducts respon-
sible for the initiation of carcinogenesis, but also 
interacts with various liver and blood proteins, 
particularly with serum albumin to form a stable 
adduct. In addition, AFM1, a metabolite of AFB1 
found in the milk of lactating mothers exposed to 
AF, is of concern due to its potential hepatotoxic 
and immunotoxic effects in infants and children. 
In general, at smaller concentrations the AF, and 
AFB1 in particular, can affect male reproduction 
namely spermatogenesis (Egbunike et al. 1980), 
Leydig cell function (Egbunike 1982), and fertil-
ity (Ibeh et al. 1994).

47.2.1.2.4 On Microorganisms
AFB1 produces varied effects in microorganisms 
including reduction of the DNA-to-protein ratio, 
viability and oxygen uptake, inhibition of mRNA 
transcription, aberrant cell formation, and binding 
to cells with and without nucleic acids along with 
acid toxic effects. AF inhibit incorporation of la-
belled precursors into DNA, RNA and proteins and 
blocked induction as well as production of various 
enzymes at various levels in microorganisms.

47.2.2  Citrinin

Citrinin (CTN) is one of the potent and well-
known quinone methide mycotoxins, which is 
possibly spread all over the world; Penicillium 
citrinum is a potent producer of CTN. Other 
CTN producing fungi include Aspergillus niveus, 
A. niger, A. oryzae, Monascus ruber and P. cam-
emberti. CTN is generally formed after harvest 
under storage conditions and occurs mainly as 
a natural contaminant in stored grains such as 
wheat, rice, barley, maize, oat, peanut and rye 
and may occur as co-contaminant in cereals. It 
also occurs in other plant products such as beans, 
fruits and vegetable juices, herbs and spices, 
and also in spoiled dairy products. In addition, 
CTN is found as an undesirable contaminant in 
red mould rice (RMR) which is used as a food 
preservative and colourant in Asian foods (Fink-
Gremmels et al. 1991). Thus, CTN is regarded as 

an important mycotoxin which may be ingested 
by humans and animals (Krogh et al. 1973).

47.2.2.1  General Characteristics
CTN (C13H14O5) is 4,6-dihydro-8-hydroxy-
3,4,5-trimethyl-6-oxo-3H-2-benzopyran-7-car-
boxylic acid (Fig. 47.2). It is a simple, acidic, 
low molecular weight compound that crystallizes 
as lemon coloured needles melting at 175 °C. 
Alternatively, CTN is also known as antimycin. 
Its molecular weight is 250.25 g/mol and density 
1.335 g/cm3.

It is sparingly soluble in water, but totally sol-
uble in dilute sodium hydroxide, sodium carbon-
ate, sodium acetate, methanol, acetonitrile, etha-
nol and most other polar organic solvents (Desh-
pande 2002). Due to its conjugated double bonds, 
CTN absorbs the light in the visible wavelength 
range. Its colour varies from lemon yellow at 
pH 4.6 to cherry red at pH 9.9 and its absorption 
maxima are in the UV range 250–331 nm. Some 
photodecomposition occurs in fluorescent light 
both in solution and in the solid state. It can be 
degraded in acid or alkaline solution or by heat. 
CTN may be extracted with nonpolar solvents.

47.2.2.2  Biological Effects on the Living 
Systems

CTN is known to cause a wide range of abnor-
malities in the living systems. However, suscep-
tibility varies with sex, age and dosage. CTN acts 
as a nephrotoxin in all species in which it has 
been tested (Heperkan et al. 2006). Kidney is the 
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preliminary target of the CTN toxin. There can be 
an exacerbation of the effect of CTN when it oc-
curs in combination with ochratoxin A in grains 
and animal feed, because of the similarity in the 
effects of both the toxins. Several studies in the 
systems of in vivo and in vitro indicate that CTN 
itself has a biological action by inhibition of cho-
lesterol and triglyceride synthesis, this inhibition 
being possibly caused by a damage to the trans-
port system and/or interference in the energetic 
metabolism (Betina 1984).

47.2.2.2.1 On Plants
CTN toxicity in plants is not much reported. CTN 
contaminates maize, wheat, rye, barley, oats, and 
rice (Nelson et al. 1985; Scott et al. 1972; Tanaka 
et al. 2007). In the endemic area in Bulgaria, CTN 
was more common and had higher concentration 
in maize and beans intended for human con-
sumption as compared to the non-endemic area 
(Petkova-Bocharova et al. 1991). CTN causes 
pathological effect and ultrastructural changes in 
the young leaves of cultivars Nijisseiki and Cho-
juro of Japanese pear. It was reported that CTN 
caused necrosis and permeability changes in Ni-
jisseiki pear but no effect was seen in Chojuro 
pear (Nishimura and Kohmoto 1983).

47.2.2.2.2 On Animals
CTN has been found to be toxic to several ani-
mal species (Carlton 1980). It causes necrosis. In 
the chicken, hepatic and lymphoid necrosis were 
found in addition to the renal alterations (Mehdi 
et al. 1983). CTN exerts toxic effect on turkeys 
and ducklings by alteration in necrosis that is 
more severe in turkeys. Hepatic and lymphoid le-
sions occur in both of these (Mehdi et al. 1984). 
CTN is foetotoxic and embryocidal in mice and 
rats. Depending upon the concentration, effects 
include reduction in yolk sac diameter, crown-
rump length, sornite number, protein and DNA 
contents (Yang et al. 1993). The toxic effects of 
CTN in chick embryos include growth retarda-
tion of foetuses, microphthalmia, cleft beak, 
deformities of the limb, etc. A strict additive ef-
fect was seen in combination with ochratoxin A 
(Vesela et al. 1983).

Significant effects of CTN toxin are also re-
ported in rats and mice such as a decrease in 
DNA, RNA and protein content in kidney as well 
as in liver. Liver glycogen was significantly low-
ered. Surviving animals showed decreased body 
weight, food consumption, per cent liver to body 
weight and liver glycogen. (Hood et al. 1976; 
Phillips and Hayes 1978). Nephrotoxicity caused 
by CTN in rodents like rats and mice is due to 
slight stimulation of orotic acid incorporation 
into liver and kidney in the early stage (Sansing 
et al. 1976). CTN also produces renal tumours in 
a male rat by oral administration in diet.

47.2.2.2.3 On Humans
The International Agency for Research on Can-
cer (IARC) classifies CTN in group 3 because of 
limited evidence on carcinogenicity for animals 
(Castegnaro and McGregor 1998). However, the 
presence of CTN and other toxic metabolites in 
food, regardless of the concentration, must be 
considered as a potential human health hazard. 
In humans, the renal system is primarily affected 
by CTN and the mitochondrial respiratory chain 
was identified as a possible sensitive target for 
this toxin. CTN also affects human neutrophils 
with regard to superoxide anion generation. It 
stimulates the superoxide anion production in 
resting neutrophils in whole blood but inhibits it 
in isolated cells. Exposure to CTN diminishes the 
number of T-helper type 1 (Th1) cells in the pe-
ripheral blood of children which results in a risk 
factor for the development of allergic diseases. It 
has been hypothesized that CTN being a myco-
toxins is responsible for this effect (Wichmann 
et al. 2002).

Evidences support the role of CTN in combi-
nation with ochratoxin A in the etiology of Bal-
kan endemic nephropathy (BEN) and associated 
urinary tract tumours (UTT). Both diseases occur 
in subjects born and/or living in certain rural 
areas where home-produced and home-stored 
stable foods were found to be more frequently 
contaminated by the ochratoxin A and CTN (Ca-
stegnaro et al. 1991).
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47.2.2.2.4  On Microorganisms
CTN is reported to be a broad spectrum antibiotic 
especially against Gram-positive bacteria (Raist-
rick and Smith 1941; Blanc et al. 1995). CTN is 
also found to be fungicidal against Fusarium spp. 
and A. niveus (Prabha et al. 2009).

In a study, CTN produced by Penicillium citri-
num was found to have a newly identified function 
of inducing bacterial motility by transcriptional 
activation of some genes related to the expres-
sion of flagella. The swarming motility of Pae-
nibacillus polymyxa, a Gram-positive low-G1C 
spore-forming soil bacterium belonging to the 
plant growth-promoting rhizobacteria was greatly 
induced by CTN in a dose-dependent manner. 
The development of lateral flagella by CTN toxin 
has also been reported in other bacterial cells with 
swarming motility (Merino et al. 2006).

47.2.3  Fusaric Acid

Fusaric acid (FA) is a host nonspecific toxin pro-
duced by a number of Fusarium species (Bacon 
et al. 1996; Rani et al. 2009). The most expansive 
producer of this toxin is Fusarium oxysporum and 
its special forms (f. sp.) lycopersici. Fusarium spp. 
are ubiquitous fungi found in soil worldwide, as 
both pathogenic and nonpathogenic strains. High 
production of FA has been correlated with the viru-
lence of plant pathogenic strains of Fusarium spp. 
It is a natural contaminant that accumulates dur-
ing infection in corn and cereal grains, which is 
extremely toxic to animals and human beings, by 
enhancing toxicity of other Fusarium metabolites 
(e.g. Trichothecenes). It is not only moderately 
toxic to animals but also has antibiotic, insecti-
cidal, and pharmacological properties (Bacon et al. 
1996). The species of Fusarium cause wilt dis-
eases in pepper, corn, tomato, banana and in vari-
ous other plants (Paterson and Rutherford 1991). 
FA causes necrotic spots on leaves, shrivelling and 
drying of leaves, as well as shrinking and wilting of 
stem and petioles of tomato plants. FA could elicit 
various plant defense responses at 100 nM con-
centration without any toxic effect. Increased FA 
concentration reduces root and root-hair growth 
inducing a rapid transient  membrane hyperpolar-

ization (Bouizgarne et al. 2006). They are toxic 
for eukaryotes and prokaryotes involved in fungal 
defense. They also act against Pseudomonas spp. 
(biocontrol strains) by repressing the production 
of antifungal metabolites (van Rij et al. 2005). FA 
showed higher nematicidal activity against Bursa-
phelenchus xylophilus. FA causes the rot of potato 
tubers (Venter and Steyn 1998). FA has a tumori-
cidal activity for head and neck squamous cell 
cancer (HNSCC). FA can be involved in fungal 
pathogenicity by decreasing cell viability. It could 
induce typical early defense response such as reac-
tive oxygen species production (ROS) (Bouizgarne 
et al. 2006). FA can be detected using HPLC, TLC, 
Mass spectroscopy and NMR techniques.

47.2.3.1  General Characteristics
FA is a mycotoxin with low to moderate toxicity. 
It might be synergistic with other mycotoxins. 
The chemical formula of FA is 5-butylpicolinic 
acid (Fig. 47.3). The biosynthesis of FA involves 
the condensation reaction involving a polyacetate 
unit and aspartic acid (Hill et al. 1966). Decarbon-
ylation of FA gives CO2 (C-7) and 3-butyl pyri-
dine, which is oxidized with KMnO4 to nicotinic 
acid. The activity is found mainly in positions 2, 
3, 5, 9 and 11 of FA. The low activity at C-2 and 
C-3 of pyridine ring, presence of pyridine ring, 
and activity at C-4 and C-7 are consistent with 
the participation of 4C Krebs’s cycle acid or its 
equivalent (Hill et al. 1966) (Fig. 47.4).

47.2.3.2   Biological Effects

47.2.3.2.1 On Plants
FA causes diseases in wide varieties of plants. 
FA causes various symptoms due to Fusarium 
 infection (leaf wilting and necroses), which con-
firm the role of FA in the disease progression. At 

NHOOC

Fig. 47.3  Structure of Fusaric acid (Yabuta et al. 
1934)
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the subcellular level, FA affects numerous bio-
chemical processes related to membrane perme-
ability changes, dysfunctions of mitochondrial 
activity, and inhibition of respiration (Kohler and 
Bentrup 1983). FA enhances the electrolyte leak-
age, disturbs the electrochemical gradients for 
H+ and K+ at the plasma membrane causes mem-
brane depolarization that lowers the intracellular 
ATP content and inhibits some metal containing 
enzymes (e.g. cytochrome oxidase). It results 
eventually in respiratory disorders and cell death 
(Marre et al. 1993). The influence of toxic doses 
of FA on pro- and antioxidant systems was inves-
tigated with an example of leaves and the cul-
tured cells of tomato (Kuzniak et al. 1999; Kuz-
niak 2001). At the same time, Bouizgarne et al. 
(2006) showed that low concentrations of FA may 
exert various protective responses in plant cells 
in the absence of toxic effects and may perform 
signalling function in host–pathogen interactions. 
Moderate FA doses (50–100 uM) induce apop-

totic features, while high FA doses (> 200 uM) 
stimulate necrosis. The phytotoxic pathogenicity 
factor FA represses the production of 2,4 diacetyl 
phloroglucinol (DAPG), a key factor in the anti-
microbial activity of biocontrol strain Pseudomo-
nas fluorescence.

47.2.3.2.2 On Animals and Humans
FA is potentially toxic to animals. FA is mildly 
toxic to mice (Hidaka et al. 1969) and it has 
several important pharmacological properties 
 (Hidaka et al. 1969; Malini 1966; Porter et al. 
1990; Porter et al. 1995). It affects the nervous 
systems of horses and may cause cancer in ro-
dents.

FA has been reported to have many primary 
and secondary effects in humans (Wang and Ng 
1999). FA raises serum melatonin, 5-hydroxy-
tryptamine, tyrosine and dopamine. These incre-
ments are thought to be secondary to FA inhibito-
ry effects on tyrosine hydroxylase and dopamine 
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beta-hydroxylase. FA has been shown to have an 
anti-hypertensive effect secondary to a reduction 
of peripheral vascular resistance through periph-
eral arteriolar dilation. FA reduces catecholamine 
synthesis by lymphocytes, which may affect their 
cytotoxic activity on solid tumours. FA may also 
be a risk factor for oesophageal cancer (Voss 
et al. 1999). FA has also been shown to induce 
DNA damage in vitro in cultured larynx cancer 
cells (Nadgornaya et al. 1981). FA is cytostatic 
to human fibroblasts and cytotoxic to colon and 
mammary adenocarcinomas as well as epider-
moid carcinoma. Picolinic acid, a precursor car-
boxylic acid of FA, has been shown to be cytotox-
ic to many malignancies as well (Fernandez-Pol 
and Jonson 1977; Fernandez-Pol 1977). FA does 
not interfere with dopamine uptake. FA decreases 
contractile response elictor with norepinephrine, 
histamine, serotonin, acetylcholine and KCl. FA 
represses the PCN production under different en-
vironmental condition. It has been shown to pro-
duce both ethylene and ethylene-like symptoms 
(David et al. 1978).

47.2.4  Fumonisins

Fumonisins are mycotoxins produced by at least 
11 species of the Fusarium including the maize 
pathogens F. verticillioides and F. proliferatum 
(Fotso et al. 2002; Rheeder et al. 2002; Leslie 
et al. 2004; Desjardins 2006). The consumption 
of food contaminated by fumonisins is impli-
cated in the development of several human and 
animal diseases (Nelson et al. 1993). Fumonisins 
are the major contaminants of maize, ingestion 
of which leads to oesophageal cancer and neu-
ral tube defects in human populations (Marasas 
1996; Hendricks 1999).

47.2.4.1  General Characteristics
Fumonisins can be divided into structurally dis-
tinct groups, four of which have been designated 
A, B, C and P (Musser and Plattner 1997). Fu-
monisins consist of a linear 19 or 20-carbon, 
polyketide-derived backbone with one nitrogen, 
3–4 hydroxyl, two methyl and two tricarballylic 
ester functions at the positions along the back-

bone. A, B, C, and P fumonisins differ in struc-
ture by differences in the nitrogen function and 
the length of the carbon backbone. For example, 
in B and C fumonisins the nitrogen function is 
a free amine, in A fumonisins it is an acetylated 
amine and in P fumonisins it is a 3-hydroxypyri-
dinium (Musser and Plattner 1997; Sewram et al. 
2005). In B fumonisins (FBs) the backbone is 
20 carbon atoms long, whereas in C fumonisins 
(FCs) it is of 19 carbon atoms long (Fig. 47.5).

The B series of fumonisins are esters of 
2-amino-12, 16-dimethyl-14, 15-dihydroxyeco-
sane and propan-1, 2, 3-tricarboxylic acid. Fu-
monisin B1 has hydroxyl groups at C-3, C-5 and 
C-10. Fumonisins B2 and B3 are isomers with hy-
droxyl groups at C-3, C-5 and C-3, C-10. Fumoni-
sin B4 has one less hydroxyl group than FB2 and 
FB3. Fumonisins A1 and A2 are N-acetyl derivates 
of FB1 and FB2. Fumonisin C1 differs from FB1 
in a lack of methyl group at C-1, which is charac-
teristic of the other fumonisins. A new fumonisin 
iso-FB1 differs from FB1 only in the placement of 
hydroxyl group at C-4 instead of C-5.

In comparison with other fumonisins, FB1 is 
the most polar compound. In polar solvent, FB1 
exists as zwitterion because of carboxylic groups, 
which can have positive and negative charges, 
and also because of the existing free primer 
amine. Small changes of pH can produce altera-
tions in the structure of tricarboxylic esters and 
it can cause interactions among active groups. 
However, the chemical structure of fumonisins 
has a high number of stereoisomers. Among 
them, FB1 is a predominant molecular form pro-
duced by Fusarium moniliforme, FB2 and FB3 
appear to be active as FB1 although they occur in 
lower concentrations, FA1 and FA2 lack the tox-
icity and promotion activity of FB1 (Gelderblom 
et al. 1992).

47.2.4.2  Biological Effects on the Living 
Systems

Fumonisin are potent toxins which cause wide 
range of abnormalities in the living systems. Fu-
monisin B1 is extremely toxic to horses, moder-
ately toxic to swine, weakly toxic to cattle, and 
has been associated with oesophageal cancer in 
humans. Consequently, the Food and Drug Ad-
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ministration (FDA) recently established recom-
mended action levels for fumonisins in human 
foods and animal feeds (Roohi et al. 2012). Food 
or feed containing levels of fumonisin higher 
than the action level could pose a health hazard.

47.2.4.2.1 On Plants
Fumonisin are common contaminants of maize. 
FB1 has been reported to be phytotoxic to corn 

callus culture, tomato ( Lycopersicon esculentum 
Mill.), jimson weed ( Datura stramonium L.) 
leaves, tomato seedlings, corn seedlings, duck-
weed ( Lemna minor L.) fronds and a variety of 
other weeds as well as crop plants (Abbas and 
Boyette 1992; Merrill 1991; Mirocha et al. 1992; 
Van Asch et al. 1992; Vesonder et al. 1992).
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47.2.4.2.2 On Animals and Humans
Fumonisins cause diseases in different animal 
species. In horses, it causes equine leukoen-
cephalomalacia (ELEM); the primary target is 
the brain. Once clinical signs become obvious, 
chances of recovery are less. In pigs, it causes 
acute pulmonary edema; the lungs are the pri-
mary target. Clinical signs include laboured or 
difficult breathing, weakness, and greyish-blue 
or slate coloured skin or mucous membranes; 
other lung diseases also may cause these same 
symptoms. Pigs ingesting smaller amounts of 
fumonisins may perform poorly and develop ic-
terus (pigmentation of tissues, membranes, and 
secretions with bile pigments). Skin, mucous 
membranes, secretions, and the whites of the 
eyes may be stained yellow. Ruminants do not 
appear to be adversely affected by fumonisins. 
Poultry are even more resistant to adverse health 
effects from fumonisins. Fumonisins can cause 
cancer and neural tube defects in experimental 
rodents. Fumonisins may also cause certain types 
of cancer in humans and is regarded as a potential 
carcinogen (Desjardins 2006).

47.2.5  Moniliformin

Moniliformin (MON) has been reported as a nat-
ural contaminant in maize and other cereals (rice, 
oats, rye, barley, wheat and triticale) in different 
parts of the world (Sanhueza and Degrossi 2004). 
MON contamination is higher in maize than in 
other substrates, particularly in visibly infected 
samples. MON is produced at least by 30 Fusar-
ium spp. mainly produced by F. proliferatum and 
F. subglutinans.

47.2.5.1  General Characteristics
In nature, MON occurs as a sodium or potassium 
salt of the semisquaric acid. The UV-absorbance 
of MON has a maximum absorption at 227 nm 
and a shoulder at 258 nm (Sydenham et al. 1996). 
MON or semisquaric acid are trivial names for 
3-hydroxy-3 cyclobutene-1, 2-dione (Fig. 47.6). 
Due to low pKa value (> 1.7) of the free acid, 
MON does not occur as such in nature but as a 
water soluble sodium or potassium salt.

47.2.5.2  Biological Effects on Plants, 
Animals, and Humans

MON can produce plant growth-regulating and 
phytotoxic effects on the plant systems. MON 
has also been proven to be toxic to several ani-
mal species (Peltonen et al. 2010). Muscular 
weakness, respiratory distress, cyanosis, coma, 
and death are symptoms described in animals. 
The pathology associated with MON toxicity in 
most species has primarily involved myocardial 
changes. Thiel et al. (1982) found that exceed-
ingly low concentration of MON (< 5 µM) selec-
tively inhibited rat liver mitochondrial pyruvate 
and α-ketoglutarate oxidations to the level of 
50 % and suggested that these inhibitory effects 
could constitute the major molecule mechanism 
of toxicity. The high metabolic rate of cardiac tis-
sue makes the heart a likely target for the toxic 
effects of the inhibited energy metabolism.

47.2.6  AAL-Toxin

Mycotoxins produced by the fungus Alternaria 
alternate f. sp. lycopersici collectively known 
as the AAL toxins, were described initially as 
host-specific determinants of the Alternaria stem 
canker disease of tomato (Gilchrist and Grogan 
1976). AAL toxins consist of a family of struc-
turally analogous metabolites, out of which AAL 
toxin TA is the major toxin (Bottini et al. 1981). 
AAL toxins are chemically related to the fumoni-
sins, including fumonisin B1 (FB1) and share 
similar toxicological mechanisms of action. The 
toxicological properties and structural similari-
ties of the AAL toxins and the fumonisins have 
raised concern about the potential effects of these 
mycotoxins on human and animal health (Mous-
satos et al. 1993b).
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AAL toxin is toxic to a wide variety of weeds at 
a very low dose rates. AAL-toxin and its analogues 
kill plants by inhibiting a ceramide synthase-
like enzymes causing rapid accumulation of free 
sphingoid bases that disrupt the membrane. These 
novel structures and sites of action are excellent 
and can lead to the discovery and development of 
environmentally safe and potential herbicides.

47.2.6.1  General Characteristics
AAL-toxins are long-chain alkylamines with one 
tricarboxylic acid moiety attached (Fig. 47.7); 
five types of AAL-toxin have now been de-
scribed, each with two isomers (Fig. 47.8). Struc-
tural characterization of AAL-toxins TA and TB 
indicated that each of the toxins existed as a 

pair of regioisomers of 1,2,3-propanetricarbox-
ylic acid (tricarballylic acid) esterified to 1-ami-
no-11,15-dimethylheptadeca-2,4,5,13,14-pentol 
(TA) and 1-amino-11,15-dimethylheptadeca-
2,4,13,14-tetrol (TB) (Bottini and Gilchrist 1981; 
Bottini et al. 1981). The type TA, the most ac-
tive and produced in greatest quantities by A. 
alternata, has a relative molecular mass of 522. 
AAL-toxin is structurally related to the fumoni-
sins (Fig. 47.7) which includes two tricarboxylic 
acid moieties. Sphingolipids are important con-
stituents of cell membranes in both animals and 
plants (Duke and Dayan 2011), but their role in 
plants is not well studied. Both AAL-toxin and 
the fumonisins inhibit sphinganine (sphingosine) 
N-acyltransferase (ceramide synthase in animal), 
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Fig. 47.7  Structure of 
AAL-Toxin TA (Abbas 
et al. 1994)
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apparently as a result of structural similarities 
between the toxins and sphingolipids (Fig. 47.7), 
suggesting that these compounds are competitive 
inhibitors of the enzyme. Sphinganine and AAL-
toxin have an 18-carbon and a 17-carbon alkyl-
amine backbone, respectively, with sphinganine 
having an N-terminal methanolic substituent and 
AAL-toxin having multiple substituents at the 
C-terminal end. AAL-toxin apparently competes 
with sphinganine and other sphingolipids for the 
enzyme sphinganine (sphingosine) N-actyl trans-
ferase causing accumulation of sphinganine and 
depletion of complex sphingolipids. Therefore, 
the effect of AAL-toxin can be determined by 
measuring the build-up of free sphingoid bases 
in plant and animal systems (Wang et al. 1996).

47.2.6.2  Biological Activity
AAL-toxin has been well documented to be phy-
totoxic to a variety of weed and crop species 
(Abbas et al. 1993a, b). AAL-toxin molecules 
posses high specific biological activity and dis-
rupt cell homeostasis. It was initially thought to 
be a host-specific toxin for susceptible tomatoes 
(Kohmoto et al. 1982; Nishimura and Kohmoto 
1983; Mirocha et al. 1992). AAL-toxin causes 
phototoxic damage on susceptible tomatoes in-
cluding chlorosis, necrosis, stunting, leaf curl, 
wilt and mortality. The toxin is also phytotoxic 
to a variety of other plant species (Mašková et al. 
2012). Subsequent studies have shown that AAL-
toxin TA is highly phytotoxic to jimsonweed, 
black nightshade, prickly sida, duckweed, and 
other higher plant species (Abbas et al. 1993a, b). 
Not much is known about its toxicity to animals. 
It is responsible for the induction of cell death in 
rat liver, dog kidney, and African green monkey 
kidney cells (Mirocha et al. 1992).

AAL-toxins and the fumonisins share similar 
toxicological mechanisms of action as both in-
hibit ceramide synthase in animal cells (Merill 
et al. 1993), both inhibit cell proliferation in rat 
liver and dog kidney cells (Mirocha et al. 1992), 
and both induce cell death in tomato tissues and 
protoplasts (Moussatos et al. 1993b).

47.2.7  Alternariol

Alternariol (AOH) is a toxic metabolite of Alter-
naria. It is an important contaminant in cereals 
and fruits and also exhibits antifungal and phyto-
toxic activity. It is reported to inhibit cholinester-
ase enzymes. AOH [(3, 7, 9-trihydroxy-1-meth-
yl-6H-dibenzo [b, d] pyran-6-one); molecular 
weight- 258; molecular formula C14H10O5] 
which is one of the major secondary metabo-
lites produced by various species of Alternaria 
(Fig. 47.9).

47.2.7.1  Biological Activities
AOH possesses foetotoxic, teratogenic, geno-
toxic and mutagenic properties (Pero et al. 1973; 
Lehmann et al. 2006; Brugger et al. 2006) and 
also interferes with the activity of human topoi-
somerases. DNA topoisomerases are enzymes 
regulating DNA topology during transcription, 
replication, chromosome condensation, and the 
maintenance of genome stability (Wang et al. 
1996). DNA-damaging activities of AOH (struc-
turally derivative of dibenzopyrone), i.e. DNA 
single-stranded and double-stranded breaks, as 
well as induction of DNA repair synthesis and 
inhibition of DNA replication, were observed in 
Escherichia coli. Several studies have confirmed 
that AOH induced DNA strand breaks in cell-free 
systems (Xu et al. 1996) and in mammalian he-
patocytes (Liu et al. 1992). AOH was found to 
stabilize the catalytically generated DNA topoi-
somerase intermediate of topoisomerase I and II, 

O

HO

CH3 OH

OH

O

Fig. 47.9  Structure of Alternariol (AOH) (Lehmann 
et al. 2006)
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thus acting as a so-called topoisomerase poison 
(Chen et al. 1993).

AOH is found in considerable concentrations 
in ripe apples and other fruits. Therefore, it is an 
important contaminant of fruit products such as 
apple juice and cider (Scott and Kanhere 2001). 
Concern about a long-term exposure to low levels 
of AOH was raised after the disclosure that con-
tamination of food with A. alternata is associated 
with oesophagal cancer (Liu et al. 1992).

47.3  Conclusion

In conclusion, It is apparent that fungal toxins 
(Aflatoxins, citrinin, fumonisins, fusaric acid, 
moniliformin, AAL-toxins, and Alternariol) 
cause contamination of agricultural commodities 
and pose a potential threat to the living systems 
resulting in economic losses due to their specific 
biological activities which disrupt cell homeo-
stasis through fundamental mechanisms. Some 
of the fungal toxins have great potential to serve 
as future herbicides due to their novel structures 
and sites of action. With the informations about 
their charaterization and biological effects one 
can better understand the ecological roles of 
fungal toxins. More informations about biologi-
cal activities and hazard characterization might 
lead to consideration of the need for regulations 
and development of strategies against mycotoxin 
contamination in the environment.
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Abstract

Organophosphorus compounds cause high mammalian toxicity and 
therefore their detoxification from the environment is essential. Biore-
mediation can be an efficient and cheap option for decontamination of 
polluted ecosystems. Several bacterial species can degrade a wide range 
of organophosphorus compounds in liquid cultures and soil systems. Or-
ganophosphate hydrolase encoding opd gene has been isolated, sequenced, 
cloned in different organisms and altered for better activity and stability. 
Bacteria capable of complete mineralization have been constructed by 
transferring the complete degradation pathway for specific compounds in 
one bacterium.
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48.1  Introduction

Overall, organophosphorus compounds ac-
count for around 38 % of total pesticides used 
worldwide (Singh 2009). Organophosphorus 
compound poisoning is a worldwide health 
problem with 200,000 deaths annually (Sogorb 

et al. 2004, update). Continuous and exces-
sive use of organophosphorus compounds has 
led to the contamination of several ecosystems 
(Tse et al. 2004). As these pesticides cause ex-
tensive damage to nontarget organisms, stud-
ies regarding their degradation have received 
considerable attention (Goswami and Singh 
2009). The use of microorganisms for bioreme-
diation requires a complete understanding of 
physiological, microbiological, ecological, bio-
chemical and molecular aspects (Iranzo et al. 
2001) involved. Mixed bacterial cultures with 
pesticide degrading ability were isolated but in-
dividually were unable to utilize the chemical 
as an energy source (Roberts et al. 1993). The 
nonculturable bacteria in the laboratory with 
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a simulated natural environment (Kaeberlein 
et al. 2002) may lead to isolation of several 
new chemical-degrading bacteria. Degrada-
tion of fenitrothion by Burkholderia sp. strain 
NF100 was reported (Hayatsu et al. 2000).  
Dimethoate degradation was reported to be car-
ried out by a plasmid-based gene of Pseudomonas 
aeruginosa MCMB-427 (Deshpande et al. 2001). 
Utilization of ethoprophos as a sole source of car-
bon by Pseudomonas putida has been observed 
(Karpouzas et al. 2000). Isolation and metabo-
lism of cadusafos by Sphingomonas paucimo-
bilis and Flavobacterium sp. have been reported 
(Karpouzas et al. 2005). Flavobacterium sp. and 
Pseudomonas diminuta were isolated by diazinon 
and parathion enrichment but they can degrade 
a wide range of other organophosphorus com-
pounds such as coumaphos, methyl parathion, 
chlorpyrifos and nerve agents (Singh et al. 1999). 
Most organophosphorus compounds are ester or 
thiol derivatives of phosphoric, phosphonic or 

phosphoramidic acid. It has been estimated that 
one enzyme can hydrolyze 300,000 molecules 
of acetylcholine every minute. This inhibition 
causes paralysis and finally death of insects and 
mammals. The principal reactions in organo-
phosphate degradation are hydrolysis, oxidation, 
alkylation and dealkylation (Singh et al. 1999). 
A list of microorganisms capable of degrading 
these compounds is presented in Table 48.1. In 
this article, we review degradation of some or-
ganophosphorus compounds by bacteria.

48.2  Chlorpyrifos

Chlorpyrifos (O, O-diethyl O-(3, 5, 6-trichloro-
2-pyridyl) phosphorothioate) is one of the most 
widely used insecticides effective against a 
broad spectrum of insect pests of economically 
important crops. A single application of chlorpy-
rifos poses risks to small mammals, birds, fish 

Table 48.1  Bacteria isolated for the degradation of organophosphorus compounds (chlorpyrifos, parathion, glypho-
sate, coumaphos, monocrotophos and malathion)
Compound Bacteria Reference
Chlorpyrifos Enterobacter sp. Singh et al. (2003)

Pseudomonas aeruginosa Fulekar and Geetha (2008)
Synechocystis Singh et al. (2011)
Bacillus licheniformis Zhu et al. (2010)
Klebsiella Ghanem et al. (2007)

Parathion Pseudomonas diminuta Serdar et al. (1982)
Agrobacterium radiobacter Horne et al. (2002b)
Serratia sp. Suresh et al. (2007)
Plesiomonas sp. Zhongli et al. (2001)

Glyphosate Pseudomonas ssp. Kertesz et al. (1994a)
Geobacillus caldoxylosilyticus T20 Obojska et al. (2002)
Acetobacter sp. Moneke et al. (2010)
Pseudomonas fluorescence Moneke et al. (2010)
Azotobacter sp. Moneke et al. (2010)

Monocrotophos Bacillus spp. Rangaswamy and Venkateswaralu (1992)
Pseudomonas mendocina Bhadbhade et al. (2002a)
Bacillus megaterium Bhadbhade et al. (2002b)
Pseudomonas aeruginosa F10B Singh and Singh (2003)
Pseudomonas aeruginosa Balamurugan et al. (2010)

Malathion Pseudomonas sp. Singh and Seth (1989)
Pseudomonas sp. Imran et al. (2004)
Pseudomonas sp. Sayed et al. (2010)
Acinetobacter johnsonii MA19 Xie et al. (2009)
Brevibacillus sp. Singh et al. (2012)
Bacillus cereus Singh et al. (2012)
Bacillus thuringiensis MOS-5 Zeinat et al. (2008)
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and aquatic invertebrate species (Anonymous 
2002). The half-life of chlorpyrifos in soil var-
ies from 10 to 120 days (Racke et al. 1988) with 
3, 5, 6-trichloro-2-pyridinol (TCP) as the major 
degradation product. It was suggested that the 
accumulation of TCP, which has antimicrobial 
properties, prevents the proliferation of chlor-
pyrifos degrading microorganisms (Racke et al. 
1990). A bacterial strain Bacillus licheniformis 
ZHU-1 capable of utilizing chlorpyrifos as the 
sole carbon sources and energy was isolated from 
the soil. The addition of ZHU-1 to soil treated 
with chlorpyrifos resulted in a higher degradation 
rate than noninoculated soils (Zhu et al. 2010). 
Three aerobic bacterial consortia developed from 
pesticide-contaminated soils of Punjab (India) 
were able to degrade chlorpyrifos after 21 days 
of incubation in basal medium by 54, 46 and 
61 % and chlorpyrifos (50 mg/L) in soil after 30 
days by 50, 56 and 64 %. Pseudomonas aeru-
ginosa, Bacillus cereus, Klebsiella sp. and Ser-
ratia marscecens obtained from these consortia 
showed 84, 84, 81 and 80 % degradation of chlor-
pyrifos (50 mg/L) in liquid medium after 20 days 
and 92, 60, 56 and 37 % degradation of chlorpy-
rifos (50 mg/L) in soil after 30 days (Lakshmi 
et al. 2009). Savitha and Raman (2012) reported 
that three chlorpyrifos hyper-resistant bacteria, 
Bacillus stearothermophilus, Bacillus circulans 
and Bacillus macerans, were found resistant 
to 50, 55 and 60 mg/L of chlorpyrifos. GC-MS 
analysis showed that chlorpyrifos at 10, 25 and 
50 mg/L degraded completely over a period of 
1, 5 and 7 days, respectively. The intermediate 3, 
5, 6 trichloro-2-pyridion, 2, 4-bis (1, 1 dimeth-
yiethyl) phenol and 1, 2 benzenedicarboxylic 
acid persisted during bioremediation, but in the 
long run these get converted into CO2, biomass 
and nutrients. Pseudomonas aeruginosa has been 
used in bioremediation of chlorpyrifos at con-
centrations up to 50 mg/L, but the organism is 
inhibited by higher concentrations (Fulekar and 
Geetha 2008). Hua et al. (2009) concluded that 
chlorpyrifos residues in the soil had a temporary 
or short-term inhibitory effect on soil microbial 
functional diversity. The repeated treatment with 
chlorpyrifos over many years in an Australian 
soil resulted in the development of some micro-
organisms with the capability to use the toxic 

compound as has been reported with organochlo-
rine compounds (Singh et al. 2000). The aerobic 
bacteria tend to transform chlorpyrifos by hy-
drolysis to produce diethylthiophosphoric acid 
(DETP) and TCP. This transformation reaction 
removes chlorpyrifos and its mammalian toxicity 
but yields compounds that are not metabolized by 
the microorganisms (Horne et al. 2002b). Chlor-
pyrifos has been reported to be degraded co-met-
abolically in liquid media by Flavobacterium sp. 
and P. diminuta, isolated from a diazinon-treated 
field and by parathion enrichment (Serdar et al. 
1982). An Enterobacter sp. degrades chlorpy-
rifos to DETP and TCP and utilizes DETP as a 
source of carbon and phosphorus (Singh et al. 
2003). Ghanem et al. (2007) reported a chlorpyri-
fos degrading bacterial strain, Klebsiella sp., iso-
lated from an activated sludge sample collected 
from wastewater treatment plant. Shelton (1988) 
isolated a consortium that could use DETP as 
a carbon source but was unable to degrade it 
when presented as a source of phosphorus or 
sulfur. Zhu et al. (2010) reported the isolation of 
B. licheniformis ZHU-1 is capable of utilizing 
chlorpyrifos as the sole carbon source and energy 
from the soil.

48.3  Parathion

Parathion (O, O-diethyl-O-p-nitrophenyl phos-
phorothioate) is one of the most toxic insec-
ticides registered with the US Environmental 
Protection Agency (EPA). The microbial degra-
dation of parathion produce hydrolytic product 
(p-nitrophenol). This pesticide is persistent and 
very toxic to humans and animals (Olvera-Velona 
et al. 2008), even at low concentrations. Several 
species of bacteria have been isolated that can 
hydrolyze parathion (Racke et al. 1996). Miner-
alization, where parathion was used as a source of 
carbon (Rani and Lalitha-kumari 1994) or phos-
phorus (Rosenberg and Alexander 1979), and co-
metabolic hydrolysis (Horne et al. 2002b) have 
been reported. A Pseudomonas sp. and a Xan-
thomonas sp. were isolated, which can hydrolyze 
parathion and can further metabolize p-nitrophe-
nol (Tchelet et al. 1993). A Moraxella sp. can use 
p-nitrophenol as the sole source of carbon and 
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nitrogen (Spain and Gibson 1991). This bacte-
rium degrades p-nitrophenol to p-benzoquinone 
using the enzyme p-nitrophenol monooxygen-
ase. Candida parapsilosis has been reported to 
convert hydroquinone to cis, trans-4-hydroxymu-
conic semialdehyde. This is then metabolized to 
maleylacetate by semialdehyde dehydrogenase. 
A Pseudomonas putida strain was found to me-
tabolize p-nitrophenol to hydroquinone and 1, 
2, 4-benzenetriol, which was further cleaved by 
benzenetriol oxygenase to maleylacetate (Rani 
and Lalitha-kumari 1994). A soil bacterium Ser-
ratia capable of utilizing methyl parathion as sole 
carbon and energy source was isolated by selec-
tive enrichment on minimal medium containing 
methyl parathion. Serratia sp. strain DS001 uti-
lized methyl parathion, p-nitrophenol, 4-nitrocat-
echol and 1, 2, 4-benzenetriol as the sole carbon 
and energy sources but could not grow using hy-
droquinone as a source of carbon. Further, p-ni-
trophenol and dimethylthiophosphoric acid were 
found to be the major degradation products of 
methyl parathion. The key enzymes involved in 
degradation of methyl parathion and conversion 
of p-nitrophenol to 4-nitrocatechol are, namely, 
parathion hydrolase and p-nitrophenol hydroxy-
lase (Suresh et al. 2007). In the recent years, bio-
catalyst has become a cost-effective technology 
for solving ecological and energy issues (Chu 
et al. 2009). The microbial degradation of pes-
ticides residues has become the focus of many 
studies because it is economical and effective. 
Therefore, organophosphorus degrading (opd) 
and methyl parathion-degrading (mpd) genes 
have been intensively researched (Fu et al. 2004; 
Zhang et al. 2006). The attempts had been made 
to enhance organophosphorus hydrolase (OPH) 
biodegradation efficiency by displaying the OPH 
onto the cell surface (Yang et al. 2008) or by se-
creting the OPH into the periplasmic space (Yang 
et al. 2009). Six carriers were compared in re-
gards to the whole-cell activity of methyl parathi-
on hydrolase (MPH). The surface display systems 
yielded one to three times of the whole-cell activ-
ity than the periplasmic secretion systems (Yang 
et al. 2011). A different pathway of degradation 
was reported in Arthrobacter sp. strain JS443 
and Arthrobacter protophormiae RHJ100 where 

p-nitrophenol was mineralized via p-nitrocate-
chol. Nitrocatechol is converted into 1, 2, 4-ben-
zenetriol by benzotriol dehydrogenase, which in 
turn is directly converted into maleylacetate by 
benzotriol dioxygenase (Chauhan et al. 2000). A 
consortium of two Pseudomonas sp. (strains S1 
and S2) was isolated which can also metabolize 
p-nitrophenol via p-nitrocatechol (Qureshi and 
Purohit 2002) although in most of the studies on 
microbial degradation of parathion, the first reac-
tion was hydrolysis of the phosphotriester bond. 
In one study, degradation of parathion by a mixed 
culture and a Bacillus sp. (Sharmila et al. 1989) 
was shown to occur by a reduction of the nitro 
group that was later hydrolyzed to p-aminophe-
nol. Co-metabolic degradation of methyl para-
thion by Plesimonas sp. strain M6 was observed 
(Zhongli et al. 2001). They also isolated Pseudo-
monas sp. A3 which can utilize p-nitrophenol as 
a sole source of carbon and nitrogen. This isolate 
can also utilize a series of aromatic compounds 
as a sole source of carbon (Zhongli et al. 2002). 
Another strain of Pseudomonas sp. WBC was 
capable of completing the degradation of methyl 
parathion and could utilize it as a sole source of 
carbon and nitrogen (Yali et al. 2002).

48.4  Glyphosate

Glyphosate (N-(phosphonomethyl) glycine) is 
a broad-spectrum herbicide. The mode of ac-
tion includes inhibition of the plant enzyme 
5-enolpyruvylshikimate-3-phosphate synthase, 
which catalyzes synthesis of the aromatic amino 
acids (Lu et al. 2005). Microbial degradation of 
glyphosate produces the major metabolite amino-
methylphosphonic acid (AMPA) and ultimately 
leads to the production of CO2, phosphate and 
water (Araujo et al. 2003). Research on glypho-
sate degradation has mainly focused on wastewa-
ter treatment processes (Manassero et al. 2010; 
Leticia et al. 2008). Degradation of glyphosate in 
soil, under solar light photocatalyzed by Fe3O4/
SiO2/TiO2, was also reported (Xuan et al. 2011). 
Arthrobacter sp. GLP-1 and Pseudomonas sp. 
PG2982 degrade glyphosate, resulting in the 
production of sarcosine (N-methylglycine) by C-P 
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lyase activity (Dick and Quinn 1995). The second 
pathway involves the conversion of glyphosate to 
AMPA. This compound is then dephosphorylated 
by C-P lyase and further broken down to methyl-
amine and formaldehyde (Lerbs et al. 1990). A 
thermophile, Geobacillus caldoxylosilyticus T20 
was isolated that degrades glyphosate by the 
above pathway, utilizing the compound as a sole 
source of phosphorus (Obojska et al. 2002). Utili-
zation of aminoalkylphosphonates as a source of 
nitrogen by different bacterial isolates has been 
reported (Ternana and McMullan 2000). A strain 
of Kluyveromyces fragilis has been shown to uti-
lize AMPA as a source of nitrogen (Ternana and 
McMullan 2000). Streptomyces morookaensis 
DSM 40565 could degrade aminoalkylphospho-
nate as a sole source of nitrogen and phosphorus 
(Obojska and Lejczak 2003). Alkyl amines are 
intermediate degradation products for several xe-
nobiotics such as carbofuran, atrazine and mono-
crotophos and have been reported for different 
microorganisms (Strong et al. 2002). Use of me-
thylamine as a source of carbon is widespread in 
nature (Trabue et al. 2001). Three bacteria strains 
GDP1, GDP2 and GDA were isolated from ag-
ricultural soil heavily polluted with glyphosate, 
which are capable of degrading glyphosate pesti-
cide. The bacteria strains GDP1, GDP2 and GDA 
were from P. putida, P. aeruginosa and Aceto-
bacter faecalis, respectively. In Ochrobactrum 
anthropi GPK 3, the initial cleavage reaction 
is catalyzed by glyphosate oxidoreductase with 
the formation of AMPA and glyoxylate, whereas 
Achromobacter sp. MPS12 utilizes C-P lyase, 
forming sarcosine. Ole K. Borggaard (2011) 
concluded that the soil phosphorus status did not 
influence glyphosate and AMPA dissipation at 
that site. When the mixed bacteria inoculum size 
was increased, percentage of glyphosate degra-
dation reached a maximum value of 99 % at an 
optimum pH 6–7 while for pH values higher than 
9 or lower than 4, no degradation was observed 
(Nourouzi et al. 2012). Moneke et al. (2010) 
showed that P. fluorescens and Acetobacter sp. 
exhibited a high capacity to efficiently degrade 
glyphosate under the environmental conditions 
studied. Thus, the organisms can be exploited 
for biodegradation of glyphosate. Ersilia et al. 

(2010) reported that glyphosate biodegradation 
capacity in the experimental field indicates that 
the CO2 fraction accumulated after 50 days is 
28.02 %. Weather conditions, especially tempera-
ture variations between day and night, influence 
the activity of soil microorganisms and affect the 
biodegraded glyphosate percentage. The abil-
ity of manganese peroxidase (MnP), laccase, 
lignin peroxidase (LiP) and horseradish peroxi-
dase (HRP) to degrade the widely used herbicide 
glyphosate and other pesticides was reported by 
Leticia et al. (2009).

48.5  Monocrotophos

Monocrotophos ((3-hydroxy-N-methyl-cis-cro-
tonamide) dimethyl phosphate) is used to con-
trol aphids, leaf hoppers, mites and other foliage 
pests. Rangaswamy and Venkateswaralu (1992) 
isolated a monocrotophos degrading Bacillus 
sp. from previously treated soil. P. aeruginosa 
F10B and Clavibacter michiganense sp. can uti-
lize monocrotophos as a phosphorus source but 
not as a carbon source (Singh and Singh 2003). 
A monocrotophos degrading Paracoccus sp. iso-
lated from sludge collected from the waste water 
treatment pool of a pesticide factory was able to 
utilize microbial carbon pump (MCP) as sole car-
bon sources (Jia et al. 2007). Further studies dem-
onstrated that Pseudomonas mendocina is the 
most efficient monocrotophos degrader among 
the isolated bacteria and its degrading capability 
is plasmid based (Bhadbhade et al. 2002a). The 
same group isolated another 17 bacterial isolates 
from previously exposed soils which can mineral-
ize monocrotophos in liquid culture (Bhadbhade 
et al. 2002b). Tejomyee et al. (2009) isolated 25 
fungal strains by an enrichment method using 
MCP as a carbon and phosphorus source. Balam-
urugan et al. (2010) evaluated P. aeruginosa and 
Trichoderma viridae for their potential to degrade 
monochrotophos and methyl parathion. In this in-
vestigation, P. aeruginosa was more efficient in 
degrading monochrotophos and methyl parathi-
on. Dimethyl- and monomethyl phosphates were 
involved as intermediates in monocrotophos 
degradation in plants and animals (Muck 1994). 
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Another intermediate identified during monocro-
tophos degradation was methylamine,  produced 
by an esterase enzyme. As with most of the 
other organophosphorus compounds, the first 
 degradation step of monocrotophos should in-
volve hydrolysis, which could produce N-methyl 
acetoacetamide and dimethyl phosphate (Beynon 
et al. 1973). Further, degradation of N-methyl 
acetoacetamide produced valeric acid in A. 
atrocyaneus and acetic acid in B. megaterium 
(Bhadbhade et al. 2002b).

48.6  Malathion

Malathion (S-(1, 2-dicarbethoxyethyl)-O, O-
dimethyldithiophosphate) is used for the con-
trol of sucking and chewing insects (Imran et al. 
2004). Malathion is one of the acetylcholinester-
ase (AChE) inhibitors and poses a hazard to hu-
mans. The loss of AChE results in acetylcholine 
accumulation, which interferes with muscular re-
sponses and produces serious symptoms in vital 
organs, eventually leading to death (Fahd and 
Ahmed 2009). Carboxyesterase activity, which 
degrades malathion to its monoacid and diacid 
derivatives, is the predominant metabolic mech-
anism (Singh and Seth 1989). Xie et al. (2009) 
reported the biodegradation of malathion by Aci-
netobacter johnsonii MA19 and optimization 
of co-metabolism substrates. Four compounds, 
sodium succinate, sodium acetate, glucose and 
fructose, were tested as the carbon source for the 
co-metabolism of the strain MA19. The results 
of sodium succinate concentrations on the mala-
thion biodegradation indicated that more sodium 
succinate being supplied resulted in quick deg-
radation of malathion and fast cells multiplica-
tion. Singh et al. (2012) isolated Brevibacillus 
sp. strain KB2 and B. cereus strain PU from the 
soil samples, collected from malathion contami-
nated field, and analyzed for carboxylesterase 
activity and maximum activity was observed for 
strains KB2 and PU, respectively. Cloning and 
sequencing of the putative malathion degrading 
carboxylesterase gene was done using primers-
based PCR approach. Zeinat et al. (2008) isolated 
B. thuringiensis MOS-5 (Bt) for the degradation 

of malathion. It was able to utilize malathion as 
a sole carbon and energy source and to degrade 
it co-metabolically. Esterase activity involved in 
malathion degradation was also determined in 
culture filtrate of MOS-5. Results indicated that 
esterase activity was twofold more in the pres-
ence of yeast extract compared to glucose. These 
results indicate that Bt MOS-5 may be considered 
as a highly potential candidate in the biodegrada-
tion of organophosphorus in contaminated soil. 
Sayed et al. (2010) isolated five malathion-de-
grading bacterial strains from soil samples col-
lected from different agricultural sites in Cairo, 
Egypt. Malathion was used as a sole source of 
carbon to enumerate malathion degraders. They 
were identified as Pseudomonas sp., P. putida, 
Micrococcus lylae, Pseudomonas aureofaciens 
and Acetobacter liquefaciens, respectively. LC/
ESI-MS analysis confirmed the degradation of 
malathion to malathion monocarboxylic and di-
carboxylic acids, which formed as a result of car-
boxylesterase activity. Bourquin (1977) isolated 
11 bacterial isolates from salt-marsh environments 
which utilized malathion as a sole carbon source. 
The isolated bacteria possessed carboxyester-
ase activity, which metabolized malathion to its 
monoacid and diacid derivatives. Small amounts 
of other metabolites were also produced includ-
ing desmethyl malathion, phosphorothionates 
and four carbon dicarboxylic acids which were 
probably formed as a result of phosphatase activ-
ity. Singh and Seth (1989) isolated a Pseudomo-
nas M-3 strain which metabolized malathion to 
its monoacid derivative with the parallel forma-
tion of ethanol that was used by the strain as a 
sole carbon source. Guha et al. (1997) isolated a 
Micrococcus sp. from a malathion-enriched soil, 
which metabolized malathion. The malathion-
degrading Pseudomonas strain was isolated from 
an agricultural soil (Imran et al. 2004).

48.7  Detoxifying Enzymes

Most studies of organophosphorus-degrading 
enzymes have focused on OPH and organophos-
phorus acid anhydrolase (OPAA). The effects 
of metal substitution on the catalytic activity of 
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OPH were studied by removing the native metal 
(Zn) from purified OPH (Benning et al. 2001). 
OPH has also been found to contain a two-oxy-
gen-bridging mechanism in the active site sug-
gesting subtle differences compared to OPAA 
(Vyas et al. 2010). It was suggested that divalent 
cations increased the activity of enzyme by as-
sisting folding of expressed enzyme in the me-
dium (Manavathi et al. 2005). Another enzyme 
OPAA from Alteromonas undina was isolated 
and purified (Cheng et al. 1993). It plays an 
important role in cellular dipeptide metabolism 
because all OPAAs were found to have activity 
against several dipeptides (DeFrank and White 
2002). Three unique parathion hydrolases were 
isolated, purified and characterized from Gram-
negative bacterial isolates (Mulbry 1992). A 
unique phosphotriesterase has been character-
ized from Nocardioides simplex NRRL B-24074 
(Mulbry 2000). Another novel phosphotriesterase 
HocA (hydrolysis of caroxon) was isolated from 
Pseudomonas monteilli (Horne et al. 2002c). The 
first reported enzyme able to degrade the phos-
phonates, 2-phosphonoacetaldehyde hydrolase 
(phosphonatase), was isolated from B. cereus 
(La Nauze et al. 1970). Phosphonatase does not 
degrade phosphomonoesters and is not a metal-
loenzyme (Kononova and Nesmeyanova 2002). 
Several microbial isolates have been reported 
to have further novel enzyme/gene systems but 
most of these were not isolated or purified such 
as MPH (Zhongli et al. 2001) and chlorpyrifos-
degrading enzyme (Singh et al. 2004).

48.8  Coumaphos

Coumaphos (O, O-diethyl-O-(3-chloro-4-meth-
yl-2-oxo-2H-1-benzopyran-7-yl) phosphorothio-
ate) is used for the control of cattle ticks. Three 
morphologically distinct bacteria were isolated, 
hydrolyzed coumaphos to DETP and chlorferon. 
Chlorferon was further metabolized to a-chloro-
b-methyl-2, 3, 4-trihydroxy-trans-cinnamic acid 
(CMTC) (Shelton and Somich 1988). A similar 
breakdown pathway for the propenoic side chain 
of substituted cinnamic acid molecule, p-cou-
maric acid, has been observed in Pseudomonas 

sp. (Tse et al. 2004). Monooxygenase and dioxy-
genase catalyze the formation of the 2-, 3-, and 
4- hydroxy derivatives as substituted acid and/or 
substituted catechol (Peng et al. 2003). Another 
microorganism, Nocardiodes simplex NRRL 
B-24074, was found to have a distinct enzymes 
system for coumaphos degradation (Mulbry 
2000). Horne et al. (2002b) isolated an Agrobac-
terium radiobacter P230 capable of hydrolyzing 
coumaphos from an enrichment culture contain-
ing organophosphorus as the sole source of phos-
phorus. P. monteilli degrades coumaphos and 
diazinon but not parathion (Horne et al. 2002a). 
Coumaphos is degraded by the other microorgan-
isms Enterobacter sp. B-14 (Singh et al. 2004), 
which were isolated for their ability to degrade 
other organophosphorus compounds.

48.9  Perspectives

Bioremediation with microorganisms is an at-
tractive alternative to these conventional tech-
niques for pollutant disposal. The use of whole 
living cells for bioremediation presents some 
difficulties such as delivery of fresh inocula and 
nutrient composition. To avoid these difficulties, 
the use of cell-free OPH was carried out suc-
cessfully. Site-specific mutagenesis in organo-
phosphorus-degrading enzyme OPH has been 
carried out successfully to increase the catalytic 
activity against poor substrates, and to decrease 
the stereoselectivity of the enzyme. Future areas 
of research include increasing enzyme activity 
against poor substrates and improving enzyme 
catalytic activities in mixtures of chemicals. 
DNA shuffling was successfully used to isolate 
an improved variant of opd cloned Escherichia 
coli, which can degrade methyl parathion 25 
times faster than the wild type (Cho et al. 2002). 
Introducing cells containing C-P lyase activ-
ity in consortia or C-P lyase gene in degrading 
microorganisms might accelerate the overall deg-
radation process. Screening of anaerobic micro-
organisms and extremophiles may be useful but 
this so far has received little attention for organo-
phosphorus compound degradation. A microor-
ganism engineered to complete mineralization of 
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organophosphorus compounds would avoid the 
generation of toxic hydrolytic products. The in-
troduction of all degradative genes into a single 
organism allows for future optimization of gene 
expression, and the potentials to utilize further 
directed evolution to optimize degradation rates 
and minimize the metabolic burden placed on the 
cell. The application of genetic engineering and 
biochemical techniques, to improve and evolve 
natural biodegradative capabilities, will ultimate-
ly create strains capable of degrading complex 
mixtures of compounds.
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Abstract

Biodiversity of the forest fungi of central India (Chhattisgarh, Madhya 
Pradesh, and part of Maharashtra) has been recorded. A total of 838 fungi 
belonging to 321 genera (199 genera of ascomycetes, 107 basidiomycetes, 
10 phycomycetes, and 3 myxomycetes) were recorded on different sub-
strates from the forests. Among them, 529 species belong to ascomycete, 
282 to basidiomycete, and 26 to lower fungi and myxomycete. The maxi-
mum number of fungi, 347 recorded on leaf, followed by 259 on stem and 
wood, 121 in soil/on ground, 33 in litter, 19 on roots, 24 on seed/pods/
seedlings and 2 on insects, were reported on leaf causing common leaf 
diseases. Fungi recorded on stem, branches, twigs, culms, etc. are either 
causing cankers, twig blights, die back, etc. or decay and deterioration of 
these organs in standing trees as well as fallen parts on the forest floor. Top 
dying and root rot of teak caused by Phomopsis tectonae and Helicobasi-
dium compactum are the diseases causing serious damage in plantations of 
Madhya Pradesh and Maharashtra, respectively. Some fungi, for example 
species of Amanita, Astraeus, Boletus, Geastrum, Lepiota, Pisolithus, Ra-
maria, Russula, Scleroderma, Thelephora, etc., produce ectomycorrhizae 
while species of Coriolopsis, Daedalea, Daldinia, Earliella, Favolus, 
Flavodon, Funalia, Ganoderma, Hypoxylon, Hymenochaete, Inonotus, 
Irpex, Junghunia, Lenzites, Microporus, Navisporus, Phellinus, Polypo-
rus, Polystictus, Poria, Pyrofomes, Rigidoporus, Skeletocutis, Stereum, 
Tremates, Xylaria, etc. are the common wood-decay fungi. Common 
mushroom collected from the ground and decaying wood and litter are 
species of Agaricus, Amanita, Agrocybe, Coprinus, Lepiota, Marasmius, 
Mycena, Pleurotus, Termitomyces, Tricholoma, and Volvariella. Root rot 
of Dalbergia sissoo and Acacia catechu caused by Ganoderma lucidum is 
posing a serious threat in central India. Spongipellis spumeus causes root 
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49.1  Introduction

Fungi occurring in forests of central India are 
not systematically explored; only some sporad-
ic studies have been made from time to time. 
The population of soil fungi in Achanakmar and 
Lamni ranges was studied and 63 fungi were re-
ported (Chakraborty et al. 1991). Shettyi (1957) 
also reported Absidia butleri and Aspergillus 
versicolor from the soil of Amarkantak. Cerco-
sporidium helicteri, a new parasitic fungus, was 
reported from Amarkantak (Soni et al. 1984). 
The needle blight in different provenances of 
Pinus roxburghii due to the fungus Pseudo-
cercospora ( Cercospora) pini-densiflorae was 
studied (Jamaluddin et al. 1990). Grevillea 
pteridifolia planted on mined-over areas of Am-
arkantak suffer from charcoal root rot disease 
caused by Macrophomina phaseolina, leaf spot 
by Phoma sorghina, Phoma glomerata, Cytos-
pora sp., and Pestalotiopsis sp. (Dadwal and 
Jamaluddin 1991). Leaf spot and blight diseases 
of three medicinal plants caused by Alternaria 
alternata were reported from Amarkantak and 
Lamni (Jamaluddin et al. 1993). Population 
of arbuscular mycorrhizal (AM) fungi and 
root colonization in bauxite mined-over areas 

of Amarkantak was studied (Jamaluddin and 
Chandra 1997). Upreti et al. (2007) and Nayaka 
et al. (2007) have made lichenological studies 
in Achanakmar–Amarkantak biosphere reserve 
and reported 37 lichens, belonging to different 
families. Harsh et al. (1989) reported two edible 
fungi from Madhya Pradesh. Market assessment 
and business potential of six edible fungi col-
lected from Amarkantak biosphere reserve was 
also done (Harsh, Rai and Ayachi 1993).

A study on wide range of fungi occurring in 
forest of central India was undertaken to docu-
ment the forest fungi. The fungi were identified, 
classified, and are reported in the present chap-
ter. This information may be useful in further in-
vestigation on fungi and for better utilization of 
their potential, in managing forest ecosystem and 
economy of tribal people inhabiting these forests.

The study area falls in between 75 –85° N and 
18 –26° E and includes three central Indian states, 
namely Chhattisgarh, Madhya Pradesh, and 
northeastern parts of Maharashtra. The forest area 
of Madhya Pradesh and Chhattisgarh is dominat-
ed by sal ( Shorea robusta) forests followed by 
teak ( Tectona grandis) while teak dominated in 
the forests of Maharashtra. Fungi were reported 
from different forest types of the above states in 

rot in the mature trees of Albizia procera and is also causing consider-
able damage. Some recently recorded new diseases include vascular wilt 
of aonla caused by Fusarium solani and root rot of teak seedlings (only 
occurs under water stress condition) caused by Helicobasidium compac-
tum and Tritirachium roseum. Two new genera and 30 new species were 
described from central India during the last 5 years. Recently described 
new species include Asterostomella shoreae, Cheilymenia jabalpurensis, 
Nitschkia tectonae, and Passalora emblicae. In central India over 2,700 
fungi were collected during the last 15 years, out of them 12.3 % fungi 
were collected only once and are considered as threatened and needs 
conservation. Only 1.8 % fungi were frequently collected (more than 11 
times during this period) including Phomopsis tectonae, whose popula-
tion is recorded increasing in teak growing areas. The data indicate that 
the population of major fungi is dwindling with time.

Keywords 

Forest fungi · Fungal diversity · Conservation of fungi · Leaf spot · Root 
rot · Soil fungi · Twig spot · Wood rot
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different seasons from parts of trees, associated 
plants, woods, twigs, logs, forest litter, forest 
flora. Also, rhizosphere soils of tree species are 
included in the present chapter. The fungi were 
recorded from 161 species of trees, 8 species of 
bamboos and grasses, 26 shrubs, 15 climbers, 12 
herbaceous plants, and 2 ferns. Maximum num-
ber of fungi (71) were recorded on sal followed 
by teak (33), Terminalia tomentosa (22) and Dio-
spyros melanoxylon (18) (Verma et al. 2008).

49.2  Diversity of Forest Fungi

In the present study, a total of 838 fungi belong-
ing to 321 genera (199 genera of Ascomycetes, 
107 Basidiomycetes, 10 Phycomycetes, and 3 
Myxomycetes) growing on different substrates 
in the forests have been collected. Among them, 
529 fungi belong to Ascomycete, 282 to Basidio-
mycete, and 26 to lower fungi. Further, 347 fungi 
were recorded on leaf, 259 on stem and wood, 
and 121 in soil/on ground, 33 in litter, 19 on 
roots, 24 on seed/pods/seedlings, and 2 on insects 
(Table 49.1). The fungi causing diseases in seed-
lings not only affect the seedling growth in nurs-
ery but also get transferred to forest when such 
seedlings are planted in the field. For example, 
G. pteridifolia planted on mined-over areas of 
Amarkantak suffer from charcoal root rot disease 
by M. phaseolina, leaf spot by P. sorghina, P. 
glomerata, Cytospora sp., and Pestalotiopsis sp. 

These diseases were transmitted from the nurs-
ery (Dadwal and Jamaluddin 1991). A compre-
hensive list of identified forest fungi genera with 
number of species, their broad classification, and 
substrate is given in Table 49.2.

49.2.1  Soil Fungi

The forest trees of central India (most deciduous 
trees) prefer fungal soils. The trees standing for 
years support fungi to survive. It is also suspected 
that the decline in forest soil is related to the loss in 
fungal diversity. A study conducted on the forests 
of Achanakmar and Lamni ranges of Chhattisgarh 
reported 85 species of soil fungi, from both fenced 
and unfenced areas, and was correlated with vari-
ous factors involved in the degradation of soil and 
their vegetation covers; and it was concluded that 
the fungi are responsible for improving the physi-
cochemical properties of the soil, resulting in an 
overall improvement in soil fertility and produc-
tivity (Chakraborty et al. 1991).

49.2.2  Foliicolous Fungi

Among parasitic fungi, the leaf spot fungi are the 
most common, as the foliage are a major plant 
organ providing greater surface area for growth 
and development of fungi. Foliage fungi destroy 
the leaves in standing trees, for example, leaf 
spot caused by Pseudocercospora in Anogeissus 
spp. and Rhytisma lagerstroemiae tar spot in La-
gerstroemia spp. are the most common in central 
India. In the present study, 347 fungi were col-
lected on foliage of different plants (Table 49.1). 
Cercosporidium helicteri causing leaf spotting 
in Helicteres isora was reported from Amarkan-
tak (Soni et al. 1984). Jamaluddin et al. (1986) 
had also reported 36 fungi as new host records 
from Madhya Pradesh including Asteromella 
sp. on Casearia elliptica Willd., Casearia gra-
veolens Dalz., Casearia glauca (Roxb.) Kun-
tze, and Garuga pinnata Roxb; Myrothecium 
roridum Tode ex. Fr. on Careya arborea and C. 
glauca; Phomopsis bauhiniae on Bauhinia retusa 
Roxb., Phomopsis natsume on Ziziphus xylopy-

Table 49.1  Substrate-wise list of forest fungi of central 
India
Substrate Number of species Number of genera
Bark   1   1
Entmogenous   2   2
Ground  68  19
Hyperparasites   2   1
Leaf 347 106
Litter  33  26
Pod   3   1
Root  19   7
Seed   8   4
Seedling  13   5
Soil  53  20
Stem/wood 259 124
Total 838 321
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S. No. Fungi (genera) Number of species Broad group Substrate
1 Absidia 1 Ascomycete Litter
2 Achlya 1 Phycomycete Litter
3 Acarocybella 1 Ascomycete Leaf spot
4 Acaulospora 2 Phycomycete Soil
5 Achaetomium 1 Ascomycete Litter
6 Acremonium 1 Ascomycete Hyperparasite
7 Acrodictiella 1 Ascomycete Leaf spot
8 Acrophialophora 1 Ascomycete Seed
9 Acrostroma 2 Ascomycete Stem
10 Aecidium 3 Basidiomycete Leaf
11 Agaricus 5 Basidiomycete On ground
12 Agrocybe 2 Basidiomycete Ground
13 Alternaria 3 Ascomycete Leaf
14 Amanita 7 Basidiomycete Ground
15 Amerodiscosiella 1 Ascomycete Stem
16 Anellophragmia 1 Ascomycete Stem
17 Annellophora 1 Ascomycete Leaf
18 Antennariella 1 Ascomycete Leaf
19 Antrodia 1 Basidiomycete Stem
20 Aplosporella 6 Ascomycete Stem, twigs
21 Arthrinium 3 Ascomycete Stem/litter
22 Ascochyta 3 Ascomycete Leaf
23  Aspergillus 13 Ascomycete Soil/litter
24 Asperisporium 1 Ascomycete Leaf
25 Asterina 2 Ascomycete Leaf
26 Asterinella 1 Ascomycete Leaf
27 Astraeus 1 Basidiomycete Gorund
28 Asteromella 3 Ascomycete Leaf/litter
29 Asterostomella 1 Ascomycete Leaf/litter
30 Auricularia 1 Basidiomycete Stem
31 Aurificaria 1 Basidiomycete Stem
32 Australohydnum 1 Basidiomycete Stem
33 Bagnisiella 3 Ascomycete Stem
34 Bahupaatra 1 Ascomycete Litter
35 Balladynopsis 1 Ascomycete Stem
36 Bartalinia 1 Ascomycete Leaf
37 Basidiobotrys 1 Ascomycete Stem
38 Beauveria 1 Ascomycete Entomo
39 Beltrania 1 Ascomycete Litter
40 Biscogniauxia 1 Ascomycete Branch, stem
41 Boletus 1 Basidiomycete Ground
42 Botryobasidium 1 Basidiomycete Stem
43 Botryodiplodia 1 Ascomycete Leaf
44 Botryosphaeria 2 Ascomycete Leaf
45 Calvatia 1 Basidiomycete Ground
46 Camarosporium 1 Ascomycete Leaf
47 Camptomeris 3 Ascomycete Leaf
48 Cantharellus 1 Basidiomycete Ground

Table 49.2  List of fungi recorded from forests of central India along with the main classification group and substrate

R. K. Verma
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S. No. Fungi (genera) Number of species Broad group Substrate
49 Capnodium 1 Ascomycete Stem
50 Catenulaster 1 Ascomycete Leaf
51 Catenulopsora 1 Basidiomycete Leaf
52 Cercopsora 32 Ascomycete Leaf
53 Cercosporella 1 Ascomycete Leaf
54 Cerioporiopsis 1 Basidiomycete Stem, wood
55 Cerotelium 1 Ascomycete Leaf
56 Cephaliophora 1 Ascomycete Litter
57 Ceuthospora 1 Ascomycete Litter
58 Chaetomella 1 Ascomycete Seedling
59 Chaetomium 5 Ascomycete Seed/litter
60 Chaetopsina 1 Ascomycete Leaf
61 Chaetosphaeronema 1 Ascomycete Litter
62 Cheilymenia 1 Ascomycete Ground
63 Ciliochorella 2 Ascomycete Leaf
64 Circinella 1 Phycomycete Litter
65 Cladobotrium 1 Ascomycete Stem, bark
66 Cladosporium 10 Ascomycete Leaf
67 Clitocybe 3 Basidiomycete Soil
68 Coccomyces 1 Ascomycete Leaf
69 Coleophoma 1 Ascomycete Litter
70 Colletotrichum 12 Ascomycete Leaf, pod, stem
71 Coltricia perennis 1 Basidiomycete Stem
72 Coniella 5 Ascomycete Stem
73 Coniothyrium 1 Ascomycete Leaf
74 Coprinus 3 Basidiomycete Litter
75 Coriolopsis 2 Basidiomycete Stem twig
76 Corticium 1 Basidiomycete Stem
77 Corynespora 10 Ascomycete Leaf
78 Coryneum 1 Ascomycete Stem/Twig
79 Cryptosphaeria 1 Ascomycete Stem
80 Curvularia 9 Ascomycete Leaf/seed/litter
81 Cylindrocarpon 1 Ascomycete Litter
82 Cylindrocladium 1 Ascomycete Seedling, leaf
83 Cylindrosporium 1 Ascomycete Leaf spot
84 Cytospora 2 Ascomycete Stem, twigs
85 Daedalea 2 Basidiomycete Stem
86 Daldinia 2 Ascomycete Stem, wood
87 Dasturella 2 Basidiomycete Leaf
88 Datronia 1 Basidiomycete Stem
89 Dendrographium 1 Ascomycete Twigs
90 Dendrophoma 1 Ascomycete Leaf
91 Denticularia 1 Ascomycete Leaf
92 Diachanthodes 1 Basidiomycete Stem
93 Dichomitis 1 Basidiomycete Stem, wood
94 Diatrype 5 Ascomycete Stem, twig
95 Diatrypella 2 Ascomycete Leaf, Stem
96 Didymosphaeria 1 Ascomycete Stem

Table 49.2 (continued) 
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S. No. Fungi (genera) Number of species Broad group Substrate
97 Diplodia 1 Ascomycete Leaf
98 Discosia 1 Ascomycete Leaf
99 Dothidea 1 Ascomycete Stem
100 Dothiorella 3 Ascomycete Pod, Stem, twig
101 Drechslera 3 Ascomycete Leaf/litter
102 Earliella 1 Basidiomycete Stem, twig
103 Echinocatena 1 Ascomycete Litter
104 Echinostelium 1 Myxomycetes Stem
105 Endocalyx 2 Ascomycete Leaf
106 Epicoccum 1 Ascomycete Twig
107 Eriocercopsora 1 Ascomycete Leaf
108 Erysiphe 2 Ascomycete Leaf
109 Eupenicillium 1 Ascomycete Soil
110 Eutypella 1 Ascomycete Stem
111 Excipularia 1 Ascomycete Bark
112 Exserohilum 1 Ascomycete Leaf
113 Favolus 3 Basidiomycete Stem
114 Flavodon 1 Basidiomycete Stem
115 Fomes 5 Basidiomycete Stem
116 Fumago 1 Ascomycete Stem
117 Funalia 1 Basidiomycete Stem
118 Fusarium 12 Ascomycete Basal canker/Foot/

Root/Culm rot
119 Fusicoccum 1 Ascomycete Leaf
120 Fusicladium 1 Ascomycete Leaf
121 Ganoderma 3 Basidiomycete Stem, butt, Root
122 Geastrum 2 Basidiomycete Ground
123 Gigaspora 1 Phycomycetes Soil
124 Gliocladium 1 Ascomycete Litter
125 Glomerella 1 Ascomycete Stem
126 Gloeophyllum 1 Basidiomycete Stem, wood
127 Glomus 9 Phycomycetes Soil
128 Goosiella 1 Ascomycete Leaf
129 Graphiola 1 Ascomycete Leaf
130 Haematostereum 1 Basidiomycete Stem
131 Haplographium 1 Ascomycete Leaf
132 Haplopilus 1 Basidiomycete Stem wood
133 Harposporium 1 Ascomycete Litter
134 Helicobasidium 1 Basidiomycete Root
135 Helicomina 1 Ascomycete Leaf
136 Helicosporium 1 Ascomycete Litter
137 Helvella 1 Ascomycete Stem wood
138 Helminthosporium 3 Ascomycete Stem & twigs, Leaf
139 Hendersonula 1 Ascomycete Stem, twigs
140 Heterobasidium 1 Basidiomycete Stump
141 Hexagonia apiaria 2 Basidiomycete Branch
142 Hjorststamia 1 Basidiomycete Stem wood
143 Humicola 1 Ascomycete Litter

Table 49.2 (continued) 
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S. No. Fungi (genera) Number of species Broad group Substrate
144 Hymenochaete 3 Basidiomycete Twig, Branch
145 Hyphodontia 1 Basidiomycete Stem, wood
146 Hypoxylon 13 Ascomycete Stem
147 Hysterium 4 Ascomycete Branch
148 Irpex 2 Basidiomycete Stem
149 Inonotus 2 Basidiomycete Stem wood
150 Junghunia 3 Basidiomycete Stem
151 Kamalomyces 1 Ascomycete Stem
152 Kameshwaromyces 2 Ascomycete Leaf
153 Kernkampella 1 Basidiomycete Leaf
154 Lacterius 7 Basidiomycete Ground
155 Laxitextum 1 Basi Stem/logs
156 Lembosea 1 Ascomycete Leaf
157 Lentinus 3 Basidiomycete Ground
158 Lenzites 9 Basidiomycete Stem
159 Lepiota 5 Basidiomycete Ground
160 Leptodothiorella 1 Ascomycete Leaf
161 Leptosphaeria 4 Ascomycete Stem twig
162 Leptosphaerulina 1 Ascomycete Litter
163 Leptoxyphium 1 Ascomycete Leaf
164 Leucoagaricus 2 Basidiomycete Ground
165 Leucocoprinus 2 Basidiomycete Stem
166 Leucophellinus 1 Basidiomycete Ground
167 Linospora 1 Ascomycete Stem
168 Lophium 1 Ascomycete Leaf
169 Lophodermium 2 Ascomycete Leaf
170 Macrophoma 1 Ascomycete Stem canker
171 Macrophomina 1 Ascomycete Root
172 Marasmius 2 Basidiomycete Ground
173 Maravalia 2 Basidiomycete Leaf
174 Melanographium 1 Ascomycete Stem
175 Meliola 2 Ascomycete Leaf
176 Memnoniella 2 Ascomycete Twig
177 Microdiplodia 2 Ascomycete Leaf
178 Micropera 2 Ascomycete Stem
179 Microporus 3 Basidiomycete Stem, Branch
180 Microspora 1 Ascomycete Leaf
181 Microstoma 1 Basidiomycete Leaf
182 Microxyphiella 2 Ascomycete Stem
183 Microxyphium 1 Ascomycete Stem
184 Mitteriella 1 Ascomycete Leaf
185 Monochaetia 1 Ascomycete Soil
186 Monodictys 2 Ascomycete Twig/litter
187 Moorella 1 Ascomycete Bark
188 Mucor 1 Phycomycete Litter
189 Mycena 2 Basidiomycete Litter
190 Mycocarpon 1 Ascomycete Stem
191 Mycocentrospora 1 Ascomycete Leaf

Table 49.2 (continued) 
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S. No. Fungi (genera) Number of species Broad group Substrate
192 Mycoleptodiscus 1 Ascomycete Stem
193 Mycosphaerella 3 Ascomycete Leaf
194 Myrothecium 1 Ascomycete Leaf
195 Mystrosporiella 2 Ascomycete Leaf
196 Nectria 2 Ascomycete Stem
197 Nemania 1 Ascomycete Stem
198 Nigrofomes 1 Basidiomycete Stem
199 Nigroporus 2 Basidiomycete Stem
200 Nigrospora 1 Ascomycete Twig
201 Nitschkia 2 Ascomycete Stem
202 Nomuraea 1 Ascomycete Entmogenous
203 Obstipipilus 1 Ascomycete Stem
204 Oedocephalum 1 Ascomycete Soil
205 Oidium 6 Ascomycete Leaf
206 Olivea 1 Basidiomycete Leaf
207 Paathramaya 1 Ascomycete Twig
208 Paecilomyces 1 Ascomycete Litter
209 Passalora 2 Ascomycete Leaf
210 Penicillium 6 Ascomycete Soil
211 Perenniporia 1 Basidiomycete Stem, wood
212 Periconia 2 Ascomycete Soil
213 Pestalotia 9 Ascomycete Leaf
214 Pestalotiopsis 11 Ascomycete Leaf
215 Phaeoisariopsis 2 Ascomycete Leaf
216 Phaeoseptoria 2 Ascomycete Leaf, Stem
217 Phakopsora 3 Basidiomycete Leaf
218 Phanerochaete 2 Basidiomycete Stem
219 Phellinus 18 Basidiomycete Stem
220 Phlebia 1 Basidiomycete Twig
221 Phloeospora 1 Ascomycete Leaf
222 Phlyctaeriella 1 Ascomycete Stem, logs
223 Phoma 13 Ascomycete Leaf/Pod
224 Phomopsis 19 Ascomycete Leaf
225 Phyllachora 5 Ascomycete Leaf
226 Phyllactinia 9 Ascomycete Leaf
227 Phylloporia 1 Basi Stem Wood
228 Phyllosticta 12 Ascomycete Leaf
229 Phytophthora 2 Phycomycetes Leaf
230 Pisolithus 1 Basidiomycete Ground
231 Pithomyces 3 Ascomycete Leaf, seed
232 Pleurotus 4 Basidiomycete Stem
233 Podaxis 1 Basidiomycete Ground
234 Podoscypha 1 Basidiomycete Litter
235 Poitrasia 1 Phycomycetes Bark
236 Polychaeton 1 Ascomycete Leaf
237 Polyporus 9 Basidiomycete Twigs
238 Polystictus 3 Basidiomycete Stem
239 Poria 3 Basidiomycete Stump

Table 49.2 (continued) 
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S. No. Fungi (genera) Number of species Broad group Substrate
240 Porodaedalea 1 Basidiomycete Stem, wood
241 Postia 1 Basidiomycete Stem wood
242 Prathigada 1 Ascomycete Leaf
243 Pseudocercospora 28 Ascomycete Leaf
244 Pseudodiplodia 1 Ascomycete Leaf
245 Pseudolachnea 1 Ascomycete Twig
246 Pseudospiropes 2 Ascomycete Leaf
247 Puccinia 6 Basidiomycete Leaf
248 Pulveroboletus 1 Basidiomycets Ground
249 Pycnoporus 3 Basidiomycete Stem
250 Pycnothera 1 Ascomycete
251 Pyrenochaeta 2 Ascomycete Litter
252 Pyrofomes 2 Basidiomycete Stem
253 Pythium 1 Phycomycetes Seedling
254 Questieriella 1 Ascomycete Leaf litter
255 Ramaria 1 Basidiomycete Ground wood stem
256 Ravenelia 6 Basidiomycete Leaf
257 Rehmiodothis 1 Ascomycete Stem
258 Rhizoctonia 1 Ascomycete Collar rot
259 Rhizopus 1 Phycomycetes Soil
260 Rhizostilbella 1 Ascomycete Root
261 Rhytisma 1 Ascomycete Leaf
262 Ricinicum 1 Basidiomycete Bark
263 Rigidoporopsis 1 Basidiomycete Stump
264 Rigidoporus 2 Basidiomycete Stem
265 Robillarda 2 Ascomycete Leaf
266 Rosellinia 3 Ascomycete Stem
267 Russula 18 Basidiomycete Ground
268 Sarcinella 4 Ascomycete Leaf
269 Sarocladium 1 Ascomycete Stem
270 Schiffnerula 1 Ascomycete Stem
271 Schizophyllum 1 Basidiomycete Stem
272 Schizopora 2 Basidiomycete Branch
273 Sclerotium 1 Basidiomycete Root
274 Scleroderma 3 Basidiomycete Ground
275 Scopella 1 Basidiomycete Leaf
276 Scopulariopsis 2 Ascomycete Litter
277 Scutellospora 2 Phycomycete Soil
278 Scytalidium 2 Ascomycete Soil
279 Seimatosporium 1 Ascomycete Leaf
280 Septoria 2 Ascomycete Leaf
281 Serpula 1 Basidiomycete Branch
282 Sirosporium 2 Ascomycete Leaf
283 Skeletocutis 1 Basidiomycete Stem
284 Sphacelonema 1 Ascomycete Leaf
285 Sphaeriopsis 1 Ascomycete Leaf
286 Sphaerotheca 1 Ascomycete Leaf
287 Spiropes 1 Ascomycete Stem

Table 49.2 (continued) 
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rus Willd.; Phomopsis sp. on C. elliptica, Phylla-
chora sp. on Bauhinia retusa, and Piggotia sp. on 
Gardinia latifolia Ait. from Chilpi Ghati; Pesta-
lotiopsis foedans and Phoma herbarum on Pinus 
caribaea, and Phomopsis sp. on Grewia sclero-
phylla from Amarkantak. Thirty-two different 
leaf spot fungi were recorded on different plants 
(Verma and Soni 2007). Jamaluddin et al. (1993) 
had also reported leaf spot and blight diseases of 
three medicinal plants, viz. Hedychium spicatum, 
Indigofera tinctoria, and Acorus calamus caused 
by Alternaria alternata from Amarkantak and 

S. No. Fungi (genera) Number of species Broad group Substrate
288 Spongipellis 1 Basidiomycete Butt rot
289 Stemonitis 1 Myxomycete Stem
290 Stenella 7 Ascomycete Leaf
291 Stereum 4 Basidiomycete Branch
292 Stigmina 5 Ascomycete Leaf
293 Syncephalastrum 1 Phycomycetes Litter
294 Synnematium 1 Ascomycete Stem
295 Teichospora 1 Ascomycete Stem
296 Termitomyces 5 Basidiomycete Ground
297 Thelephora 2 Basidiomycete Stem
298 Torula 1 Ascomycete Twig
299 Trametes 16 Basidiomycete Stem
300 Tretospora 1 Ascomycete Leaf
301 Trichaptum 3 Basidiomycete Stump
302 Trichobotrys 1 Ascomycete Twig
303 Trichoderma 6 Ascomycete Soil
304 Tricholoma 4 Basidiomycete Stem
305 Trichospermum 1 Ascomycete Stem
306 Trichothecium 1 Ascomycete Leaf
307 Trichothyrina 1 Ascomycete Stem
308 Trichurus 1 Ascomycete Seed
309 Trimmatostroma 1 Ascomycete Stem
310 Tripospermum 7 Ascomycete Stem
311 Tritirachium 1 Basidiomycete Root rot
312 Tubercularia 1 Ascomycete Stem
313 Uncinula 3 Ascomycete Leaf
314 Uredo 3 Basidiomycete Leaf
315 Uromyces 1 Basidiomycete Leaf
316 Valsa 2 Ascomycete Stem, Twig
317 Virgaria 1 Ascomycete Bark
318 Verticillium 4 Ascomycete Seedling
319 Volvariella 3 Basidiomycete Soil, wood
320 Wiesneriomyces 1 Ascomycete Litter
321 Xylaria 7 Ascomycete Stem, wood, ground

Total 838

Table 49.2 (continued) 

Lamni. Four new hyphomycetes were reported 
causing leaf spots in the trees of Satpura forests 
(Sharma et al. 2006a). Leaf spot of Manilkara 
hexandra caused by newly described fungus, Ac-
rodictiella indica has been reported from Mach-
kot, Chhattisgarh (Verma et al. 2008).

49.2.3  Fungi Causing Root Diseases

Macrophomina phaseolina caused mortality in 
young plantation of P. caribaea in Chhattisgarh 

R. K. Verma



553

(Jamaluddin et al. 1982, 1984a), Acacia au-
riculiformis and eucalyptus in Madhya Pradesh 
(Jamaluddin and Dadwal 2001; Soni et al. 1985). 
Polyporus shoreae caused root rot in dry and wet 
sal forests of Chhattisgarh and Madhya Pradesh 
(Jamaluddin 1991). Some recently recorded new 
diseases include vascular wilt of aonla caused by 
Fusarium solani (Soni and Verma 2010) and root 
rot of teak seedlings (underwater stress condi-
tions) caused by Helicobasidium compactum and 
Tritirachium roseum (unpublished) (Fig. 49.1).

49.2.4  AM Fungi

Arbuscular Mycorrhizal (AM) fungi play an im-
portant role in the formation of plants, especially 
in disturbed and comparatively low fertile soils. 
In an earlier work, population of AM fungi and 
root colonization was found to vary in different 
plantations of Grevillea pteridifolia in baux-
ite mined-over areas of Amarkantak. Grevillea 
pteridifolia belonging to the family Proteaceae 
showed very little response to AM fungi and 
the population of AM spores was more in un-
disturbed sites as compared to mined-over areas 
(Jamaluddin and Chandra 1997). Development 
of arbuscular mycorrhizae and leaf blight disease 
in young plantation of 25 species of bamboos has 
been studied at Amravati (Verma and Soni 2008). 
Diversity of AM fungi in different forest types, 
teak, legumes, bamboo, and miscellaneous for-
ests, along with the seasonal variations in spore 
population and root colonization, were reported 
from central India (Verma 2009).

49.2.5  Lichen Fungi

Upreti et al. (2007) and Nayaka et al. (2007) 
have made lichenological studies in Achanak-
mar–Amarkantak biosphere reserve and have 
reported 37 lichens, belonging to different fami-
lies on different substrates. A new species of li-
chen, Ramboldia amarkantakana with whitish, 
granular thallus, is reported from Amarkantak 
region on Shorea robusta (Upreti et al. 2009). 

Upreti et al. (2005) has also enumerated lichens 
of Madhya Pradesh.

49.2.6  Macro Fungi

Fungi grown in the soil, wood, litter, etc., and pro-
duced from their fruiting bodies (sporophores) on 
the substrata, and are large enough to be viewed 
with the naked eyes are known as macro fungi. 
Common macro fungi recorded from central 
India are given below.

49.2.6.1  Mushrooms
Common mushroom collected from the ground 
and decaying wood and litter were the species 
Agaricus, Amanita, Agrocybe, Calvatia clytocy, 
Coprinus, Clarkeinda, Lepiota, Marasmius, My-
cena, Pleurotus, Termitomyces, Tricholoma, and 
Volvariella.

49.2.6.2  Wood Decay Fungi
Fruiting bodies of wood decaying fungi appear 
on woods and woody debris on the forest floor. 
Coriolopsis, Daedalea, Daldinia, Earliella, Fa-
volus, Flavodon, Funalia, Ganoderma, Hypoxy-
lon, Hymenochaete, Inonotus, Irpex, Junghunia, 
Lenzites, Microporus, Navisporus, Phellinus, 
Polyporus, Polystictus, Poria, Pycnoporus, Py-
rofomes, Rigidoporus, Schizophyllum, Skeletocu-
tis, Stereum, Tremates, Xylaria, were the com-
mon wood decaying fungi. Three new records 
of wood decay fungi namely Australohydnum 
dregeanum, Hjorstamia friesii, and Schizopora 
flavipora were recently reported from India (Ti-
wari et al. 2010a; Tiwari et al. 2010b) studied the 
occurrences and distributions of wood decaying 
fungi in the forest wood depots of Chhattisgarh 
and reported 81 fungi occurring in different wood 
depots. Among them Flavodon flavus, Daedalea 
flavida, Lenzites elegans, Pycnoporus sanguine-
us, Schizophyllum commune, Stereum hirusitum, 
Trametes cingulata are the most frequently oc-
curring species. Tiwari et al. (2008) reported 13 
wood decaying fungi on sal (Shorea robusta) 
from Madhya Pradesh. Tiwari et al. (2009) also 
reported 20 wood decaying fungi on stored wood 
of Pterocarpus marsupium from Chhattisgarh.

49 Biodiversity and Conservation of Forest Fungi of Central India
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49.2.6.3  Ectomycorrhizal Fungi
Ectomycorrhiza forming fungi occur only in the 
rainy season (June–August) and the common 
fungi are: Astraeus hygrometricus, Boletus fal-
lax, Calvatia elata, Russula emetica, Scleroderma 
bovista, Scleroderma geaster, and Scleroderma 
verrucosum (Soni et al. 2011b; Pyasi et al. 2011, 
2012). Species of Amanita, Boletus, Geastrum, 
Lepiota, Pisolithus, Ramaria, Thelephora, etc. 
also formed ectomycorrhizae in tropical trees. 
Ramaria flaccida was found to be associated with 
teak tree (Fig. 49.1).

49.2.6.4  Edible and Medicinal Fungi
Fruiting bodies of edible mushrooms growing on 
woods and forest floor are frequently collected by 
local tribal folk. Wild animals and insects also eat 
these fungi. Tribal people of sal forest areas of cen-
tral India collect mushrooms during rainy season 
(June–September) as a source of their livelihood 
and subsistence (Khera 1991). Harsh et al. (1989) 
reported two edible fungi, Scleroderma texense 
and Termitomyces albuminosa, as a minor forest 
product of Madhya Pradesh. Market assessment 
and business potential of six edible fungi, Astrae-
us hygrometricus, Mycenastrum corium, Podab-
rella microcarpa, Russula sp., and Termitomyces 
heimii collected from the Amarkantak biosphere 

reserve was also conducted (Harsh, Rai and Aya-
chi 1993). Fruiting bodies of Ganoderma lucidum 
and other wood decaying fungi are also used in 
medicine. In Madhya Pradesh and Chhattisgarh, 
wild mushrooms (species of Clitocybe, Lentinus, 
Lepiota, Pleurotus, Scleroderma, Termitomyces, 
Volvariella, etc.) are sold in the local markets and 
provide sustenance to the tribal people and forest 
dwellers (Harsh and Joshi 2008). The Baiga tribe 
of Madhya Pradesh and Abujhmad (Chhattisgarh) 
used Ganoderma lucidum growing on Dalbergia 
sissoo and Terminalia bellerica for the treatment 
of cataract, asthma, and gastric troubles (Harsh, 
Rai and Tiwari 1993).

49.2.7  Litter-Decomposing Fungi

Season-wise successional change in litter my-
coflora has been studied in four main seasons of 
the year, namely spring (March–May), summer 
(June–August), autumn (September–November), 
and winter (December–February). Fungi like As-
pergillus flavus, Aspergillus niger, and Rhizopus 
stolonifer were associated with sal litter decom-
position throughout the year, while Aspergillus 
fumigatus, Cladosporium cladosporioides, C. 
oxysporum, Curvularia indica, and Curvularia 
lunata were recorded in three seasons . Fungi like 
Alternaria citri, Gleocladium virens, Helicospo-
rium phragmitis, and Pithomyces cortarum were 
rarely recorded, only in one season. The former 
fungus was recorded during spring while the lat-
ter three fungi were recorded in winter. Some 
fungi occur only in the rainy season (June–Au-
gust) like Colletotrichum dematium, Corticium 
rolfsii, Periconia minutissima, Mycena roseus, 
and Scopulariopsis alba (Soni et al. 2011a, b).

49.2.8  Fungi Causing Top Dying and 
Heart Rot in Standing Trees

Root rot of Dalbergia sissoo and Acacia catechu 
caused by Ganoderma lucidum is posing a serious 
threat in central India. Spongipellis spumeus caus-
ing root rot in the mature trees of Albizia procera 
and Tectona grandis is also causing a consider-

Fig. 49.1  Helicobasidium compactum symptoms pro-
duced on teak saplings under water stress condition
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able damage. Top dying and root rot of teak was 
caused by H. compactum (Fig. 49.2). Phomopsis 
tectonae and Phomopsis variosporum caused top 
dying of teak (Fig. 49.3) in central India (Verma 
et al. 2008). Recently, a Hypoxylon sp. was also 
recorded to be associated with top dying of sal 
(Fig. 49.4). The heart rot fungi caused consider-
able wood damage in the standing trees due to 
decay in heart wood. Majority of heart rot fungi 
belonged to genera Hymenochaete, Phellinus and 
Polyporus (Harsh et al. 2000; Soni et al. 2010). 
Hymenochaete rubiginosa (Dicks.) Lév., Trametes 
incerta (Curr.) Cooke, and Phellinus caryophylli 
(Racib.) G. Cunn causes heart rot of sal and up 
to 10 % loss in the wood volume (Bagchee 1959; 
Bakshi 1957). Ganoderma lucidum causing root 
rot of Acacia catechu and Dalbergia sissoo is a se-
rious threat to plantations and natural trees of these 
species (Figs. 49.5, 49.6 and 49.7).

49.2.9  New Taxa Reported

Two new genera and 28 species of fungi were 
reported from the forests of Chhattisgarh and 

Madhya Pradesh (Sharma et al. 2005; Sharma 
et al. 2006b; Verma et al. 2008). The new gen-
era reported are: Acrodictiella and Kamalomy-
ces, while the species reported are Acrodictiella 
indica, Acrostroma madhucae, Acrostroma ster-
culiae, Corynespora pogostemonis, Corynespo-
ra supkharii, Corynespora woodfordiae, Den-
ticularia terminaliae, Diatrypella semecarpi, 

Fig. 49.2  Nitschkia tectonae associated with dead teak 
stem

 

Fig. 49.4  Ramaria flaccida associated with teak tree

 

Fig. 49.3  Hypoxylon associated with top dying tree of sal
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Hypoxylon dendrocalmi, Hypoxylon spiralis, 
Hysterium adinae, jabalpurensis, Kamalomyces 
indicus, Kameshwaromyces butiicolous, Meli-
ola ougeiniae, Mysterosporiella terminaliae, 
Phaeoseptoria shoreae, Phomopsis ougeiniae, 
Phyllachora ramicola, Pseudocercospora iso-
rae, Pseudocercospora schleicherae-oleosae, 
Pseudospiropes shoreae, Rehmiodothis bam-
busae, Sirosporium aeglicola, S. xylopyrae, 
Stenella flacourticola, S. liliacearum, and S. 
satpurensis. Dadwal et al. (2003) reported a 
new species, Phomopsis acaciae causing phyl-
lode spot and top dying in Acacia mangium. 

Nitschkia tectonae, a new ascomycete on teak, 
was recently reported from central India (Verma 
2010). Cercosporidium helicteri and Sarcinella 
diospyri causing leaf spot of Helicteres isora 
and Diospyros melanoxylon, and Lophoder-
mium shoreae isolated from the leaf litter of 
Shorea robusta were reported from the forest 
of Amarkantak, Madhya Pradesh (Soni et al. 
1984; Rajak and Soni 1981; Jamaluddin et al. 
1984b). Chaetoptela indica on dead culms of 
Dendrocalamus strictus; Goosiella helicospora 
on living frond of unidentified fern; Phaeoisa-
riopsis lagerstroemiae causing leaf spots in La-
gerstroemia parviflora and Kameshwaromyces 
globosus causing leaf spots in Elephantopus 
scaber were reported from the forest of Pach-
marhi, Madhya Pradesh (Rajak and Soni 1978; 
Morgan-Jones et al. 1986; Rajak et al. 1978; 
Kamal and Morgan-Jones 1986). Lembosia sho-
reae causing leaf spots in Shorea robusta was 
reported from sal forest of Jagdalpur, Chhattis-
garh (Verma et al. 2001). A new and rare species 
of Phlyctaeniella occurring on logs of Eucalyp-
tus sp. was recently reported from Chhattisgarh 
(Tiwari et al. 2012).

49.3  Conservation of Fungi

Mycology Herbarium, at the Tropical Forest 
Research Institute, Jabalpur, of over the last 15 
years were scanned for determining the status of 

Fig. 49.7  Ganoderma lucidum on Dalbergia sissoo, a 
cross section of sporophore showing basidiospores and 
basidia

 

Fig. 49.6  Ganoderma lucidum associated with Dalber-
gia sissoo sporophores attached with living young tree

 

Fig. 49.5  Ganoderma lucidum associated with root rot of 
Acacia catechu young tree (12 year)
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fungi that needs conservation. The forest areas 
from where the maximum number of fungi col-
lected were recorded as the hot spots for collec-
tion of fungi. Fungi are rarely considered in the 
conservation initiatives of most countries. My-
cologists have put limited efforts into conserva-
tion of fungi.

49.3.1  Status of Forest Fungi in 
Central India

In central India, forest fungi have been studied 
and collected for the last two decades, and at Di-
vision's Mycology Herbarium, 2,700 fungal spe-
cies reported 12.3 % fungi which were collected 
only once during the last 15 years and this can be 
considered as threatened and so needs conserva-
tion. Further, 5.6 % fungi were collected two to 
five times and 1.6 % fungi six to ten times. Only 
1.8 % fungi were frequently collected (more than 
11 times during this period). The following four 
genera reported from central India with their fre-
quency of occurrence are:
1. Kameshwaromyces—frequently collected
2. Goosiella—never collected since 1985
3. Kamalomyces—Collected only once
4. Acrodicdiella—Collected only once
The data indicates that the population of major 
fungi is dwindling with the time. However, some 
fungi showed spreading nature, for example, 
Phomopsis tectonae, causing top dying of teak is 
found throughout the teak growing areas in India. 
The fungus was reported for the first time on the 
leaf (Tiwari et al. 1981), and then spread to twigs, 
flowers, and to the main stem which later caused 
top dying in trees, mostly in young plantation 
(Figs. 49.8 and 49.9).

49.3.2  Hot Spots for Collection of 
Forest Fungi of Central India

The hot spots for the collection of fungi from 
Madhya Pradesh and Chhattisgarh are Amarkan-
tak–Achmakmar, Pachmarhi and Bori, Chhind-
wada, Shivpur, Gwalior, Mada, Shidi, Sagar, 
Supkhar, Balaghat, Bastar, and Keshkalghat.

49.3.3  Digitization of Records 
of Indian Fungi

At the Tropical Forest Research Institute, Ja-
balpur central Indian forest fungi is being docu-
mented with every details including the detailed 
taxonomic descriptions, photographs/drawings, 
references, hosts, etc. To date, over 400 fungi 
have been documented. Record of all Indian 
fungi with the details of host, synonymy, refer-
ences, etc. is also being compiled. Over 15,000 
fungi have been digitized covering 2,732 genera. 
The number of fungi recorded in India exceeds 
27,000 species (Manoharachary et al. 2005).

49.3.4  Society for Conservation 
of Fungi

An International Society for Fungal Conserva-
tion was established in August 2010 at Edinburgh 

Fig. 49.8  Phomopsis tectonae, top dying symptoms in 
young teak tree
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after thorough discussion in the second interna-
tional congress on fungal conservation held at 
Whitby, the UK in October 2009, and now has 
members in over 50 countries. The objective of 
the society is to promote conservation of fungi 
globally. It publishes a journal named, “Fungal 
Conservation.” It acts as a global federation for 
fungal conservation groups and to join the society 
one can contact Dr. D.W. Minter (D.MINTER@
CABI.ORG).

49.4  Conclusion

Fungi play an important role in building good 
quality soil and maintaining its fertility. They are 
also a good source of food and income generation 
for tribal population; therefore, systematic study 
should be undertaken to document the whole for-
est fungi present in the central India.

Acknowledgment The authors are thankful to Dr. U. 
Prakasam, Director, Tropical Forest Research Institute, 
Jabalpur for providing the research facilities.

References

Bagchee KD (1959) The fungal diseases of sal ( Sho-
rea robusta) V. The heart rot of sal caused by Tram-
etes incerta. Indian Forest Record (NS). Mycology 
2:61–69

Bakshi BK (1957) Heart rots in relation to management of 
sal. Indian Forester 83:651–661

Chakraborty L, Panwar SK, Shukla RV (1991) Effect of 
closer on soil properties and its fungal population in 
sal foest. J Trop Forestry 7:51–61

Dadwal VS, Jamaluddin (1991) Unrecorded diseases of 
Grevillea pteridifolia. J Trop Forestry 7:248–249

Dadwal VS, Verma RK, Jamaluddin (2003) New species 
of Phomopsis causing phyllode spot and top dying in 
Acacia mangium. J Mycol Pl Pathol 33:42–44

Harsh NSK, Joshi K (2008) Mushrooms: the vegetable of 
the future. India Sci Technol. www.nistads.res.in

Harsh NSK, Tiwari CK, Jamaluddin (1989) Prospects of 
wild edible fungi as minor forest product in Madhya 
Pradesh. Paper presented in the National Seminar on 
Minor Forest Produce and Tribal development held on 
19–20 Oct. 1989 at IDF, Jabalpur

Harsh NSK, Rai BK, Ayachi SS (1993) Forest fungi and 
tribal economy—a case study in Baiga tribes of MP. J 
Trop Forestry 9:94–96

Harsh NSK, Rai BK, Tiwari DP (1993) Use of Gano-
derma lucidum in folk medicine. Indian J Trop Biodiv 
1(3-4):324–326

Harsh NSK, Soni KK, Tiwari CK, Verma RK, Jamalu-
ddin (2000) Decline of sandal trees in Seoni district of 
Madhya Pradesh. J Trop Forestry 16(4):85–91

Jamaluddin (1991) Status of Polyporus shoreae caus-
ing root-rot in dry and wet sal forest. J Trop Forestry 
7(4):342–344

Jamaluddin, Chandra KK (1997) Distribution of VAM 
fungi in bauxite mine over burden plantation of Amar-
kantak (M.P). Indian Forester 125(5):412–418

Jamaluddin, Dadwal VS (2001) Studies on charcoal root 
rot of Acacia auriculiformis. Indian J Trop Biodiv 
9(1-4):61–65

Jamaluddin, Dadwal VS, Soni KK (1982) Studies on 
charcoal root rot of Pinus caribaea. Indian Forester 
108(9):618–622

Jamaluddin, Dadwal VS, Soni KK (1984a) An observa-
tion on the incidence of charcoal root rot disease of 
Pinus caribaea plantation of Bastar (MP). Indian For-
ester 110(6):552–557

Jamaluddin, Dadwal VS, Soni KK (1984b) Two new 
Ascomycetes from India. Biol Bull India 6(3):323–326

Jamaluddin, Dadwal VS, Soni KK (1986) The status of 
diseases and their management in forests of Madhya 

Fig. 49.9  Phomopsis tectonae, vertical section of conidi-
oma, conidiophores, and α and β conidia. Scales 20 μm

 

R. K. Verma



559

Pradesh. Research Report, Regional Forest Research 
Centre, Jabalpur

Jamaluddin, Dadwal VS, Soni KK (1990) Susceptibility 
of different provenances of Pinus roxburgii to Cerco-
spora needleblight at Amarkantak (M.P). Indian For-
ester 116:58–61

Jamaluddin, Nath V, Namdeo RK (1993) Studied on dis-
eases of some important medicinal plants. J Trop For-
estry 9:270–279

Kamal VRK, Morgan-Jones G (1986) Notes on hypho-
mycetes L1. Kameshwaromyces a new foliicolous 
sooty mold like genus from Madhya Pradesh, India. 
Mycotaxon 25:247–250

Khera PD (1991) The Baigas and the sal forest. Indian J 
MFP 1:72–80

Manoharachary C, Sridhar K, Singh R, Adholeya A, 
Suryanarayanan TS, Rawat S, Johri BN (2005) Fungal 
biodiversity: distribution, conservation and prospect-
ing of fungi from India. Curr Sci 89(1):58–71

Morgan-Jones G, Kamal, Verma RK (1986) Goosiella, a 
new pteridicolous helicosporous genus from Madhya 
Pradesh, India. Mycologia 78:496–500

Nayak S, Satya, Upreti DK (2007) Lichen diversity in 
Achanakmar wild life sanctuary, core zone area of 
proposed Achanakmar biosphere reserve, Chhattis-
garh. J Econ Taxon Bot 31:133–142

Pyasi A, Soni KK, Verma RK (2011) Dominant occurrence 
of ectomycorrhizal colonizer Astraeus hygrometricus 
of sal ( Shorea robusta) in forest of Jharsuguda Orissa. 
J Mycol Pl Pathol 41:222–225

Pyasi A, Soni KK, Verma RK (2012) A new record 
of Boletus fallax from India. J Mycol Pl Pathol 
42(1):172–173

Rajak RC, Soni KK (1978) Chaetopatella indica sp. nov, 
a new generic record for India. Curr Sci 47(4):136

Rajak RC, Soni KK (1981) Follicolous ectoparasites 
from Jabalpur-1—some sarcinellae. Indian J Mycol Pl 
Pathol 2(1):89–91

Rajak RC, Soni KK, Pathak GP (1978) Two new species 
of hyphomycetes. Curr Sci 47:397–398

Sharma N, Soni KK, Jamaluddin, Verma RK (2005) A 
new species of Corynespora from central India. Indian 
Phytopath 58:503–504

Sharma N, Soni KK, Verma RK (2006a) Some new 
hyphomycetes from forests of Satpura. Indian J Trop 
Biodiv 14(1):34–40

Sharma N, Soni KK, Jamaluddin, Verma RK (2006b) A 
new species of Mystrosporiella causing leaf spots in 
Terminalia bellerica. Indian Phytopath 59(2):257–260

Shettyi PK (1957) Soil fungal flora of two forest compart-
ments of Amarkantak, M.P. Bull Biol Soc Univ Saugar 
9:40–47

Soni KK, Verma RK (2010) A new vascular wilt disease 
of aonla ( Emblica officinalis) and its management. J 
Mycol Pl Pathol 40(2):187–191

Soni KK, Dadwal VS, Jamaluddin (1984) A new species of 
Cercosporidium from India. Curr Sci 53(16):877–878

Soni KK, Dadwal VS, Jamaluddin (1985) Charcoal root 
rot and stem rot of Eucalyptus. Euro J Forest Pathol 
15:397–401

Soni KK, Tiwari CK, Verma RK (2010) Heart rot in Indian 
hard wood tree species. J Trop Forestry 26(2):15–21

Soni KK, Pyasi A, Verma RK (2011a) A new record of 
Helicosporium phragmitis from India. J Mycol Pl 
Pathol 41:330–331

Soni KK, Pyasi A, Verma RK (2011b) Litter decomposing 
fungi in sal ( Shorea robusta) forests of central India. 
Nusantara Bioscience 3:136–144

Tiwari DP, Rajak RC, Nikhra KM (1981) A new species 
of Phomopsis causing leaf-spot disease on Tectona 
grandis L. Curr Sci 50(22):1002–1003

Tiwari CK, Verma RK, Ayachi A, Asaiya AJK (2008) 
Wood decaying fungi of sal from Madhya Pradesh, 
India. Sci-fronts 2:13–26

Tiwari CK, Parihar J, Verma RK (2009) Wood decaying 
fungi on stored wood of Pterocarpus marsupium from 
Chhattisgarh, India. Sci-fronts 3(3):109–121

Tiwari CK, Parihar J, Verma RK (2010a) Additions to 
wood decaying fungi of India. JoTT 2(6):970–973

Tiwari CK, Parihar J, Verma RK (2010b) Occurrence 
and distribution of wood decaying fungi in for-
est wood depots of Chhattisgarh. Indian Forester 
136(4):476–486

Tiwari CK, Parihar J, Verma RK (2012) A new and rare 
species of Phlyctaeniella from Central India. Myco-
sphere 3(4):450–453. doi 10.5943/mycosphere/3/4/8

Upreti DK, Nayaka S, Satya (2005) Enumeration of 
lichens from Madhya Pradesh and Chhattisgarh, India. 
J Appl Biosci 31(1):55–63

Upreti DK, Satya, Joshi Y (2007) Lichenological stud-
ies in Achanakmar-Amarkantak Biosphere Reserve. 
Workshop on Research Needs for Amarkantak-Acha-
makmar biosphere reserve, 30th Aug. 2007, TFRI, 
Jabalpur

Upreti DK, Nayaka S, Joshi Y (2009) Ramboldia amar-
kantakana (Lecanoraceae, Ascomycota), a new lichen 
species from India. Mycotaxon 107:239–242

Verma RK (2009) Diversity of AM fungi in forests of cen-
tral India. Indian J Trop Biodiv 17(1):37–46

Verma RK (2010) Nitschkia tectonae-a new ascomy-
cete on teak from central India. Indian Phytopath 
63:430–432

Verma RK, Soni KK (2007) Fungi of Achanakmar-Amar-
kantak biosphere reserve and Chilpi Ghati. Indian J 
Trop Biodiv 15:116–126

Verma RK, Soni KK (2008) Development of arbus-
cular mycorrhizae and leaf blight disease in young 
plantation of 25 species of bamboos. Indian Forester 
134(9):1236–1244

Verma RK, Soni KK, Tiwari CK, Jamaluddin (2001) Two 
new ascomycetes from India. Kavaka 28-29:19–25

Verma RK, Sharma N, Soni KK, Jamaluddin (2008) For-
est fungi of Central India. International Book Distrib-
uting Co., Lucknow

49 Biodiversity and Conservation of Forest Fungi of Central India



561

50Spatiotemporal Variations in 
Microbial Mediated Nitrogen (N) 
Release Under N-Fertilization 
Experiment from Banaras Hindu 
University, India

Punita Verma, R. Sagar, Kuldip and Dharmendra K. Singh

R. N. Kharwar et al. (eds.), Microbial Diversity and Biotechnology in Food Security, 
DOI 10.1007/978-81-322-1801-2_50, © Springer India 2014

R. Sagar () · P. Verma · Kuldip · D. K. Singh
Department of Botany, Banaras Hindu University,  
Varanasi 221005, India
e-mail: sagar@bhu.ac.in

Abstract

Globally, atmospheric nitrogen depositions due to fossil fuel combustion, 
industrial, and agricultural activities have been identified as serious threats 
to soil, water, and vegetation. In soil, N-deposition affects the respira-
tion, microbial activities, enzymes actions, litter decomposition, and N-
mineralization. The process of N-mineralization involves ammonification 
and nitrification. Ammonification is mediated by Clostridium sp., Micro-
coccus sp., Proteus sp., etc. Nitrification is mediated by the activities of 
diverse group of microorganisms ( Nitrosomonas europaea, Nitrosococ-
cus nitrosus, Nitrosospira briensis, Nitrosovibrio, Nitrocystis, Nitrobac-
ter winogradski, Nitrospira gracilis, Nitrosococcus mobilis, Penicillium, 
Aspergillus, Streptomyces, Nocardia, etc.). In the present study, spatiality, 
rates of ammonification, nitrification, and net N-mineralization were gov-
erned by the soil properties (pH, moisture, C, N, and litter quality) and 
temporally these processes are determined by the rainfall pattern. Further, 
the study suggested that the rates of ammonification, nitrification, and net 
N-mineralization were greater at moderate level of N application. This af-
finity can be speculated as: at low levels of N resource, soil-C and -N are 
not enough for the activities of nitrifiers to release them in available form. 
As N increases more, actively participating microorganisms are enabled 
to release the nutrients in available form through the process of ammoni-
fication, nitrification and thus net N-mineralization, at sufficiently high N 
level, nitrifier population as well as their activities could be limited and 
thus the process of N-mineralization is limited. On the other hand, exces-
sive N-application may damage the natural flora and fauna of soil which 
depletes the soil fertility. It could be also speculated that the N-limited 
ecosystems keep the deposited N by using it for the growth and devel-
opments of plants and microbes, in addition to accumulation in biomass 
and soil organic matter. At a certain point, the deposited N commences to 
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go beyond the biotic and abiotic needs for N within the system and the 
ecosystem is predicted to fail its N-retention ability. As the capability to 
keep N exceeds, surplus N is offered to be vanished from the ecosystem 
through solution losses and gas flux. Thus, in this study moderate level of 
N accelerated the process of N-mineralization.

Keywords 

Nitrogen deposition · Nitrifiers · N-mineralization

50.1  Introduction

Nitrogen (N) depositions in majority of the eco-
systems on the globe have increased substantially 
over the last many decades and have had consid-
erable impacts on the soil, water, air, and vegeta-
tion (Smith et al. 1999; Rao et al. 2009). Human-
induced perturbation in the N cycle is adding 
substantial amount of reduced N to the biosphere 
due to immense agricultural activities (Vitousek 
et al. 1997; Bobbink et al. 2010; Kros et al. 2011), 
fossil fuel combustion, biomass burning, and 
changes in land use pattern (Waldrop et al. 2004, 
Verma et al 2013). Surplus N from anthropogenic 
forcing has started to overwhelm the normal N 
cycle causing reduction in soil fertility, eutrophi-
cation of water bodies, increase in concentrations 
of nitric and nitrous oxides in air, and changes 
in the vegetation due to reduction in biodiversity 
because every ecosystem has the limit to hold the 
amount of N, beyond which the ecosystem may 
be in an unbalanced state (Smith et al. 1999; Bob-
bink et al. 2010). Excess amount of N-fertilization 
in soil affects the soil respiration, soil microbial 
activities, soil pH, soil enzymes (Makoi and Nda-
kidemi 2008), soil nutrients, litter decomposi-
tion, and ultimately soil health (Wang et al. 2009) 
and changes in soil health alter the composition, 
productivity, and species diversity of terrestrial 
as well as aquatic ecosystems (Smith et al. 1999; 
Stevens 2009; Pan et al. 2010). Sala et al. (2000) 
have considered it as one of the leading threats 
to species diversity after habitat loss and global 
climate change. Therefore, uninterrupted human-
induced N-deposition in soil is a solemn question 
for discussion.

Nitrogen (N) is an essential macronutrient 
used by plants from soil for their growth and sur-
vival. Its availability depends on the mineraliza-
tion potential of the soil (Roy and Singh 1994; 
Singh and Kashyap 2007, Verma et al. 2013), 
which could be a measure of soil quality, because 
productivity of the soil depends heavily on the 
mineralization potential of organic matter (Gon-
zalez-Prieto et al. 1992). Soils with high N-min-
eralization potential tend to be inherently fertile 
(Fu et al. 1987) which is governed by large num-
bers of biotic and abiotic factors, viz. rainfall, soil 
moisture, temperature, soil texture, water holding 
capacity (Singh and Kashyap 2007), soil aera-
tion, pH, nutrients (Fu et al. 1987), quality and 
quantity of organic matter (Verma et al. 2013), 
and soil flora and fauna (Mlambo et al. 2007; 
Vourlitis et al. 2007; Rao et al. 2009).

Understanding the impact of N-deposition on 
soil health, of many ecosystems, is becoming 
undoubtedly essential for tropical countries like 
India. The data on the impacts of N-fertilization 
as a source of N-deposition on the soil N-miner-
alization from Indian region are lacking (Verma 
et al 2013). Looking into the realized effects of 
increased N-fertilization on the soil, N-mineral-
ization is a necessity in managing the soil pro-
ductivity and fertility. Therefore, the objective 
of the present study was to examine the effects 
of N-treatment on the soil ammonification, nitri-
fication, and N-mineralization and to detect the 
causal soil variables holding the N-mineraliza-
tion processes in a dry tropical environment of 
India under the condition of N-perturbation.
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50.2  Materials and Methods

50.2.1  Study Sites

The study was conducted at 15 locations with-
in the campus of Banaras Hindu University 
(24°18′ N and 83°03′ E, and 129 m msl altitude), 
Varanasi, India, in January 2007. The study area 
experiences a seasonally dry tropical monsoon 
climate. The year is divisible into three seasons: 
a hot summer (April–June), a warm rainy season 
(July–September), and a cold winter (Novem-
ber–February). The months of March and Octo-
ber constitute transition periods, between win-
ter and summer, and between rainy and winter 
seasons, respectively. The mean monthly mini-
mum and maximum temperature varied from 
7.3–25.4 °C to 25.6–35.6 °C, respectively, and 
the mean annual rainfall was 932 mm. The soil 
of the Banaras Hindu University campus is al-
luvial, well drained, pale brown, silty loam, and 
inceptisol (Buol et al. 2003). In general, the soil 
is moderately fertile being low in available nitro-
gen and medium in available phosphorus and po-
tassium. The soil pH is neutral to alkaline (Sagar 
et al. 2008).

The campus of Banaras Hindu University cov-
ers more than 520 ha of land area having natural 
dense flora. The study area houses 329 vascular 
plant species distributed in 80 families (Singh 
2011). The ground vegetation of the study area is 
locally dominated by Alysicarpus monilifer, Cyn-
odon dactylon, Cyperus compressus, Desmodium 
gangeticum, Dichanthium annulatum, Evolvulus 
nummularius, Imperata cylindrica, Malvastrum 
coromandelianum, Oplismenus burmannii, Sida 
acuta (Sagar et al. 2008; Sagar and Verma 2010). 
During the summer season, the grassland vegeta-
tion becomes dormant and under shade and mesic 
conditions, it shows some green parts (Sagar and 
Verma 2010).

50.2.2  Study Design

A 10 × 10 m area was demarcated in the centre 
of each location. Within each 10 × 10 m area, 
nine 1 × 1 m experimental plots, arranged in three 

parallel rows (three 1 × 1 m plots in each row), 
were established. A 1.5 m distance between two 
1 × 1 m plots was kept as the buffer zone to pro-
tect against boundary effects due to migration of 
N out of the sampling areas (Verma et al. 2013). 
Within each location three treatments of nitro-
gen, each replicated three times, were randomly 
established on the basis of lottery method: con-
trol (without N), low N (60 kg N ha−1 year−1), and 
high N (120 kg N ha−1 year−1). Thus, a total of 
405, 1 × 1 m plots (15 locations × 3 treatments × 9 
replicates) were used for the experiment.

50.2.3  N-Treatment

Since January 2007, commercial urea fertilizer 
as a source of nitrogen was applied to the plots 
in the evening, at 1 month interval in the form 
of split dose. In the evening time, temperature is 
low and at this low temperature, activation ener-
gy of the urease enzyme is low and that decreases 
the N loss by the volatilization process (Makoi 
and Ndakidemi 2008). Urea was used as a source 
of dry N due to its relatively high N content, easy 
handling, and affordable price (Jones et al. 2007).

50.2.4  Soil Sampling and Analyses

After 3 years of N-treatment, for each month 
of the year 2010, three soil samples (0–10 cm 
depth) were collected from each 1 × 1 m plot, 
using a corer of 100 cm3 volume. The three soil 
cores were combined to form a composite soil 
sample for each plot. These composite samples 
were gently homogenized. Large roots, woods, 
litters, and all fine roots were removed from the 
composite soil samples carefully. One part of the 
soil sample was air dried, sieved through 2 mm 
mesh screen, and were analysed for soil pH, soil 
organic carbon, nitrogen, ammonium nitrogen 
(NH4

+-N), and nitrate nitrogen (NO3
−N).

Soil pH was determined by using a glass elec-
trode (1:2; soil: water ratio). Soil organic car-
bon (soil-C) was analysed by using dichromate 
oxidation and titration with ferrous ammonium 
sulphate (Walkley 1947). Ammonium nitrogen 
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(NH4
+-N) was extracted by 2 M KCl and ana-

lysed by using the phenate method American 
Public Health Association (APHA 1985). Nitrate 
nitrogen (NO−

3N) was analysed by the phenol di-
sulphonic acid method after extraction by CaSO4 
(Jackson 1958). The in situ buried bag technique 
was adopted for N-mineralization. Before incu-
bation the NH4

+-N and NO3
−N were determined 

for 0 month sampling. Using a large sealed poly-
thene bag, a portion of fresh soil sample (200 g) 
was incubated in the soil at a depth of 0–10 cm 
at the same microsite from which the samples 
had been collected for the analysis of NH4

+-N 
and NO3

−N. After 1 month of field incubation, 
the incubated bags were collected for the analy-
ses of NH4

+-N and NO3
−N. Again, a portion of 

fresh soil sample (200 g) was incubated at the 
same microsite from which the samples had 
been collected for the analyses of NH4

+-N and 
NO3

−N and after 1 month of incubation the incu-
bated samples were recollected and analysed for 
the concentration of NH4

+-N and NO3
−N. These 

analyses were repeated for each month of the year 
2010 after an interval of 30 days from 1st January 
2010 to 27th December 2010. The increase in the 
concentrations of NH4

+-N and NO3
−N after field 

incubation is referred to as ammonification and 
nitrification, respectively, and the increase in the 
amount of NH4

+-N plus NO3
−N over the course 

of field incubation is defined as net N mineraliza-
tion (Roy and Singh 1994) of each month.

50.2.5  Statistical Analyses

The N-treatment levels were ordinated by Princi-
pal Component Analysis (PCA) option in Biodi-
versity Pro. (McAleece et al. 1997), using aver-
age values of ammonification for the 12 months 
experienced by each site. Similarly, N-treatment 
levels for nitrification and net N-mineralization 
were ordinated. MANOVA (Multivariate Analy-
sis of Variance) procedure of SPSS package 
(SPSS 1997) was used to see the effects of sites, 
months and N-treatment on the rates of ammoni-
fication, nitrification, and net N-mineralization. 
Tukey’s honest significant difference (HSD) test 
was used to determine the significance of differ-

ences in mean values of these variables among 
different N-treatment levels. The ammonifica-
tion, nitrification, and net N-mineralization were 
linearly regressed with studied soil variables 
using linear regression option in SPSS software 
(SPSS 1997).

50.3  Results and Discussion

The summary of selected soil variables of the 
studied plots is presented in Table 50.1. Soil 
pH ranged from 6.76 to 7.38 indicating neutral 
to slightly alkaline soil. The soil was character-
ized by low levels of soil-C (0.47–2.09 %), -N 
(0.03–0.22 %), and soil moisture (2.70–15.92 %). 
Table 50.1 depicted that soil pH decreased con-
sistently due to increase in soil moisture and N-
dose. Soil-C and -N increased as the soil mois-
ture increased, while the C:N ratio exhibited 
inverse trend with soil moisture. Soil-C and -N 
were greater in 60 kg N treated plots compared to 
control and 120 kg N treated plots (Table 50.2).

The ammonification, nitrification, and net N-
mineralization (μg g−1 month−1) across the plots 
varied from 4.96 to 10.94, 2.07 to 5.28, and 7.02 
to 16.22, respectively (Table 50.1). Similar to 
soil-C and -N, the ammonification, nitrification 
and net N-mineralization yielded a humped-back 
trend in relation to N-application (Table 50.2). 
Across the months, the values of the ammoni-
fication, nitrification, and net N-mineralization 
ranged between 12.36–56.78, 4.65–35.85, and 
17.01–92.63 (Table 50.3). The values of these 
variables were minimum in March and maximum 
in September.

Analysis of variance revealed that differences 
in the soil-C, -N, pH, ammonification, nitrifica-
tion, and net N-mineralization were significantly 
different due to site, N-treatment, and month 
(Table 50.4). PCA ordination of the three N doses 
on the basis of ammonification, nitrification, and 
net N-mineralization of the component sites re-
vealed three groups. In the ordination diagram, 
among these groups, the 60 kg N-treatment clus-
ter in the case of ammonification, nitrification, 
and net N-mineralization occupied distant posi-
tion from the control and 120 kg N doses, while 

P. Verma et al.
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Table 50.1  Mean values of soil variables and parameters of N-mineralization in different experimental plots (S1–S15) 
at the Banaras Hindu University under N-application study. The values of soil moisture, soil-C, and -N are in per 
cent. The values of Amm (Ammonification), Nitri (Nitrification), and Net N-min (Net N-mineralization) are in μg g−1 
month−1. Values in parentheses are ±1SE
Sites Moisture pH Soil-C Soil-N C:N ratio Amm Nitri Net N-min
S-1 2.70 7.38 0.47 0.03 15.73 4.96 2.07 7.03

(0.10) (0.02) (0.04) (0.01) (1.42) (0.26) (0.18) (0.52)
S-2 3.50 7.31 0.78 0.05 15.62 5.12 2.54 7.66

(0.11) (0.03) (0.01) (0.00) (0.18) (0.28) (0.08) (0.59)
S-3 4.60 7.28 0.89 0.06 14.84 6.13 2.72 8.85

(0.13) (0.02) (0.02) (0.00) (0.19) (0.33) (0.05) (0.62)
S-4 5.80 7.22 0.97 0.07 13.89 6.83 3.05 9.88

(0.12) (0.01) (0.01) (0.00) (0.17) (0.31) (0.12) (1.13)
S-5 6.40 7.18 1.11 0.08 13.81 7.01 3.18 10.19

(0.12) (0.01) (0.02) (0.00) (0.08) (0.32) (0.11) (1.14)
S-6 7.90 7.14 1.23 0.09 13.64 7.18 3.25 10.43

(0.10) (0.02) (0.01) (0.00) (0.11) (0.40) (0.13) (1.21)
S-7 8.70 7.02 1.41 0.11 12.83 7.61 3.58 11.19

(0.13) (0.01) (0.01) (0.00) (0.18) (0.28) (0.12) (1.11)
S-8 9.40 6.96 1.39 0.11 12.64 7.89 4.03 11.92

(0.09) (0.01) (0.02) (0.00) (0.27) (0.32) (0.12) (1.12)
S-9 10.60 6.92 1.45 0.12 12.09 8.05 4.05 12.10

(0.11) (0.01) (0.04) (0.01) (3.55) (0.35) (0.14) (1.23)
S-10 11.22 6.88 1.68 0.14 12.00 8.15 4.12 12.27

(0.13) (0.02) (0.04) (0.00) (0.16) (0.27) (0.12) (1.10)
S-11 12.54 6.85 1.82 0.16 11.38 8.55 4.41 12.96

(0.13) (0.02) (0.06) (0.00) (0.29) (0.25) (0.14) (1.14)
S-12 13.36 6.82 2.09 0.19 11.00 9.03 4.41 13.44

(0.14) (0.01) (0.05) (0.02) (0.57) (0.41) (0.13) (1.18)
S-13 14.66 6.78 2.00 0.19 10.50 9.45 4.85 14.30

(0.15) (0.02) (0.06) (0.01) (0.08) (0.29) (0.14) (1.21)
S-14 15.14 6.76 2.02 0.21 9.60 10.20 5.12 15.32

(0.14) (0.01) (0.02) (0.00) (0.03) (0.38) (0.15) (1.15)
S-15 15.92 6.76 1.91 0.22 8.67 10.94 5.28 16.22

(0.16) (0.01) (0.09) (0.02) (0.16) (0.43) (0.13) (1.12)

Table 50.2  Mean values of the C:N ratio and parameters of N-mineralization in different levels of N-application at 
the Banaras Hindu University. The values of Ammonification, Nitrification, and Net N-mineralization are in μg g−1 
month−1. Values in parentheses are ± 1SE. Different superscript alphabets within a row (N-treatment levels) are sig-
nificantly different at P < 0.05
Parameters Control 60 kg N ha−1 year−1 120 kg N ha−1 year−1

C:N ratio 16.00a 9.88b 14.44a

(1.13) (0.81) (0.74)
Ammonification 6.76a 9.41b 7.25a

(0.45) (0.48) (0.65)
Nitrification 2.73a 5.38b 3.22a

(0.32) (0.38) (0.27)
Net N-mineralization 9.49a 14.79b 10.47a

(0.46) (0.52) (0.41)

50 Spatiotemporal Variations in Microbial Mediated Nitrogen …
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the control and 120 kg N groups were closer to 
each other, suggesting differences in ammoni-
fication, nitrification, and net N-mineralization 
of control and 120 kg N treated plots with that 
of 60 kg N-treated plots (Fig. 50.1). The differ-

ences in ammonification, nitrification, and net 
N-mineralization between different pairs of N-
treatment doses based on Tukey test are sum-
marized in Table 50.2, which also suggested 
differences in the ammonification, nitrification, 

Table 50.3  Mean values of N-mineralization parameters in different months at the Banaras Hindu University under 
N-application study. The values of Ammonification, Nitrification, and net N-mineralization are in μg g−1 month−1. 
Values in parentheses are ± 1SE
Months Ammonification Nitrification Net N-mineralization
January 12.55 4.74 17.29

(0.87) (0.54) (0.74)
February 16.75 11.67 28.42

(0.98) (0.78) (0.92)
March 12.36 4.65 17.01

(0.68) (0.32) (0.88)
April 12.51 4.68 17.19

(0.56) (0.31) (0.76)
May 15.47 5.76 21.23

(0.75) (0.24) (1.20)
June 14.28 5.25 19.53

(0.65) (0.28) (0.94)
July 53.04 29.07 82.11

(1.44) (0.97) (1.11)
August 50.00 25.29 75.292

(1.14) (0.99) (1.16)
September 56.78 35.85 92.63

(1.15) (0.88) (2.17)
October 19.44 12.63 32.07

(0.59) (0.43) (0.87)
November 13.14 4.86 18.00

(0.41) (0.33) (0.67)
December 12.54 4.77 17.31

(0.39) (0.30) (0.59)

P. Verma et al.

Table 50.4  Analysis of variance (ANOVA) showing effects of sites, months, and N-treatments and their interactions 
on the parameters of soil N-mineralization from the experimental plots of Banaras Hindu University. Single, double, 
and triple asterisks on different F-values suggest significant differences in the parameters of N-mineralization at ≤ 0.01, 
≤ 0.001, and ≤ 0.0001 P levels, respectively and NS is used for insignificant differences in F-values at P ≤ 0.05
Variables df Ammonification Nitrification Net N-mineralization
Site 14 46.18*** 23.02** 128.37***
Month 11 19.21*** 12.46** 96.65***
Nitrogen 2 6.95** 4.12* 12.97***
Site × Month 154 2.65*** 1.26* 6.36***
Site × Nitrogen 28 1.58* 1.51* 3.24**
Month × Nitrogen 22 2.14* 0.78NS 1.48NS

Site × Month × Nitrogen 308 0.64NS 1.21* 0.87NS

Error 1080
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and net N-mineralization between control and 
60 kg N-treated doses, and between 120 and 
60 kg N-treated doses; nevertheless, the differ-
ence between 60 and 120 kg N-treated doses was 
insignificant (Table 50.2).

In the present study, increased soil moisture 
lowered the soil pH (approaches towards acidity). 
This situation could be due to the decomposition 
of leaf as well as woody litters at moisture-rich 
sites. It has been well established that moisture-
rich soils enables the microorganisms for the 
process of decomposition than the moisture-poor 
soils and the carbonic acids released from litter 
decomposition may lower the soil pH (Rao et al. 
2009). The plots treated with 120 kg N ha−1 year−1 
experienced lower soil pH compared to control 
and 60 kg N-treatments. It is most likely due to 
easy breakdown of urea fertilizer and increased 
concentration of H+ by decomposition of organic 
matters (Rao et al. 2009; Stevens 2009; Wang 
et al. 2009). Additionally, the available soil-N 
(Fang et al. 2006) and ammonium ions released 
during the process of ammonification by the ac-
tivity of various species of Clostridium, Micro-
coccus, and Proteus may acidify the soil system 
(Matson et al. 1999).

The relationship between soil moisture and 
net N-mineralization had paradoxical results 
with few findings increased (Mazzarino et al. 

1998; Singh and Kashyap 2007; Singh et al. 
(2009), Verma et al 2013) or decreased (Fisher 
et al. 1987) mineralization but few findings hav-
ing no effect of soil moisture on N-mineraliza-
tion (Whitford et al. 1995). In the present study, 
rates of ammonification, nitrification, and net N-
mineralization were significantly greater in the 
moisture-rich plot than the moisture-poor plot 
which is in accordance with the studies of Singh 
and Kashyap (2007) and Singh et al. (2009). The 
monthly variation in the parameters of N-miner-
alization could be explained by the monthly vari-
ation in rainfall; evidently, there was a quadratic 
relationship between total N-mineralized and 
rainfall ( Y = 4.82 + 0.32X − 0.001X2, R2 = 0.99, P 
≤ 0.0001). Principally, under the condition of high 
rainfall the absence of oxygen inhibits the activ-
ity of the Nitrosomonas which oxidizes NH4

+ and 
finally the nitrogen mineralization is inhibited 
and further water drainage creates the aerobic 
condition and then microorganisms are enabled 
for the process of N-mineralization (Reddy et al. 
1984). Thus, greater water availability inhibits 
the activity of microorganisms and reduces the 
N-mineralization.

As in the present study (Fig. 50.2), the trend 
of increasing N-mineralization with increas-
ing C and N contents has been widely observed 
(Mlambo et al. 2007; Rao et al. 2009; Wang 
et al. 2009, Verma et al 2013). Greater amount 
of soil-C and -N improves soil structure, water 
retention capacity, and infiltration rates. The 
porous soils provide the aeration, soil moisture, 
and habitat for microbial community (Mlambo 
et al. 2007) which are largely responsible for the 
transformation of organic matters and facilitate 
N-mineralization potential of the soils (Mlambo 
et al. 2007). Further, the negative relationships 
between parameters of N-mineralization and 
quality of organic matter (C: N ratio), as shown 
in Fig. 50.2, suggested that organic matter rich in 
N content (low C: N ratio) has greater N-mineral-
ization than the organic matter poor in N content 
as also reported in several studies (Vourlitis et al. 
2007; Rao et al. 2009, Verma et al. 2013). Plants 
that exist in nutrient-rich habitats generally gen-
erate high quality tissues that are having high N 
content (Pan et al. 2010). The quantity of N in 
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three N-treatment levels from different experimental 
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litter affects both decomposition rates and soil N-
mineralization. High quality litter (low C:N ratio) 
is more quickly decomposed than low quality lit-
ter, resulting in more rapid nutrient cycling (Pan 
et al. 2010). Thus, in this study, the C:N ratio 
partially determined the rate of N-mineralization.

Soil-C, -N, and rates of ammonification, ni-
trification, and net N-mineralization yielded a 
humped-back pattern in relation to N-applica-
tion. This conveys that these soil variables are 
low at low N level, increase to peak at moder-
ate level, and decrease gradually at high N level. 

This affinity can be speculated as: at low level 
of N-application soil-C and -N are not enough 
for the activities of nitrifiers to release them in 
available form. As N increases, more microor-
ganisms, viz. Clostridium, Micrococcus, Proteus, 
Nitrosomonas europaea, Nitrosococcus nitrosus, 
Nitrosospira briensis, Nitrosovibrio, Nitrocystis, 
Nitrobacter winogradski, Nitrospira gracilis, 
Nitrosococcus mobilis, Penicillium, Aspergillus, 
Streptomyces, and Nocardia, are enabled for the 
process of ammonification and nitrification and 
thus net N-mineralization (Bobbink et al. 2010) 

% Soil moisture

0 3 6 9 12 15 18

N
-m

in
er

al
iz

at
io

n

0

6

12

18 Ammonification
Nitrification
Net N-mineralization

pH

6.6 6.8 7.0 7.2 7.4

N
-m

in
er

al
iz

at
io

n

0

6

12

18 % Carbon

0.0 0.5 1.0 1.5 2.0 2.5

N
-m

in
er

al
iz

at
io

n

0

6

12

18
% Nitrogen

0.0 0.1 0.2 0.3

N
-m

in
er

al
iz

at
io

n

0

6

12

18

C:N ratio

8 10 12 14 16

N
-m

in
er

al
iz

at
io

n

0

6

12

18

M= 5.81+ 0.61S, R2 = 0.96, P = 0.0001
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N = 1.67 + 0.22S, R2 = 0.98, P = 0.0001

M= 6.35 + 42.86Ni, R2 = 0.96, P = 0.0001

A = 4.47 + 27.33NI, R2 = 0.95, P = 0.0001

N = 1.88 + 15.53Ni, R2 = 0.96, P = 0.0001

M= 4.48 + 5.03C, R2 = 0.91, P = 0.0001

A = 3.31 + 3.18C, R2 = 0.88, P = 0.0001

N = 1.17 + 1.84C, R2 = 0.92, P = 0.0001

M= 94.92 - 11.88pH, R2 = 0.94, P = 0.0001

A = 60.40 - 7.50pH, R2 = 0.91, P = 0.0001

N = 34.52 - 4.38pH, R2 = 0.97, P = 0.0001
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Fig. 50.2  Linear 
relationships between 
N-mineralization pa-
rameters and selected 
soil variables from N-
treatment experiments 
at Banaras Hindu 
University. The values 
of ammonification, 
nitrification, and net 
N-mineralization are 
in μg g−1 month−1
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and sufficiently high N level, possibly, limits 
the nitrifier population as well as their activities 
and finally the processes of N-mineralization, 
because extreme N-application can damage the 
natural flora and fauna of soil which depletes soil 
fertility (Fu et al. 1987). The N saturation theory 
predicts that the N limited ecosystems keep the 
deposited N by using it for the growth and devel-
opment of plants and microorganisms in addition 
to accumulation in biomass and soil organic mat-
ter. At a certain point, the deposited N commenc-
es to go beyond the biotic and abiotic needs for N 
within the system and the ecosystem is predicted 
to fail its N-retention ability. As the capability to 
keep N is exceeded, surplus N is offered to be 
lost from the ecosystem through solution losses 
and gas flux (Matson et al. 2002).

In conclusion, N fertilization changes the soil 
pH, soil nutrients, litter quality, and the process 
of N-mineralization. Further, N mineralization is 
spatially governed by the soil pH, moisture, nu-
trient availability, and litter quality and temporal-
ly it is governed by the variation in rainfall. Study 
suggested that moderate level of N fertilization 
is needed for the sustainability of microbial-me-
diated N release in the dry tropical environment.
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Abstract

The present investigation was carried out with an aim to study the microbial 
populations (fungi and bacteria) of organically amended soils under three 
different crop cycles, i.e. maize ( Zea mays L.), French bean ( Phaseolus vul-
garis L.) and soybean ( Glycine max). From the selected crops, maize and 
French bean were grown in rotation with soybean as an intercropping crop. 
The different organic amendments incorporated into the experimental field 
include farmyard manure (FYM), plant compost (PC), vermicompost (VC) 
and integrated compost (INT) (combination of FYM, PC and VC in 1:1:1 
ratio). A control (CTRL) plot without any fertilizer was also maintained. 
Treatment-wise, the fungal population was increased by FYM amendment; 
however, PC amendment resulted in higher bacterial population. Signifi-
cant variations were observed in the microbial populations (fungi and bac-
teria) between the organic treatments according to Tukey’s test (ANOVA) 
at p ≤ 0.05. The dominant fungal species isolated include Acremonium spp., 
Aspergillus spp., Cladosporium cladosporioides, Fusarium oxysporum, 
Gongronella butleri, Humicola spp., Mortierella gamsii, Phoma eupyrena, 
Paecilomyces carneus, Penicillium spp., Pythium irregulare, Rhizopus 
stolonifer and Trichoderma spp., Arthrobacter sp., Bacillus spp. and Pseu-
domonas aeruginosa were the dominant bacterial species isolated. It can be 
suggested that diverse plant residues returned to the soil by rotation of crops 
and improved the organic matter resulting in higher microbial populations. 
The study also revealed that the types of crop grown and the degree of fertil-
izer decomposition have a significant impact on the microbial populations.
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51.1  Introduction

Crop rotation means changing the type of crop 
grown on a particular piece of land from year to 
year. However, the term includes both cyclical 
rotations, in which the same sequence of crops is 
repeated indefinitely on a field, and noncyclical 
rotations, in which the sequence of crops varies 
yearly (Mohler 2009). Intercropping is an all-en-
compassing term for the practice of growing two 
or more crops in close proximity: in the same row 
or bed, or in rows or strips that are close enough 
for biological interaction (Mohler and Stoner 
2009). Both crop rotation and intercropping are 
essential features of all organic cropping systems 
because they provide the principal mechanism 
for building healthy soils, a major pathway to 
control pests, and have a positive impact on soil 
microbial composition and diversity (Acosta-
Martínez and Scot 2010; Xuan 2012).

It is a well-known fact that all organisms in 
the biosphere depend on microbial activity (Pace 
1997). Microorganisms constitute less than 0.5 % 
(w/v) of the soil mass, yet they have a major 
impact on soil properties and processes. Micro-
bial communities, particularly bacteria and fungi, 
constitute an essential component of biological 
characteristics in soil. Fungi and bacteria also 
known as primary decomposers are the prime 
participants in soil processes and are the most 
commonly studied soil living communities and 
they are responsible for the breakdown of organ-
ic matter and release of nutrients particularly in 
the case of nitrogenous and phosphatic minerals 
(Tate 2000).

The size of the microbial populations in soil is 
of ecological importance because of the essential 
role that microorganisms play in the conservation 
and cycling of plant nutrients and exerts consid-
erable influence upon the fertility of soil and 
consequently on the growth and development 
of plants. It is widely accepted that each type of 
vegetational community harbours a characteristic 
soil microfloral population.

Next to the cover crops, soil management 
practices also change the soil environment and 
affect the population dynamics of soil micro-
bial communities. Management practices such 

AQ1

as cultivation, irrigation, crop rotation (Larkin 
2008; Gupta et al. 2010), tillage practices 
(Acosta-Martínez and Scot 2010), input of fertil-
izers and organic residue addition (Araújo et al. 
2009; Elhottová et al. 2012; Lazcano et al. 2012) 
have a major impact on diversity of biological 
population in soil.

Continuous presence of legumes in the in-
tercropping system could favour stability to 
microbial community relative to other systems. 
Intercropping has been widely accepted as a sus-
tainable practice due to its yield advantage, high 
utilization efficiency of light and water, and pest 
and disease suppression (Mohler 2009; Hummel 
et al. 2009).

Organic amendments represent an important 
resource to maintain and restore soil fertility 
and are of great values nowadays, particularly in 
those countries where the organic matter content 
of the soil is low. However, not much has been 
reviewed on the microbial populations and diver-
sity under organic farming systems in this part of 
the region. Therefore, a study to understand the 
microbial population in soils under crop rotation 
and intercropping under different organic treat-
ments was undertaken.

51.2  Study Site

The field experiment was conducted at a low-
land experimental block of Agronomy Division, 
Indian Council of Agricultural Research (ICAR) 
for North Eastern Hill (NEH), Umiam, Ri-Bhoi 
District, Meghalaya. The geographical location 
of the study site is 25 °41′26.7″ N latitude and 
91 °55′26.2″ E longitude and at an elevation of 
956 m (asl). The soil texture of the experimen-
tal site is silty loam (Clay—32.58 %; Sand—
12.83 %; Silt—54.58 %).

51.2.1  Experimental Design  
and Treatments

For the experimental set up, three crops were 
selected viz. maize ( Zea mays L.), French bean 
( Phasoelus vulgaris L.) and soybean ( Glycine 
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max). Two of the selected crops were grown in 
rotation, i.e. maize (May–August) and French 
bean (August–September). Soybean (May–Sep-
tember) was grown as an intercropping crop in 
between the rows under rotation.

The experimental field was divided into five 
plots. The net plot size was 3 × 4 m. Three repli-
cate plots were maintained each for the different 
organic amendment. A control plot (i.e. without 
organic fertilizer) was also maintained. Accord-
ing to the types of organic amendment, each 
experimental plot viz. farmyard manure, plant 
compost, vermicompost, integrated compost and 
control were designated as FYM, PC, VC, INT 
and CTRL, respectively. The fertilizers were ap-
plied during the pre-sowing period. Optimum 
fertilizer dosage was applied to the field as rec-
ommended by ICAR (Table 51.1).

51.2.2  Soil Sampling

Soil samplings were done from the upper 
0–15 cm depth at monthly interval from pre-
sowing to post-harvest period for a period of 2 
years (2006 and 2007) for each crop cycle. Soil 
samples were randomly collected from each plot 
and pooled together to get a composite sample.

51.2.3  Microbial Population Count

The soil-plate method (Warcup 1950) using 
Rose Bengal Agar Medium (Martin 1950) and 
the serial dilution plate method (Johnson and 
Curl 1972) using Nutrient Agar Medium (Difco 
manual 1953) were followed for the isolation and 
estimation of microbial populations. The inocu-
lated petri plates were incubated at 25 ° and 30 °C 

for a period of 5–7 days and 24–48 h for fungi 
and bacteria, respectively. Colonies formed were 
counted and expressed on dry weight basis.

Identification of fungi at the species level were 
carried out according to morphological charac-
ters found principally in publications by Gillman 
(1957), Barnett and Hunter (1972), Domsch et al. 
(1980), Subramanian (1983), Ellis (1993) and 
Watanabe (1994) whereas bacterial species were 
identified based on biochemical tests.

51.2.4  Physicochemical Analysis

Soil samples were sieved through a 2 mm sieve at 
field-moist conditions to determine soil moisture 
and pH. Air dried ground and sieved (0.25 mm) 
samples were used for the estimation of organ-
ic C, total N, available P and K content. Three 
replicate samples were used for each analysis. 
Moisture content was determined by weight loss 
after drying 10 g of soil at 105 °C for 24 h and 
expressed as percentage dry weight. Soil pH 
was measured in a 1:5 water suspension using a 
portable digital pH meter. Colorimetric method 
(Anderson and Ingram 1993), micro Kjeldahl 
distillation and titration method (Jackson 1973), 
Molybdenum blue method (Allen et al. 1974) and 
the ammonium acetate flame photometry method 
(Jackson 1973) were applied to estimate organic 
carbon (Corg), total nitrogen (N), available phos-
phorus (P) and exchangeable potassium (K), re-
spectively.

51.2.5  Statistical Analysis

Analysis of Variance (ANOVA) for the micro-
bial populations was performed using Statistica 

Table 51.1  Type of organic fertilizer and doses
Sl. No. Organic fertilizer Source Dose (tonnes/ha) Dose (kg/plot)
1. Farmyard manure (FYM) Dried cow dung 5 t/ha 48
2. Plant compost (PC) Weeds from the field 5 t/ha 48
3. Vermicompost (VC) Earthworm cast 5 t/ha 48
4. Integrated compost (INT) FYM:PC:VC (1:1:1) 5 t/ha 48 (16:16:16)
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8.0 package. Tukey’s test (post-hoc analysis) was 
done as a comparison between the treated means.

51.3  Results and Discussion

The colony-forming unit (CFU × 103 g− 1 dry wt) 
of fungi was recorded to be maximum in FYM 
amended plot and minimum in the control plot in 
all the three crop cycles (maize–French bean in 
rotation and intercropping crop, soybean) under 
different organic amendments (Fig. 51.1). Im-
provement of soil organic matter and nutrient con-
tents (Table 51.2) with FYM application resulted 
in an enhancement of soil quality and fertility 
which is reflected in increased fungal population. 
Studies of Larkin (2006) indicated that fungal 
population was significantly increased by dairy 
manure amendment. Chakrabarti et al. (2000) 
showed that soils treated with cow dung manure 
were found to be superior in accumulating higher 
total organic C as compared to soils treated with 
chemical fertilizers or no input.

The results of the bacterial CFU (× 105 g− 1 
dry wt) revealed that it was maximum in PC-
treated plot and minimum in the control plot 
(Fig. 51.2). Significant variations in the fungal 
and bacterial CFU were observed in all the plots 
according to Tukey’s test at p ≤ 0.05 (Figs. 51.3 
and 51.4). Bacteria are more competitive when 
labile (easy-to-metabolize) substrates are present 

which includes fresh, young plant residue and the 
compounds found near living roots. The addition 
of plant compost stimulated the bacterial activity 
as such; higher CFU was recorded with this treat-
ment. Manici et al. (2004) showed that dry and 
fresh plant tissue-treated soil gave a significantly 
higher bacterial population than untreated soil. 
Kang et al. (2005) signified that the application 
of organic residues increased the number of bac-
teria due to better nutrient status and the effect 
was greater in the green manure treatment. Van 
Diepeningen et al. (2006) found that the bacterial 
species diversity and richness steadily increased, 
as years of organic management increased. Thus, 
application of FYM and PC to agricultural land 
has been viewed as an excellent way to recycle 
nutrients and organic matter that can support crop 
production and maintain or improve soil quality.

Comparing the three crop cycles, the CFU 
was comparatively higher during the French bean 
crop cycle followed by maize crop cycle and soy-
bean crop cycle (Fig. 51.1). However, slightly 
higher bacterial CFU was observed during the 
soybean crop cycle (Fig. 51.2). It can be sug-
gested that inclusion of legume crop (i.e. French 
bean) in the rotation increases the fungal popula-
tion relative to monocropping. Crop rotation has 
been shown to have a direct impact on organic 
matter levels in soil (Bremer et al. 1994; Janzen 
et al. 1992; Larkin and Griffin 2007; Acosta-
Martínez and Scot 2010) due to higher residue 
production (from maize plants) leading to greater 
soil organic carbon storage. This indicates the 
positive effect that crop rotation can play in en-
hancing fungal populations and improving soil 
fertility. Rotation of crop, thus, increased the 
fungal CFU and prevented a decrease in soil fer-
tility as growing of the same crop repeatedly in 
the same plot depletes the soil of various nutri-
ents. Havlin et al. (1990) and Larkin (2008) also 
showed that crop rotations have a positive effect 
on physical, chemical and biological properties 
of the soil. Further, they revealed that the effect 
was related to higher carbon inputs and diversity 
of plant residues returned to soils.

However, higher bacterial CFU during the 
soybean crop cycle could be due to higher avail-
able nutrients in the form of sugary exudates 

Fig. 51.1  Colony-forming units of fungi (CF × 103 g− 1 
dry wt) in soil treated with different organic treatments
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from this legume. Additionally, the presence of 
root nodules might have enriched the immediate 
soil environment through the rhizosphere effect 
thereby enriching the bacterial diversity. Song 
et al. (2007) also showed that intercropping of 
wheat and maize with faba bean or mixed crop-
ping increased the diversity of the bacterial com-

munity significantly in the rhizosphere than in 
the respective sole crops.

Qualitatively, the composition of the fungal 
and bacterial species was almost similar in all 
the three crop cycles and in all the different or-
ganically treated plots. Most of the species iso-
lated were common to all the soils except for 
few species which were confined to a particular 
crop cycle or to a particular organic treatment. 
Altogether, a total of 135 fungal species and 3 
sterile mycelia were isolated from all the plots 
from both the soils under crop rotation and in-
tercropping. Highest fungal species were isolated 
during the maize crop cycle (111 fungal species 
and 3 sterile mycelia) followed by soybean crop 
cycle (98 fungal species and 2 sterile mycelia) 
and minimum fungal species were isolated dur-
ing the French bean crop cycle (82 fungal spe-
cies and 2 sterile mycelia). The dominant fungal 
species isolated include Acremonium cerealis, 
A. kiliense, Aspergillus flavus, A. fumigatus, A. 
niger, C. cladosporioides, F. oxysporum, G. but-
leri, Humicola fuscoatra, H. grisea, M. gamsii, 

c

a b

Fig. 51.3  One-way analysis of variance (ANOVA) of 
CFU (fungi) under different organic treatments in maize 
(a), French bean (b) and soybean (c) field soils. Mean ± SE 
with the same letter on top does not differ significantly ac-

cording to Tukey’s test ( p ≤ 0.05). ( CFU colony-forming 
units; FYM farmyard manure; PC plant compost; VC ver-
micompost; INT integrated compost; CTRL control)

 

Fig. 51.2  Colony-forming units of bacteria (CFU 
× 105 g− 1 dry wt) in soil treated with different organic 
treatments
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P. eupyrena, Paecilomyces carnues, Penicillium 
brevicompactum, P. daleae, P. janthinellum, P. 
rubrum, P. simplissicimum, P. verrucosum, P. 
irregulare, R. stolonifer, Trichoderma koningii 
and T. viride (Table 51.2). A total of 16 bacte-
rial species were isolated from all the soils under 
maize–French bean rotation and intercropping 
crop (soybean) (Table 51.3). Highest number 
of bacterial species were isolated during the 
soybean crop cycle (16) followed by French bean 
crop cycle (14) and maize crop cycle (13). The 
species commonly isolated from all the plots 
throughout the investigating period belonged to 
three genera viz. Acetobacter sp., Arthrobacter 
sp., Bacillus sp. and Pseudomonas sp. Bacillus 
was the dominant genus with four species. The 
dominant bacterial species isolated from all the 
three crop cycles include Arthrobacter sp., Bacil-
lus cereus, B. subtilis, Bacillus sp. and P. aerugi-
nosa (Table 51.4).

Similar composition of the fungal and bacteri-
al species in both organically treated and control 
plot is due to similar microclimatic conditions or 
same type of crops grown. Hackl et al. (2000) in-

dicated that the plant species growing on the soil 
also equally influence the population and spe-
cies composition of the soil microbes. It can be 
proposed that incorporation of organic manures 
directly has an impact on the soil properties, the 
plant growth which in turn influences the micro-
bial population and species. Entry and Emming-
ham (1996) reported that the rate of change in 
microbial population is attributed to the type of 
vegetation grown on a particular area and varia-
tion in physicochemical properties of the soil. 
Tangjang et al. (2009) noticed that plant residues, 
added organic matter, vegetation, plant species 
composition and soil mineral nutrients altered 
the microbial population as well as their species 
composition under traditional agroforestry sys-
tem in Arunachal Pradesh. Lesser species com-
position of bacteria compared to fungal species 
could be due to the unculturable nature of these 
microbes (Wall and Virginia 2000). The selection 
of media and the method used were probably not 
conducive for the isolation of many bacterial spe-
cies as some species required selective media for 
their growth.

c

a b

Fig. 51.4  One-way analysis of variance (ANOVA) of 
CFU (bacteria) under different organic treatments in 
maize (a), French bean (b) and soybean (c) field soils. 
Mean ± SE with the same letter on top does not differ 

significantly according to Tukey’s Test ( p ≤ 0.05). ( CFU 
colony-forming units; FYM farmyard manure; PC plant 
compost; VC vermicompost; INT integrated compost; 
CTRL control)
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Table 51.3  List of fungal species isolated from soils under different crop cycles and organic treatments
1 Absidia corymbifera 36 Eurotium herbarum 71 N. grubya 106 P. waksmanii
2 A. cylindrospora 37 Fusarium moniliforme 72 Nectria ventricosa 107 Phialophora 

cinerescens
3 A. glauca 38 F. oxyporum 73 Oidiodendron 

echinulatum
108 P. festigiata

4 A. spinosa 39 F. redolens 74 O.griseum 109 Phoma eupyrena
5 Acremonium butyri 40 F. semitectum 75 O. truncatum 110 P. medicagnis
6 A. cerealis 41 F. solani 76 Paecilomyces 

carneus
111 Plectosphaerella 

cucuneria
7 A. furcatum 42 F. sporotrichioides 77 P. lilacinus 112 Pseudoeurotium 

ovale
8 A. fusidioides 43 Gliocladium 

catenulatum
78 P.marquandii 113 P. zonatum

9 A. kiliense 44 G. roseum 79 P. variotii 114 Pythium 
aphanidermatum

10 A. morurum 45 Gongronella butleri 80 Penicillium 
atrovenetum

115 P. intermedium

11 A. strictum 46 Gymnoascus ressii 81 P. brevicompac-
tum

116 P. irregulare

12 Allescheriella crocea 47 Helicosporium sp. 82 P. canescens 117 Ramichloridium 
schulzeri

13 Alternaria alternata 48 Helminthosporium sp. 83 P. chrysogenum 118 Rhizopus 
stolonifer

14 A. citri 49 Humicola fuscoatra 84 P. citrinum 119 Scopulariopsis 
brumptii

15 A. longipes 50 H. grisea 85 P. coryliphylum 120 S. stercoraria
16 Anthroderma 

cuniculi
51 Hyphomyces 

chrysospermus
86 P. daleae 121 Staphylotrichum 

coccosporum
17 A. insingulare 52 Mammaria 

echinobotryoides
87 P. decumbens 122 Talaromyces 

emersonii
18 Aspergillus clavatus 53 Mitteriella zizyphina 88 P. digitatum 123 T. helicus
19 A. flavus 54 Monilia sitophila 89 P. fellutanum 124 T. stachyspermum
20 A. fumigatus 55 Mortieralla alpina 90 P. frequentans 125 T. wortmanii
21 A. japonicus 56 M. elongata 91 P. herquei 126 Torula herbarum
22 A. niger 57 M. gamsii 92 P. implicatum 127 Trichoderma 

hamatum
23 A. oryzae 58 M. hyalina 93 P. italicum 128 T. koningii
24 A. wentii 59 M. minutissima 94 P. janthinellum 129 T. polysporum
25 A. versicolor 60 M. nanna 95 P. jensenii 130 T. viride
26 Beltrania sp. 61 M. parvispora 96 P. lanosum 131 Verticillium 

albo-atrum
27 Ceratocystis 

fimbriata
62 Mucor circinelloides f. 

circinelloides
97 P. nigricans 132 V. chlamydosporium

28 Chaetomium sp. 63 M. circinelloides f. 
griseo cyanus

98 P. regulosum 133 V. dahliae

29 Cladosporium 
cladosporioides

64 M.hiemalis f. hiemalis 99 P. restrictum 134 V. nigrecens

30 C. herbarum 65 M. hiemalis f. 
silvaticus

100 P. roseo-purpu-
reum

135 Wardomyces 
humicola

31 C. macrocarpus 66 M.mucedo 101 P. rubrum Brown sterile 
mycelium

32 Cochliobolus sativus 67 M. racemosus 102 P. simplissicimum White sterile 
mycelium
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It can be suggested that application of FYM 
and PC was proven to be the best nutrient input 
for the microbial populations (fungi and bacte-
ria). Further, crop management practices such 
as organic amendments, crop rotation and inter-
cropping are essential for restoration of microbial 
populations and diversity.
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Abstract

A comparative study was performed to evaluate the breakdown of leaf lit-
ter of two broad-leaved tree species, i.e. Polyalthia longifolia and Rhodo-
dendron arboreum by an exotic earthworm species Eisenia foetida and an 
indigenous earthworm species Perionyx excavatus under laboratory con-
dition. Methods of Haimi and Huhta (Biol Fertil Soil 10:178–183, 1990) 
were followed for the present study. The rate of decay, percent cellulose, 
hemicelluloses and lignin contents of the decomposing leaf litter of P. lon-
gifolia and R. arboreum were found to be higher in the sets treated with 
the two different earthworm species as compared to that of untreated sets 
where no earthworm was added. Though there was not much difference in 
the rate of leaf litter breakdown by two different earthworm species, the 
rate of litter breakdown by the exotic earthworm, E. foetida, was slightly 
higher as compared to the indigenous earthworm P. excavatus. Both the 
selected leaf litters treated with the different earthworm species exhib-
ited significant positive correlations between percent biomass remain-
ing, cellulose, hemicelluloses and lignin contents ( p ≤ .001). Significant 
variation was observed in hemicelluloses of leaf litters in sets treated with 
the two different earthworm species and in the untreated sets. It can be 
concluded that the indigenous earthworm species P. excavatus also has a 
high potential for leaf litter breakdown. It can act as a potential candidate 
in vermicompost technology—which will be of immense help in wastes 
management, resource recovery and environmental conservation.

Keywords 
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52.1  Introduction

Degradation of organic matter using earthworm 
is one of the interesting and current area of re-
search in the era of sustainable development. 
It is a known fact that the earthworms play an 
important role in the breakdown of organic mat-
ter in the soil. Involvement of earthworms for 
degradation of organic wastes and production of 
vermicompost is catching up with scientific in-
vestigation.

Understanding the influence of soil fauna, 
particularly the earthworms in plant litter break-
down are important in vermicompost technol-
ogy. The thrust for searching localized species of 
earthworms is showing increasing trend because 
of the adaptability and suitability of the local 
earthworms for converting organic materials into 
valuable vermicompost. In India, more than 500 
species have been distributed in ecologically dif-
ferent climatic conditions (Julka 1993). But only 
very few earthworm species (< 8 % of total spe-
cies) were reported for their efficiency in convert-
ing organic substrates into vermicompost. The 
use of exotic earthworm in leaf litter breakdown 
has been well established but not much work has 
been done with respect to the leaf litter break-
down using indigenous earthworm species, par-
ticularly in the northeast region. Hence, much 
work is still needed to investigate the decomposi-
tion potential of some commonly distributed in-
digenous species of earthworms.

The information acquired will be useful in 
proper understanding of the role of earthworm 
species in leaf litter breakdown and for better uti-
lization of the selected species in vermitechnol-
ogy that can be subsequently used in Meghalaya 
where soil erosion is very high. Understanding 
of vermitechnology will help in wastes man-
agement, resource recovery and environmental 
conservation.

Keeping in view, the importance of earth-
worms in the breakdown of plant litter, the pres-
ent study was carried out in laboratory conditions 
to study the effects of indigenous and exotic 

earthworm species on different leaf litter decom-
position.

52.2  Materials and Methods

Exotic earthworm species, Eisenia foetida, was 
obtained from Rural Research Training Cen-
ter, Umran, Meghalaya. Indigenous earthworm 
species collected from broad-leaved forest of 
Meghalaya were identified as Drawida papillifer 
papillifer, Lumbricus terrestris, Perionyx excava-
tus, Pontoscolex corethrurus of which the earth-
worm P excavatus found to be more frequently 
present was chosen for the study.

Polyalthia longifolia and Rhododendron arbo-
reum, the commonly growing trees species in the 
selected sites, were chosen for the study.

For determining the role of earthworms in the 
breakdown of two types of leaf litters, i.e. P. ex-
cavatus and R. arboreum under laboratory con-
dition, the method adopted by Haimi and Huhta 
(1990) was followed. All statistical analysis of 
data was done using Statistica 8.0 and Excel Stat. 
2007 version.

The experiment was conducted in 72 plastic 
containers (29 × 23 cm diameter) for 6 months 
and the environment similar to the forest floor 
was created in these containers by including min-
eral soil and litter horizons. A total of 2 kg air-
dried, sieved and sterilized mineral soil (about 
3 cm layer) was spread on the bottom of each 
container covered with a nylon net (3 mm mesh) 
and watered with 450 ml of distilled water. Also 
10 g of freshly fallen leaf litter (oven dried) was 
spread on the upper net. Ten adult specimens 
each of E. foetida and P. excavatus were intro-
duced into half of the containers. Side by side 
untreated sets were also maintained where no 
earthworm was added. The vessels were irrigated 
with 450 ml after every 30-day intervals. The 
leaf litter was collected at every 30-day interval, 
washed with tap water and oven dried in a hot 
air oven at 60 °C for 48 h. The change in chemi-
cal composition of the decomposing leaf litter, 
viz. cellulose, hemicelluloses and lignin content, 
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was estimated by the method of Peach and Tracy 
(1955).

52.3  Results

The rate of decay, percent cellulose, hemicellu-
loses and lignin contents of the decomposing leaf 
litter of P. longifolia and R. arboreum were found 
to be higher in the sets treated with the two dif-
ferent earthworm species as compared to that of 
untreated sets where no earthworm was added. 
The leaf litter treated with the exotic earthworm 
species, E. foetida, exhibited higher rate of leaf 
litter breakdown as compared to the leaf litter 
treated with the indigenous earthworm species, 
P. excavatus. There was not much difference in 
the rate of leaf litter breakdown by two differ-
ent earthworm species. The rate of the selected 
leaf litter breakdown by the exotic earthworm, E. 
foetida, was slightly higher as compared to the 
indigenous earthworm, P. excavatus. The rate of 
leaf litter breakdown was higher in P. longifolia 
than R. arboreum. The biomass of remaining leaf 
litter was slightly less in the treated sets as com-
pared to that of the untreated sets.

52.3.1  One Percent Weight Remaining 
of Decomposing Leaf Litter

Biomass remaining was slightly less in the treat-
ed sets as compared to the untreated sets. It was 
also lesser in the sets treated with E. foetida as 
compared to P. excavatus. Biomass remaining of 

decomposing leaf litters of R. arboreum and P. 
longifolia was maximum at the initial stage and 
decreased towards the end of decomposition.

In the sets treated with E. foetida, biomass 
remaining of decomposing leaf litter of R. arbo-
reum was 63.00 % in the treated sets and 67.00 % 
in the untreated sets, whereas in P. longifolia, 
biomass remaining at the end of decomposition 
was 61.00 % in the treated sets and 63.00 % in the 
untreated sets (Fig. 52.1).

In the sets treated with P. excavatus, biomass 
remaining of decomposing leaf litter of R. arbo-
reum was 76.00 % in the treated sets and 78.00 % 
in the untreated sets, whereas in P. longifolia, 
biomass remaining at the end of decomposition 
was 70.00 % in the treated sets and 74.00 % in the 
untreated sets.

Biomass remaining of R. arboreum in the 
sets treated with E. foetida ranged between 
63.00–100.00 % and 67.00–100.00 % in the un-
treated sets. In P. longifolia, it ranged between 
61.00 and 100.00 % in the treated sets and 63.00 
and 100.00 % in the untreated sets. Biomass re-
maining of R. arboreum in the sets treated with 
P.  excavatus ranged between 76.00 and 100.00 % 
and 78.00 and 100.00 % in the untreated sets. In P. 
longifolia, it ranged between 70.00 and 100.00 % 
in the treated sets and 74.00 and 100.00 % in the 
untreated sets.

52.3.2  Cellulose

Percent cellulose remaining was maximum in the 
initial stage and decreased towards the end of de-

Fig. 52.1  Biomass remaining of decomposing leaf litters of R. arboreum and P. longifolia treated with E. foetida and 
P. excavatus and untreated (without earthworms) sets under the laboratory condition
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composition. In the sets treated with E. foetida, 
percent cellulose remaining of R. arboreum at the 
end of decomposition was 48.00 % in the treated 
sets and 48.50 % in the untreated sets, whereas in 
P. longifolia, percent cellulose at the end of de-
composition was 45.00 % in the treated sets and 
49.00 % in the untreated sets.

In the sets treated with P. excavatus, percent 
cellulose remaining of R. arboreum at the end of 
decomposition was 48.00 % in the treated sets 
and 48.50 % in the untreated sets, whereas, in P. 
longifolia, percent cellulose at the end of decom-
position was 47.00 % in the treated and 48.50 % 
in the untreated sets (Fig. 52.2).

Percent cellulose remaining of R. arboreum in 
the sets treated with E. foetida ranged between 
48.00 and 70.70 % in the treated sets and 48.50 
and 70.70 % in the untreated sets. In P. longifolia, 
it ranged between 45.00 and 70.60 % in the treat-
ed sets and 49.00 and 70.60 % in the untreated 
sets. Percent cellulose remaining of R. arboreum 
in the sets treated with P. excavatus ranged be-
tween 48.00 and 70.70 % in the treated sets and 

50.00 and 70.70 % in the untreated sets. In P. 
longifolia, it ranged between 47.00 and 70.60 % 
in the treated sets and 48.50 and 70.60 % in the 
untreated sets.

52.3.3  Hemicelluloses

In the sets treated with E. foetida, percent hemi-
celluloses remaining of decomposing leaf litter 
of R. arboreum at the end of decomposition was 
49.00 % in the treated sets and 56.00 % in the 
untreated sets, whereas in P. longifolia, percent 
hemicelluloses at the end of decomposition was 
48.00 % in the treated sets and 52.00 % in the un-
treated sets.

In the sets treated with P. excavatus, percent 
hemicelluloses remaining of R. arboreum at the 
end of decomposition was 54.00 % in the treated 
sets and 55.00 % in the untreated sets, whereas 
in P. longifolia, percent hemicelluloses at the end 
of decomposition was 48.00 % in the treated sets 
and 50.00 % in the untreated sets (Fig. 52.3).

Fig. 52.3  Percent hemicelluloses remaining of decomposing leaf litters of R. arboreum and P. longifolia treated with 
E. foetida and P. excavatus and untreated (without earthworms) sets under the laboratory condition

 

Fig. 52.2  Percent cellulose remaining of decomposing leaf litters of R. arboreum and P. longifolia treated with E. 
foetida and P. excavatus and untreated (without earthworms) sets under the laboratory condition
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Percent hemicelluloses remaining of R. arbo-
reum in the sets treated with E. foetida ranged be-
tween 49.00 and 78.70 % and 56.00 and 78.70 % 
in the untreated sets. In P. longifolia, it ranged 
between 48.00 and 79.00 % in the treated sets and 
52.00 and 79.00 % in the untreated sets. Percent 
hemicelluloses remaining of R. arboreum in the 
sets treated with P. excavatus ranged between 
54.00 and 78.70 % and 55.00 and 78.70 % in the 
untreated sets. In P. longifolia, it ranged between 
48.00 and 79.00 % in the treated sets and 50.00 
and 79.00 % in the untreated sets.

52.3.4  Lignin

Lignin also followed the same trend as that of 
cellulose and hemicelluloses. It was maximum at 
the initial stage and decreased towards the end 
of the decomposition. In the sets treated with E. 
foetida, percent lignin remaining of R. arboreum 
at the end of decomposition was 65.00 % in the 
treated sets and 66.00 % in the untreated sets, 
whereas, in P. longifolia, percent lignin at the end 
of decomposition was 58.00 % in the treated sets 
and 60.00 % in the untreated sets.

In the sets treated with P. excavatus, percent 
lignin remaining of R. arboreum at the end of de-
composition was 72.00 % in the treated sets and 
73.00 % in the untreated sets, whereas in P. longi-
folia, percent lignin at the end of decomposition 
was 69.00 % in the treated sets and 72.00 % in the 
untreated sets (Fig. 52.4).

Percent lignin remaining of R. arboreum in 
the sets treated with E. foetida ranged between 
65.00–78.70 % and 66.00–78.70 % in the untreat-
ed sets. In P. longifolia, it ranged between 58.00 
and 78.67 % in the treated sets and 60.00 and 
78.67 % in the untreated sets. In the sets treat-
ed with P. excavatus containing R.  arboreum, 
it ranged between 72.00–78.70 % and 73.00–
78.70 % in the untreated sets. In P. longifolia, it 
ranged between 69.00–78.67 % in the treated sets 
and 72.00–78.67 % in the untreated sets.

52.4  Statistical Analysis

Table 52.1 depicts the correlation coefficient ( r) 
values of percent biomass remaining with cellu-
lose, hemicelluloses and lignin of decomposing 
leaf litters with the different components in both 
the treated and untreated sets.

In the sets treated with E. foetida containing 
decomposing leaf litter of R. arboreum, biomass 
remaining was positively correlated with cellu-
lose ( r = 0.99; p < 0.001), hemicelluloses ( r = 0.99; 
p < 0.001) and lignin ( r = 0.97; p < 0.001. In the 
untreated sets, biomass remaining was positively 
correlated with cellulose ( r = 0.96; p < 0.001), 
hemicelluloses ( r = 0.96, p < 0.001) and lignin 
( r = 0.96; p < 0.001). In the sets treated with E. 
foetida containing decomposing leaf litter of P. 
longifolia, percent weight remaining was posi-
tively correlated with cellulose ( r = 98; p < 0.001), 
hemicelluloses ( r = 0.93; p < 0.001) and lignin 

Fig. 52.4  Percent lignin remaining of decomposing leaf litters of R. arboreum and P. longifolia treated with E. foetida 
and P. excavatus and untreated (without earthworms) sets under the laboratory condition. EFR E. foetida with R. arbo-
reum; EFRC R. arboreum untreated; EFP E. foetida with P. longifolia; EFPC P. longifolia untreated; PER P. excavatus 
with R. arboreum; PERC R. arboreum untreated; PEP P. excavatus with P. longifolia; PEPC P. longifolia untreated
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( r = 0.83; p < 0.01). In the untreated sets, biomass 
remaining was positively correlated with cellu-
lose ( r = 0.89; p < 0.01), hemicelluloses ( r = 0.85, 
p < 0.01) and lignin ( r = 0.81; p < 0.01). In the sets 
treated with P. excavatus containing decompos-
ing leaf litter of R. arboreum, biomass remaining 
was positively correlated with cellulose ( r = 97; 
p < 0.001), hemicelluloses ( r = 0.1.0; p < 0.001) 
and lignin ( r = 0.98; p < 0.001). In the untreated 
sets, biomass remaining was positively correlated 
with cellulose ( r = 0.94; p < 0.01), hemicelluloses 
( r = 0.1; p < 0.001) and lignin ( r = 0.99; p < 0.001). 
In the sets treated with P. excavatus containing 
decomposing leaf litter of P. longifola, biomass 
remaining was positively correlated with cellu-
lose ( r = 97; p < 0.001), hemicelluloses ( r = 0.99; 
p < 0.001) and lignin ( r = 0.94; p < 0.001). In the 
untreated sets, biomass remaining was positive-
ly correlated with cellulose ( r = 0.99; p < 0.01), 
hemicelluloses ( r = 0.99; p < 0.001) and lignin 
( r = 0.99; p < 0.001).

The one-way analysis of variance (ANOVA) 
of biomass remaining, cellulose, hemicelluloses 
and lignin of decomposing leaf litters showed no 
significant variation at p ≤ 0.05. The ANOVA be-
tween hemicelluloses of decomposing leaf litters 
with the different components in both the treated 
and untreated sets showed significant variations 
at p ≤ 0.05 (Table 52.2).

52.5  Discussion

From the present study, it was observed that 
there was not much difference in the rate of leaf 
litter breakdown by the two different earthworm 
species selected. The rate of the selected leaf lit-
ter breakdown by the exotic earthworm E. foeti-
da was slightly higher as compared to the indig-
enous earthworm P. excavatus. It was observed 
that the percent of leaf litter breakdown was 
higher in the presence of earthworm as com-
pared to the untreated sets (without earthworm) 
due to ingestion of leaf litter by earthworm and 
microbial activity. Edwards and Bohlen (1996) 
also reported that earthworms can consume very 
large amount of leaf litter and the amount they 
ingest seem to depend on the total amount of 
suitable organic matter available than on any 
other factors. It appears that this earthworm spe-
cies consumed more leaf litter and due to their 
utilization by the earthworm—the crucial driv-
ers as they are involved in the stimulation of mi-
crobial populations through ingestion and frag-
mentation (Domínguez et al. 2010). The earth-
worm also modified the physical and chemical 
structure of leaf litter as compared in a study 
made earlier by Raphael and Velmourougane 
(2011) who reported that earthworms act as 
mechanical blenders and by comminuting the 

Table 52.1  Correlation coefficient ( r) values of biomass remaining with cellulose, hemicelluloses and lignin contents 
of decomposing leaf litters of R. arboreum and P. longifolia with E. foetida and P. excavatus and untreated (without 
earthworms) sets under the laboratory condition

Study sites C H L
EFR Biomass remaining 0.99*** 0.99*** 0.97***

EFRC 0.96*** 0.96*** 0.96***

EFP 0.98*** 0.93** 0.83*

EFPC 0.89* 0.85* 0.81*

PER 0.97*** 1.00*** 0.98***

PERC 0.94** 1.00*** 0.99***

PEP 0.97** 0.99*** 0.94**

PEPC 0.99*** 0.99*** 0.99***

EFR  Eisenia foetida with R. arboreum, EFRC  R. arboreum untreated, EFP  E. foetida with P. longifolia, EFPC P. 
longifolia untreated, PER  P. excavatus with R. arboreum, PERC  P. longifolia untreated, PEP  P. excavatus with P. 
longifolia, PEPC  P. longifolia untreated, WTR  weight remaining, C cellulose, H hemicelluloses, L lignin
*p < 0.05, **p < 0.01, ***p < 0.001, respectively. Insignificant values are marked with ‘–’
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organic matter they modify its  physical and 
chemical status increasing the surface area ex-
posed to microorganisms, thus making it much 
more favourable for microbial activity and fur-
ther decomposition. The higher rate of leaf litter 
breakdown was seen in P. longifolia than R. ar-
boreum. This could be due to the composition of 
the plant material. Slower rate of decomposition 
of Rhododendron litters may be due to a high 

fibre and polyphenolic content which reduced 
the palatability for earthworms (Slapokas and 
Granhall 1991; Dkhar and Dkhar 2000). It was 
also reported that R. arboreum litters contain 
lots of fibres that slow decomposition and are 
especially known to carry lingering toxin traces. 
Since the leaves contain toxins, the extra time 
needed also ensures these trace chemicals thor-
oughly degrade before the compost is used.

Table 52.2  One way analysis of variance (ANOVA at litters with the different components in both the treated and 
R. arboreum and P. longifolia with E. foetida and P. excavatus and untreated (without earthworms) sets under the 
laboratory condition

Sources of variation F value P level
Biomass remaining (%) EFR × EFRC × EFP × EFPC × PER × PERC  

× PEP × PEPC
– –

EFRC × EFPC × PERC × PEPC – –
EFR × EFP × PER × PEP – –
EFR × EFRC – –
EFP × EFPC – –
PER × PERC – –
PEP × PEPC – –

Cellulose (%) EFR × EFRC × EFP × EFPC × PER × PERC  
× PEP × PEPC

– –

EFRC × EFPC × PERC × PEPC – –
EFR × EFP × PER × PEP – –
EFR × EFRC – –
EFP × EFPC – –
PER × PERC – –
PEP × PEPC – –

Hemicelluloses (%) EFR × EFRC × EFP × EFPC × PER × PERC  
× PEP × PEPC

3.57 0.003606

EFRC × EFPC × PERC × PEPC 4.075 0.017931
EFR × EFP × PER × PEP – –
EFR × EFRC – –
EFP × EFPC – –
PER × PERC – –
PEP × PEPC – –

Lignin (%) EFR × EFRC × EFP × EFPC × PER × PERC  
× PEP × PEPC

– –

EFRC × EFPC × PERC × PEPC – –
EFR × EFP × PER × PEP – –
EFR × EFRC – –
EFP × EFPC – –
PER × PERC – –
PEP × PEPC – –

Insignificant values are marked with ‘–’
EFR Eisenia foetida with R. arboreum, EFRC R. arboreum untreated, EFP E. foetida with P. longifolia, EFPC  P. 
longifolia untreated, PER P. excavatus with R. arboreum, PERC   ERClongifolia untreated, PEP  P. excavatus with P. 
longifolia, PEPC  P. longifolia untreated
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52.6  Conclusion

The exotic earthworm species, E. foetida, exhib-
ited a slightly higher rate of leaf litter breakdown 
as compared to the indigenous earthworm spe-
cies P. excavatus. P. excavatus, an indigenous 
earthworm species, also shows a high potential 
in leaf litter breakdown. It can be suggested that 
this indigenous earthworm species could also be 
useful in vermicompost technology which will 
be of immense help in waste management, re-
source recovery and environmental conservation. 
The role of P. excavatus in leaf litter breakdown 
and better utilization of the selected species in 
vermitechnology will subsequently be used in 
Meghalaya where soil erosion is very high. An 
understanding of vermitechnology will help in 
waste management, resource recovery and envi-
ronmental conservation. The study also suggests 
that inoculation with earthworms accelerate the 
decomposition process and the large-scale adop-
tion of vermicomposting may help to sustain soil 
quality and better agricultural productivity.
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Abstract

Anthracnose disease is one of the major economic constraints to chilli 
production in tropical and subtropical regions of the world and it is gain-
ing much attention towards causes of damage in the field. Growing under-
standing has been based on conventional methods of characterisation of 
Colletotrichum species and its interaction with the host but it was not clear 
enough to recognise the differentiation among species, host–pathogen re-
lationship and genetics of resistance in chilli. In this chapter, emphasis 
has been made on the evaluation of the isolates of Colletotrichum capsici 
causing chilli anthracnose for their morphological and cultural character-
istics, pathogenic variability on chilli fruits and genetic diversity with the 
help of random amplified polymorphism (RAPD-PCR) analysis and des-
ignated into different major clusters. Simultaneously, screening of Cap-
sicum genotypes against anthracnose for testing the resistance has been 
highlighted under in vitro condition. Further, on the basis of inheritance 
and the segregation ratio of resistance to susceptibility, gene controlling 
resistance at different fruit maturity stages has been discussed. More im-
portantly, by QTL mapping, distribution of resistance gene/s located on 
chromosomes by using simple sequence repeats (SSR) primers, linkage 
groups are indicated. A number of complementary resistant component 
(host–parasitic interaction) controlled by one or multiple genes with small 
quantification effects have been emphasized. This information will be 
valuable to overcome the use of agrochemicals, impact of environmental 
factors and in the management of this serious threat to chilli through the 
development of resistant varieties as a donor candidate in commercial and 
resistance-breeding program.
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53.1  Introduction

It is an established fact that chilli ( Capsicum 
spp .) is one of the important economic crops 
and reported to be cultivated worldwide. The 
production of the crop is challenged by several 
biotic factors (Isaac 1992) such as Phytoph-
thora root rot (Leonian 1922), Rhizoctonia root 
rot (Muhyi and Bosland1992), Fusarium wilt 
(Rivelli 1989), Verticillium wilt (Sanogo 2003), 
bacterial wilt (Yabuuchi et al. 1995), Chilli 
veinal mottle virus (Ong et al. 1979), Cucumber 
mosaic virus (Ong et al. 1979), Pepper veinal 
mottle virus (Brunt et al. 1978) and anthracnose 
(Paul and Behl 1990; Ramachandran and Rath-
namma 2006).

Among the diseases, anthracnose is the most 
important constraint to chilli ( Capsicum annum) 
production in most of the major chilli growing 
region of the world and often results in high yield 
losses (Voorrips 2004; Manandhar et al. 1995). 
Several species of Colletotrichum have been re-
ported as causal agents of chilli fruit rot world-
wide. The disease causes severe problem on 
mature fruits and hence it is also called ripe fruit 
rot of chilli (Agrios 2005) (Fig. 53.1). As far as 
its distribution and diversity is concerned, sev-
eral species of Colletorichum have been report-
ed from different parts of the world. Simmonds 
(1965) reported Colletotrichum acutatum, Colle-
totrichum atramentarium, Colletotrichum dema-
tium, Colletotrichum gloeosporioides var. minor 
and C. gloeosporioides var. gloeosporioides from 
Australia. Similarly Voorrips (2004) has report-
ed C. acutatum, Colletotrichum capsici and C. 
gloeosporioides from Indonesia. Park and Kim 
(1992) reported C. acutatum, C. gloeosporioides, 
Colletotrichum Coccodes and C. dematium from 
Korea. Long back, Dastur (1920) had reported 
two different species Gloeosporium piperatum 
and C. nigrum from Myanmar (Burma). Pearson 
et al. (1984) reported C. capsici and C. gloeo-
sporioides from Papua New Guinea. Johnston 
and Jones (1997) reported C. coccodes from 

New Zealand. Manandhar et al. (1995) reported 
C. acutatum, C. capsici and C. gloeosporioi-
des from Taiwan. Than et al. (2008a) reported 
C. acutatum, C. capsici and C. gloeosporioides 
from Thailand. Adikaram et al. (1983) reported 
C. acutatum and Glomerella cingulata from the 
UK and Roberts et al. (2001) reported C. acuta-
tum from the USA and Don et al. (2007) reported 
C. acutatum, C. capsici, C. gloeosporioides and 
C. nigrum from Vietnam. Among all the species, 
C. capsici is common and dominant in most part 
of the world. Population of this species has been 
reported from India (Thind and Jhooty 1990; 
Hedge and Srikant 2002; Paul and Behl 1990). 
In addition to C. capsici, other species viz. C. 
dematium, C. gloeosporioides, C. graminicola, 
C. acutatum, C. piperatum and C. atramentaum 
were also reported from India (Selvakumar 2007; 
Thind and Jhooty 1990; Kaur and Singh 1990; 
Ramachandran and Rathnamma 2006). Species 
of Colletotrichum are the most effective plant 
pathogenic fungi, attacking an extremely wide 
range of plants growing in temperate and tropi-
cal environments. These pathogen cause damage 
to most parts of the plants including roots, stem, 
leaves flowers and fruits, but are often highly 
specific to individual tissues.

In several cases the pre- and post-harvest in-
fection together account for more than 50 % loss-
es of crops. In India, the yield loss ranged from 
10–54 % due to this disease (Lakshmesha et al. 
2005, Ramchanderan and Rathnamma 2006). 
The average annual loss due to anthracnose dis-
ease has been estimated up to 29.5 % with eco-
nomic loss equivalent to US$ 491.67 million 
(Ramachandaran et al. 2007) and at present the 
value must have gone up. The post-harvest loss 
estimated was 3.5 to 75 % from various states of 
India (Bagri et al. 2004, Lakshmesha et al. 2005). 
The severity of this disease has been reported 
from worldwide, including Asian countries (Wi-
dido 2007; Zhang et al. 2007), where the disease 
incidence was globally found, for example, the 
crop loss was around 10 % in Korea (Byung-
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sookim 2007), 20–80 % in Vietnam (Leh Don 
et al. 2007) and 100 % in Brazil (Lopes and Villa 
2003). The severity of the disease varies depend-
ing upon cultivars grown and weather condition 
prevailing in a particular region.

Since long back, Pring et al. (2002) has de-
scribed pathogenicity, host range and infection 
process of three isolates of C. capsici, from 
cowpea ( Vigna unguiculata), bean ( Phaseolus 
vulgaris) and betel vine ( Piper betle). In this 
background, it was observed that the initial in-
fections occurred after production of appressoria 
and deposition on plant surface and complex dif-
ferentiation at the time of conidial germination. 
Appresorium is an important means for infection 
as it is the deciding factor of basic morphological 
characteristics of the genus Colletotrichum. They 
are globose or subglobose and with or without 
lobes. Mechanism of infection has been described 
as first hyphae penetration in cuticles and initial 
growth beneath the cuticle that extend to the anti- 
and periclinal-walls of epidermal cells causing 
extensive wall degradation. Subsequently, grow-
ing hyphae destroy the walls of underlying corti-
cal cells that associated with extensive death of 
adjacent cells and led to the production of wa-
ter-soaked lesions. When tissues are extensively 
rotted, hyphae enter sclerenchymatous fibres by 
direct growth through their walls and freeze-
substituted preparations revealed vesicles and 
plasmatubules in infection hyphae. It has been 
suggested that successful pathogenesis is supe-
rior in the sense of suppression of host defence 
responses through rapid killing of infected tis-
sues. In comparison, this infection strategy with 
those of other Colletotrichum species indicates 
towards the knowledge of a pathogen’s infection 
process which may be used to predict about nar-

row or wide host range. Therefore, species iden-
tification has been must for disease control and 
its epidemiology. In this context, Cai et al. (2009) 
has used various parameters for morphology, 
pathogenicity, physiology, phylogenetics and 
production of secondary metabolite for the iden-
tification of Colletotrichum complexes. Besides 
the above, molecular approaches have been used 
and a backbone phylogenetic tree using Internal 
transcribed spacers (ITS) sequence data from 42 
ex-type specimens was also generated, for identi-
fication of Colletotrichum species to place them 
in species complexes as multigene phylogenetic 
data and for better understanding of the relation-
ships within Colletotrichum species. Multigene 
phylogeny, comparison with type specimens and 
a well-defined phylogenetic lineage in conjunc-
tion with recognisable polyphasic characters, 
such as morphology, physiology, pathogenicity, 
cultural characteristics and secondary metabo-
lites have been proposed as an ideal approach 
for Colletotrichum systematics. Further, with 
the advancement of research molecular-based 
identification was undertaken, where molecular-
based designed primer set-based sequences of the 
ribosomal internal transcribed spacer (ITS1 and 
ITS2) regions were used in a conventional poly-
merase chain reaction (PCR) assay, the primer set 
(CcapF/CcapR) was amplified into a single prod-
uct of 394 bp of DNA extracted from 20 Mexi-
can isolates of C. capsici (Torres Calzada 2011). 
The occurrence of different virulent strains of C. 
capsici has been well documented. However, in-
formation on distribution of races or pathotypes 
in chilli-growing areas and their accurate method 
of identification and characterisation made easier 
for effective disease management by the develop-
ment of host resistance in breeding programme. 
Besides the above, frequent application of fun-
gicides, which is expensive and undesirable for 
ecosystem, is also leading to development of its 
resistance.

Therefore, in the present scenario, understand-
ing of the interaction between host and anthrac-
nose pathogen complexes of species involved in 
chilli is needed for accurate identification and 
their effective disease control. In this review, we 
will emphasize on different aspects of alternative 

Fig. 53.1  Characteristic symptom of Colletotrichum cap-
sici on a red ripe fruit of chilli
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control measures for resistance development: (a) 
accurate identification of pathogen, (b) host and 
anthracnose pathogen interaction through pattern 
of inheritance and resistance development, (c) 
genetic basis of resistance development involv-
ing superior genotypes and their characterisation 
by implicating the molecular technologies.

53.1.1  Morphological and Cultural 
Characteristics of C. capsici

Correct and accurate identification of pathogen 
has always been a basis for developing strate-
gies for management. Considering the diversity 
in morphology, efforts have been made in devel-
oping subgeneric groups of species based upon 
similar colony character. For identification and 
characterisation of Colletotrichum, many mor-
phological and molecular techniques were used 
in different laboratories of the world. For cultur-
ing and sporulating Colletotrichum at 30 °C, po-
tato dextrose agar (PDA) was found to be the best 
medium (Yoon-joe and Park 2001; Jayalakshmi 
and Seetharaman 1999). Richard’s agar medium 
was found to be best for growth and sporulation 
of the pathogen (Wasantha and Rawal 2008), 
whereas Czapeck’s Dox Agar was used for pu-
rification of culture by Selvakumar (2007). The 
suitable temperature for growth of the fungus 
ranged from 28 to 30 °C (Wasantha and Rawal 
2008; Sinha 2004) but the development of dis-
ease has been found to be completely arrested 
at 0 –5 °C and slowed down at 10 –15 °C (Datar 
1996), whereas the thermal death point of conidia 
has been reported to be 47 °C (Jayalakshmi and 
Seetharaman 1999). In specific case, the opti-
mal increase in colony diameter for C. capsici 
was reported between 28 and 32 °C, while for C. 
gloeosporioides it was 28 °C (Hartman and Wang 
1992). Besides, above pH 5.0 was found best for 
the growth of C. gloeosporioides (Wasantha and 
Rawal 2008), while sporulation was found to be 
better at pH 6.0, whereas according to Sinha et al. 
(2004), pH 7.0 was found to be most suitable 
for the maximum radial growth of C. capsici. 
Diversity in shape and size of conidia, conidio-
phores and setae in culture and size and shape 

of the appressoria were taken as morphological 
markers to identify and characterise the species 
of the Colletotrichum. According to Jayalakshmi 
and Seetharaman (1999), C. capsici conidia were 
found to be 22.9 × 3.94 um in size and 4.2–6.4 
septa and each acervulus was bearing 53.8 setae. 
Long ago, Butler and Bisby (1960) reported that 
the conidia of size 18–23 × 3.5 formed from the 
pale buff of salmon masses were falcate, fusi-
form and gradually tapered towards each end. 
Few years back, Selvakumar (2007) reported the 
size of the conidia ranging 25–26 × 3.2–3.72 µm 
at the tip of unbranched conidiophores and each 
conidium was found to be hyaline, single celled, 
fusoid and aseptate. Gehlot and Purohit (2001) 
studied the ultra structure of conidium in C. cap-
sici and found that the conidiogenous cell of the 
fungus resembles phialids and the formation of 
the primary conidium was found to be holoblas-
tic. At the same time during the secondary co-
nidium development, the outer layer of phialids 
wall ruptured and completed the formation of the 
septum at the base and Woronin bodies near the 
septum.

Long ago, morphological characteristics of 
the colony of Colletotrichum was studied by 
Butler and Bisby (1960) who reported that the 
colonies formed were dense, white to dark grey, 
reverse dark brown, had no sclerotia, abundant 
setae and appressoria, sepia brown clavate to 
ovate margin, and entire. Selvakumar (2007) re-
ported that the colonies of C. capsici were circu-
lar, smooth, white having thick texture and the 
colour varied from grey, greenish to white and 
the growth rate varied from media to media com-
position. Sharma et al. (2005) had observed the 
cultural and morphological traits and reported 
that the isolates produce cottony, fluffy or sup-
pressed colonies without any significant differ-
ences in shape and size of conidia and on mor-
phological basis isolates were categorised into 
different groups by several workers. Based on 
cultural variability, categorisation of isolates was 
also done by Garg (2011).

Khirbhat et al. (2004) characterised in detail 
the nine isolates of C. capsici and categorised 
into four different groups on the basis of patho-
gencity: GP1 (CC9 characterised by significantly 
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higher growth and capability of producing sus-
ceptible reaction in all capsicum cultivars), GP 
11 (CC8, capable of producing susceptible re-
action in Sadabahar, Hisar vijay and Kiran but 
resistant to Hisar sakti) and GP 111 and IV (Cc-
1, Cc-2, Cc-3, Cc4, Cc-5 and Cc-7 incapable of 
producing susceptible reaction in all capsicum 
cultivars). The categorization was also done by 
Sharma et al. (2005) for 37 isolates of C. cap-
sici into five groups, Cc-I, Cc-II, Cc-III, Cc-IV 
and Cc-V. Similarly, categorisation of C. capsici 
isolates was also done by Garg (2011) based on 
radial growth (2 groups) and conidial size (4 
groups) (Fig. 53.2). While testing the pathoge-
nicity, the use of differential hosts proved to be 
a viable option for the evaluation of pathogenic 
variability. It was felt that combined application 

of molecular diagnostic tools along with the use 
of morphological variabilities among the differ-
ent isolates could be an appropriate and reliable 
approach for studying pathological variability in 
Colletotrichum species.

The differential reaction against six isolates of 
C. capsici was studied by Deshpande and Ram 
(2007) and concluded that none of the released/
notified varieties were resistant to any of the six 
used isolates. Whereas, Khirbhat et al. (2004) 
reported CcP1 isolate to be the most virulent 
among 15 pathotypes of the pathogen that were 
characterised by differential reaction on a differ-
ent set of capsicum cultivars in this field. Montri 
et al. (2009) also reported PCc1 as another most 
virulent pathotype, infecting all genotypes of C. 
annuum, C. chinense and C. frutescens, whereas 

Fig. 53.2  Morphologi-
cal grouping of different 
isolates of C. capsici
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PCc3 as the least virulent pathotype, infecting 
only the genotypes C. annuum and C. frutescens 
among the three identified pathotypes, PCc1, 
PCc2 and PCc3. Oanh et al (2004) characterised 
15 isolates of C. capsici and C. gloeosporioides 
and categorised into 5 groups based on morpho-
logical characters and growth rate and revealed 
that these isolates could be differentiated on the 
basis of pathogenicity. The pathogens and coty-
ledons of five chilli varieties, namely Mun Dam, 
She Fha, Mae Ping, Khee Nhu and Louang, were 
tested for their disease interactions. Among all 
the varieties ‘Mae Ping’ was the most susceptible 
variety to all isolates of C. capsici but could not 
show any susceptible reaction to C. gloeosporioi-
des. The other four varieties, Mun Dam, She Fha, 
Khee Nhu and Louang showed tiny (or small) 
area of necrotic symptom.

Sawant et al. (2012) have reported for the 
first time about C. capsici causing anthracnose 
on grapes in Maharashtra, India. The fungus 
was identified based on morphological charac-
ters. The isolates were slowly growing with the 
growth rate of 3.86 + 0.29 mm/day at 30 + 1 °C. 
Morphological features of colonies were brown-
ish white and later turned dark grey or moss 
green in colour. The acervuli were either scat-
tered or in concentric rings. Conidia were falcate 
of size 21, 7/5.1 m. For confirmation of identifi-
cation, PCR was performed, and expected single-
specific fragment of approximately 460 base pair 
was amplified from all tested C. capsici isolates, 
whereas the primer pair did not amplify DNA 
from isolates belonging to C. gleosporiodes. 
Symptoms were confirmed after observation up 
to 7 days and again re-isolated. Although C. cap-
sici has been reported on many hosts from India 
and other countries of the world, this is the first 
report of C. capsici affecting grapes.

Apart from pathogenicity, molecular tech-
niques have also been used to differentiate 
among isolates of Colletotrichum. Backman et al. 
(1999) used the RAPD technique to determine 
C. graminicola isolates infecting annual bluegrass 
and creeping bent grass. A comparative study 
of anthracnose pathogens, C. gloeosporioides, 
C. coccodes, C. dematium, Glomerella cingu-
lata and C. acutatum, infecting Capsicum was 

made by using RAPD-PCR in Korea and China 
(Shin et al. 2000). The genetic diversity in C. 
gloeosporioides infecting species with the tropi-
cal forage legume Stylosanthes by the researchers 
from Brazil, Australia, China and India (Weeds et 
al. 2003) was compared using molecular markers. 
A genetic relationships among C. gloeosporioides 
isolates, causing crown rot of straw-berry in Flor-
ida (Xiao et al. 2004) was establish using RAPD 
and grouping was also made by Sharma et al. 
(2005) between isolates and five morphologi-
cal groups recognized within C. capsici. Along 
with this, molecular polymorphism generated by 
RAPD confirmed the variation in virulence of 
C. capsici.

Based on morphological and cultural charac-
ters Madhavan (2010) found that C. capsici is the 
most commonly isolated fungal species from in-
fected chilli fruits and apart from C. capsici, C. 
gloeosporioides and Alternaria alternata isolates 
where also found. The virulence between the 
isolates was determined by inoculating them on 
detached chilli fruits (cv. K2) in vitro. Molecu-
lar variability of isolates of C. capsici differing 
in virulence was analysed by means of RAPD, 
using 22 random primers. After analysis of a ge-
netic coefficient matrix derived from scores of 
the RAPD profile, minimum and maximum per 
cent similarities among the C. capsici were in the 
range of 16 to 81 %, respectively. The isolates 
were saperated using the unweighted pair-group 
method with arithmetic average (UPGMA) for 
cluster analysis, which clearly separated the iso-
lates into three clusters (I, II and III) and con-
firmed the genetic diversity among the isolates 
of C. capsici from chilli. Cluster III consisted of 
only one isolate (CBE1), cluster II with two iso-
lates (TEN 3 and TEN 4) and all the remaining 
isolates included in cluster I. According to his 
study no relationship was observed between clus-
ters in the dendrograms and virulence of C. cap-
sici isolates. Ratanacherdchai et al. (2007) had 
applied RAPD analysis on 18 isolates including 
2 species, C. gloeosporioides and C. Capsici and 
isolates from three varieties of chilli, i.e. chilli 
pepper ( C. annuum), long cayenne pepper ( C. 
annuum var acuminatum) and bird’s eye chilli 
( C. frutescens). UPGMA was used to construct 
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the dendogram of RAPD to show the relation-
ship among the species. A clear difference was 
observed between the species viz. C. gloeospo-
rioides and C. capsici in the RAPD analysis but 
isolates of C. capsici were more closely related 
among each other than C. gloeosporioides iso-
lates.

Torres Calzada et al. (2008) reported that Col-
letotrichum species isolated from papaya fruits 
showing 450 bp PCR product but DNAs from 
isolates with a typical lesions on fruit failed to 
produce an amplified product. For further char-
acterisation, the rDNA 5.8S-ITS region was am-
plified by PCR and processed for sequencing 
and restriction fragment length polymorphism 
(RFLP) analysis indicated the existence of two 
Colletotrichum species C. gloeosporioides and 
C. capsici on papaya fruits causing anthracnose 
lesions, whereas, during PCR-RFLP analyses, 
using the restriction endonuclease MspI, repro-
duced restriction patterns specific for C. capsici 
or C. gloeosporioides. In this case, the generation 
of RFLP patterns by MspI (or AluI or RsaI) was 
found to be rapid, accurate and unequivocal for 
the detection and differentiation of C. gloeospo-
rioides and C. capsici. Further, Moriwaki et al. 
(2002) sequenced the internal transcribed spacers 
(ITS) of the ribosomal RNA gene (rDNA) of 236 
isolates covering 26 Colletotrichum species. The 
isolates were grouped into 20 ribosomal groups 
(RGs) based on the sequences of ITS1, correlated 
the species based on morphology. C. gloeospo-
rioides were separated into three RGs that were 
morphologically different, which indicated that 
possibly C. destructivum, C. linicola and C. 
higginsianum were nonspecific. C. dematium 
sensu lato including C. capsici and other species 
producing falcate conidia except for gramini-
colous ones were separated into three RGs but 
were difficult to distinguish morphologically. In 
the phylogenetic study using ITS2 and the 285 
rDNA domain 2 region, topologies compiled 
by neighbour-joining and maximum-parsimony 
methods showed almost the same, reflecting the 
conidial morphology. The phylogenetic group 1 
(PG1) produced conidia with acute ends for C. 
acutatum, C. destructivum and C. graminicola; 
PG2 produced those with obtuse ends for C. 

gloeosporioides and C. orbiculare. Colletotri-
chum theae-sinensis, which produced the small-
est conidia, was grouped as PG3, far from other 
species, indicated non-belonging to Colletotri-
chum. Thirty four isolates of Colletotrichum spp. 
from anthracnose on Bell pepper, Long cayenne 
pepper and Bird’s eye chilli, which included two 
species, C. gloeosporioides and C. capsici were 
collected by Ratanacherdchai et al. (2010) and 
were divided into low, medium and high viru-
lence groups based on their pathogenic potential 
as tested in vitro on fruit. C. capsici isolated from 
three tested hosts expressed the highest virulence. 
Cross-inoculation of three high virulent isolates 
of C. capsici in accordance with the three chilli 
varieties showed that all isolates could produce 
anthracnose symptom in the same lesions. All 
tested isolates developed lesions after co-inocu-
lation of all hosts. Based on a molecular study, 
inter simple sequence repeat (ISSR) analysis in-
dicated two distinct groups of C. gloeosporioides 
and C. capsici. Furthermore, genetic diversity 
was correlated with geographic distribution, but 
lacking clear relationship between genetic diver-
sity and pathogenic variability. Surprisingly, C. 
gloeosporioides and C. capsici appearing in the 
same geographic area cause lower disease inci-
dence. Isolates of C. capsici were also catego-
rised by Garg (2011) based on RAPD analysis 
using a similarity co-efficient. C. capsici isolates 
were divided into two major clusters, viz. cluster 
I (S-5, VC-1, Ccf and VC-3) and cluster II (Vc-4, 
Ccc-2, S-7 and S6) (Figs. 53.3a and b).

53.1.2  Identification of Resistant 
Source Against Anthracnose

According to the earlier reports, anthracnose dis-
ease can be managed through appropriate use of 
fungicides, or by the long-lasting resistant cul-
tivars (Whitelaw-Weckert et al. 2007). Recent 
findings suggest that there are centres having 
unique diversity in terms of existence of natural-
ly occurring interspecific landraces, which are re-
sistant to diseases (Rai 2010; Kumar et al. 2011). 
Hence, search for long-lasting resistant cultivars 
through screening of existing cultivars/wild lines 
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can be the best viable option. Nanda (2007) has 
identified the contrasting lines of hot pepper 
( Capsicum spp.) as parents of a population and 
after mapping and tagging of genes conferred 
resistance to anthracnose ( Colletotrichum spp.) 
in Southern India. Among 74 lines/germplasm 
used for field screening, seven lines PBC 80, 
PBC 81 ( C. baccatum), PBC 142, Kunchangi 
Local, Puri Local, male-sterile line CCA 7244 
and its maintainer 9907–9611 ( C. annuum) were 
found to be resistant, whereas Pusa Jwala, Utkal 
awa and CA14 (all C. annuum) were found to be 
susceptible. Similarly, Ekbote et al. (2002) con-

ducted field experiment for resistance to fruit rot 
caused by C. capsici in 51 ( C. annuum) cultivars. 
Of the cultivars tested none were tolerant, one 
was resistant, three were moderately resistant, 
five were moderately susceptible, seven were 
susceptible and nine were highly susceptible to 
the disease. On the basis of the infection percent-
age, Roy et al. (1998) evaluated 24 chilli geno-
types for fruit rot incidence ( C. gloeosporiodes) 
among which six genotypes DC1, DC2, DC3, 
DC4, DC14 and DC24 were moderately resis-
tant. Basak (1997) screened ten cultivars of chilli 
against three major fruit pathogens C. capsici, C. 

Fig. 53.3  a RAPD for genetic diversity study of C. capsici isolates. b Genetic relationship among different isolates of 
C. capsici using UPGMA cluster analysis of the distance matrix
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gloeosporiodes and Fusarium semitectum. None 
of the cultivars were found to be immune but the 
cultivars C-011 and C-045 were susceptible to 
G. cingulata and C. capsici, while C-123, Chi-
tagong local and Bogra were highly susceptible 
to both of them. Pcrane and Jai (1986) found 
in Pant C1 and B7–9 self-crossed generation as 
resistant and 7262, Deglur, B79A, LIC 24, 764, 
Guntur and 574 Thirumalapuram as moderately 
resistant under natural infection in the field. In 
a similar way, Jayalakshmi and Seetharaman 
(1998) reported on the reaction of 40 cultivars, 
out of which only one (CA-874) was reported 
to be highly resistant, 7 resistant, 19 moderately 
susceptible followed by 13 as susceptible against 
C. capsici in pot culture. The screening method 
for resistance to pepper fruit anthracnose was 
also demonstrated by Yoon-joe and Park (2001). 
Wound inoculation through microinjector was 
more repeatable and distinguishable to the study 
for symptom development, at 30 °C for post-in-
oculation as optional condition, whereas Singh 
(1993) reported at 28 °C and also 6 days after in-
oculation (DAI) a suitable in vitro observation. 
Gniffke et al. (2007) evaluated a green and red 
ripe fruit in the field and in vitro condition using 
two isolates of C. acutatum, apart from discrepan-
cies between the result of the field and in vitro re-
sults. Among the 40 accessions, PBC 932 was the 
only accession where amplified fragment length 
polymorphism (AFLP)-derived molecular mark-
ers were found to be valid in tracing their resis-
tance. Deshpande and Ram (2007) showed simi-
lar results of screening in the field and laboratory 
conditions and reported that none of the released/
notified varieties were resistant to any of the iso-
lates, except two accessions of C. baccatum IHR 
951 and 1263 which were found to be resistant 
against all six isolates used for screening. Singh 
(1993) has screened 19 varieties of in vitro con-
ditions, among them BGI and Lorai were graded 
resistant. In addition to the above, Singh (1979) 
has also demonstrated that Celctio2, Seeswal and 
Patna chilli were found to be most resistant to 11 
varieties tested and none proved to be immune. 
Nanda (2007) observed on the basis of in vitro 
screening of isolates of both C. capsici (Cc) and 
C. gleosporioides (Cg) that PBC 80 was immune 

to two isolates tested (Cc and Cg) and resistant 
to other three isolates. Further, in another step of 
investigation, tested five lines (PBC 142, Kun-
changi Local, Puri Local, male-sterile line CCA 
7244 and its maintainer 9907–9611) showed their 
range from moderate resistance to complete sus-
ceptibility, where three lines (Utkal awa, Pusa 
Jwala and CA 14) were recognised to be com-
pletely susceptible to all five isolates. With the 
advancement of the research, combined efforts 
for the evaluation of isolates have been made by 
taking the parameters such as morphological and 
cultural characteristics, pathogenic variability on 
chilli fruits along with genetic characterisation 
using DNA (RAPD-PCR). Molecular polymor-
phism generated by RAPD confirmed the varia-
tion of different isolates and grouped into two 
clusters. Garg (2013) in in vitro studies found 
that among 41 genotypes tested, 33 were C. an-
nuum genotypes and the majority of them were 
categorised into moderately susceptible (11) fol-
lowed by moderately resistant (7) and highly sus-
ceptible (7) and less number of highly resistant 
(6) and symptom-less (2) categories, whereas in 
the non-annuum group and its crosses out of 8 
tested, except one moderately resistant, all were 
highly resistant or symptom-less. In total, 24.2 % 
of C. annuum genotypes (33) and 87.5 % of non-
annuum genotypes (8) were found to be highly 
resistant including few symptom-less categories 
(Figs. 53.4a and b). However, morphological 
(Fig. 53.2), pathological and RAPD grouping 
(Fig. 53.3a) of isolates suggested non-correlation 
among test isolates. On the basis of the above 
view, search for a resistance gene associated with 
anthracnose of chilli and a number of resistant 
component (host–parasite interaction) controlled 
by multiple genes with contributory effects have 
been undertaken.

 53.1.3  Genetics of Inheritance of the 
Resistance Gene

In the present scenario, the resistant sources ob-
tained from the screening of existing germplasm/
wild lines can be used for the resistance breed-
ing programme and it could be an important 
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approach to limit the use of pesticides, as both 
economically and environmentally viable op-
tions. Apart from developing resistant varieties, 
the study of tagging and mapping of the genes, 
responsible for resistance and pattern of inheri-
tance, to observe the regulation of dominant or 
recessive gene for the traits of interest is becom-
ing important. Polygenic or monogenic control 
over the trait in crosses developed is also impor-
tant to tag the gene through the genetic markers 
linked to the trait of interest.

Genetic markers are well defined as a specif-
ic gene that produces a recognisable trait which 
can be used in the family or population stud-
ies. Presently, there are different genetic mark-
ers available for evaluating genetic variations of 
different traits: morphological, biochemical and 
DNA markers (Demissie and Bjornstrand 1996; 
Dulloo et al. 1997; Staub et al. 1997; Gwanme 
et al. 2000). Long ago, by using such markers, 
genetic variation studies were conducted on 
different crops, including cereals, pulses, hor-

Fig. 53.4  Screening of chilli genotypes for resistant source against anthracnose. a Pin-prick method and scoring pa-
rameter. b Inoculated fruits in vitro condition
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ticultural crops and fruits (Cipriani et al. 1996; 
Margal’e et al. 1995; Sharman et al. 1997; Staub 
et al. 1997; Gwanme et al. 2000). DNA mark-
ers are widely accepted as the potentially valu-
able tools for crop improvement in rice (Mackill 
et al. 1999), wheat (Eagles et al. 2001; Koebner 
and Summers 2003), maize (Stuber et al. 1999; 
Tuberosa et al. 2003), barley (Thomas 2003; 
Williams 2003), tuber crops (Barone 2004; Fre-
gene et al. 2001; Gebhardt and Valkonen 2001), 
pulses (Kelly et al. 2003; Muehlbauer et al. 
1994; Svetleva et al. 2003;), oilseeds (Snow-
don and Friedt 2004), horticultural crop spe-
cies (Baird et al.1996; Mehlenbacher 1995) and 
pasture species (Jahufer et al. 2002). It was also 
suggested that enhancement in global food pro-
duction can be done by improving the conven-
tional plant breeding programmes using DNA 
markers (Kasha 1999; Ortiz 1998).

With reference to the above, management of 
a serious threat to chilli through the development 
of resistant variety can be implicated with the 
study of genetics of this disease, in relation to 
several species of pathogen to host. 

The continuous effort on the construction 
and application of linkage maps has facilitated 
greatly in the tagging of many agronomically 
important genes in a variety of crop plants, in-
cluding capsicum. The two new genes, co4 and 
Co5, responsible for resistance were recently 
identified in chilli from PBC80 which were lo-
cated at different loci from the previously iden-
tified resistant genes ( co1 and co2) of PBC932 
(Mahasuk et al. 2009). Gene Anr-1 identified 
from C. annum cv. chungryong was resistant 
against C. dematium (Park et al. 1992). Genes, 
Anr-2, Anr-3 and Anr-4, resistance to C. gloeo-
sporoides were reported in C. annuum lines 
BGH3077, BGH28850 and BGH5085, respec-
tively (Fernandes and Ribero 1998). In continu-
ation to the above, line 83–168 with gene Anr-5 
resistant to C. capsici has also been reported 
(Lin et al. 2002).

Mahasuk et al. (2009) had analysed the an-
thracnose resistant gene and its position on 
chromosome by tagging and mapping the gene 
in an intraspecific cross between PBC80 and 
PBC1422 which was used to develop resistance 

and inheritable transfer of resistance to C. acu-
tatum. It was evidenced with frequency distri-
bution of the disease scores in the F2 and BC1 
populations, which indicated that a single reces-
sive gene is responsible for the resistance at a 
mature green fruit stage and a single dominant 
gene for the resistance at a ripe fruit stage. Link-
age analysis between the two genes identified 
in both fruit maturity stages showed an inde-
pendent behaviour. Further, Kim et al. (2008a) 
showed inheritance of anthracnose resistance to 
C. acutatum in an intraspecific population de-
rived from a cross between C. baccatum Gold-
en-aji and PI594137 in the detached mature 
green fruits. The segregation ratio of resistance 
and susceptibility in the F2 and BCS popula-
tion was significantly fitted with 3:1 Mende-
lian ratio and indicated that the resistance of 
PI594137 to C. acutatum was controlled by a 
single dominant gene. In the next phase of his 
research, Kim et al. (2008b) also studied the in-
heritance of the resistance to C. capsici in the 
cross between Yejoo (susceptible) and Deepong 
chou (resistant) followed by C. acutatum in a 
cross between HN1 (susceptible) and AR (resis-
tant), and the developed generation F2 and BC 
indicated the resistance controlled by a single 
recessive gene where the segregation ratio of re-
sistance to susceptibility fitted with the 1:3 and 
1:1 Mendelian ratio, respectively. In addition, it 
was also indicated that the gene responsible for 
resistance against C. capsici in both the resistant 
cultivars was the same, and an additional gene 
responsible for resistance against C. acutatum 
was also reported in AR parent. The inheritance 
of resistance to anthracnose at fruiting and seed-
ling stages in a cross between Bangchang ( C. 
annuum cv.) and PBC932 ( C. chinense) was 
demonstrated by Mahasuk et al. (2009b). The F2 
population was used in the study and the stage 
of mature green and ripe red fruit, as well as at 
both seedling and fruiting stages in the second 
F2 population were also considered. Against the 
above, the single gene model has been suggest-
ed for each trait, based on the distribution of the 
disease scores on green and red fruit and seed-
lings in both F2 population and three different 
recessive genes were indicated for the develop-
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ment of individual resistance from the crosses. 
The resistance genes at green and red fruit was 
found to be linked (recombination frequency 
0.25), whereas at seedling stage, the resistance 
gene was not linked to the fruit resistances.

Further, Yoon et al. (2004) had contributed 
heritability of anthracnose resistance in back-
cross population, which did not fit to Mendelian 
manners in BC1F1 and BC2F2 but the variation 
in progenies was similar to the normal distribu-
tion. According to the equation h = G/i2

� , broad 
sense heritability of anthracnose resistance 
using disease incidence (%) and incidence index 
was found to be about 0.61 and 0.56, respec-
tively. Finally, the resistance of C. baccatum 
var. PBC 81 has been indicated as quantitatively 
controlled with more than three genes. Lin et al. 
(2006) studied the inheritance of resistance 
twice in a cross between resistant cultivar ‘IR’ 
(BC F4) and susceptible cultivar ‘Susan’s Joy’ 
at the green and red fruit stages; out of ten, 
seven F1 plants were evaluated as resistant, and 
three displayed a susceptible reaction in green 
fruit stage and vice versa for red fruit stage. The 
ratio of resistant to susceptible plants in the F2 
generation approximated a ratio of 7R:9S in 
green and 9R:7S model in red fruit. While in the 
BCsF generation, the ratio (1R:3S) suggested 
the regulation of resistance by the two comple-
mentary dominant genes. However, backcross 
to the resistant parent (BCrF) failed to fit and 
predicted a ratio of 1R:0S, and almost all the 
BCsF progenies were susceptible by producing 
4R:96S plant population, suggesting that the re-
sistance might be controlled by duplicate reces-
sive genes. However, the BCrF generation 
showed 84R:15S population that could not fit 
with the expected 1R:1S ratio. Thus, the gene 
pair commencing resistance at the immature 
green fruit stage appears to be distinct, while in-
dependent pair of genes was responsible for re-
sistance controlling in mature red fruit. Many 
similar trials for finding resistance controlling 
genes were made. Lin et al. (2006) studied the 
inheritance of anthracnose resistance against C. 
acutatum in a cross between the resistant line 
‘0038–9155’ (P1), a BC3F4 selection derived 
from an interspecific cross between PBC 932 

( C. chinense) (p1) and the cultivar ‘IR’ ( C. an-
nuum PBC 535) and the susceptible line ‘9955–
15’ ( C. annuum) (P2). During the green fruit 
stage, seven out of ten F1 plants were evaluated 
as resistant. The finding of segregation ratio in 
the F2 generation was fitted with a 9R:7S model 
and BC1P2F1 generation showing 1R:3S model 
of segregation indicated an involvement of two 
complementary dominant genes, whereas at the 
red fruit stage, seven out of ten F1 plants were 
proven susceptible. The ratio of resistant to sus-
ceptible in the F2 generation approximated as 
7R:9S ratio and almost all the BC1P2F1 progeny 
were susceptible (4R:96S plants), suggesting 
that the resistance might be controlled by a du-
plicate recessive gene. However, the BC1P1F1 
generation (84R:15S) did not fit the expected 
1R:1S ratio. Reports on the finding of expres-
sion of different models of ratio have been re-
ferred to as one of the species of Nicotiana 
which is incompatible with Peronospora to-
bacina, causing blue model disease. There was 
an involvement of a single dominant gene in 
this species and its accession was recognised as 
NIRPT by the linkage map (Zhang et al. 2007). 
Plants with altered resistance at different fruit 
maturity were found far in excess of expecta-
tions based on linked inheritance. Thus, the 
genes conferring resistance at the immature 
green fruit stage have been reported to be dis-
tinct and independent of those controlling resis-
tance genes in mature red fruit. Recently, Garg 
(2011) studied pattern of  inheritance performed 
by developing three crosses between KA-2 × 
Taiwan-2PT 12–3 × Bhut Jolokia, PT-12–3 × 
Punjab lal from resistant and susceptible parents 
(selected from screening of various germplasm). 
They were used for mapping the population to 
study the inheritance in natural as well as in 
vitro. The segregation of resistance to suscepti-
bility ratio obtained fitted with 3:1 and indicated 
that resistance is regulated by a single dominant 
gene. Whereas, at green fruit stage the segrega-
tion ratio was just reverse expressing 1:3 model 
and indicated a single recessive gene conferring 
the resistance to anthracnose. The evidence sug-
gested that different genes are responsible for 
resistance at different stages of fruit maturity. 
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On the basis of segregation ratio obtained, in-
heritance is not dependent on the host species 
used for crosses, neither the pathogen used for 
inoculation according to the performance of in-
teraction between C. annum × C. annuum and C. 
annuum ×interderivatives of C. fruitscence × C. 
chinense inoculated by C. capsici (Garg 2011). 
The inheritance of resistance to anthracnose 
against C. capsici was studied in interspecific 
crosses of capsicum derived from a cross be-
tween a Thai elite cultivar C. annuum L. 
‘Bangchang’ and a resistant line C. chinense 
Jacq. ‘PBC932’ by Pakdeevaraporn et al. (2005). 
The resistance was assessed by measuring le-
sion diameter per fruit area (LFA) on detached 
green chilli fruits. After crossing, segregation of 
resistance (nil LFA) and susceptibility in the F2 
were fitted with 1:3 Mendelian ratio, indicating 
that the resistance was governed by a single re-
cessive gene. The segregation of the trait in the 
test crosses in both BC1s also confirmed the 1:3 
gene segregating model in F2. Lin et al. (2002) 
studied the inheritance of the resistance to an-
thracnose, caused by C. capsici, in C. annuum 
L. populations established from a cross between 
accession ‘83–168’ and cv. ‘KKU-Cluster’ and 
their progenies in F1s, F2s and BC sub(1)s on 
green fruits. The segregation ratio of resistance 
to susceptibility appeared to be 3:1 in the F2s 
and 1:1 in the BC sub (1) (F sub(1) × KKU-
Cluster). Crosses indicated that one dominant 
gene is responsible for the resistance to C. cap-
sici in the breeding line ‘83–168’. Park et al. 
(1990b) reported that the lines developed from 
C. annuum were resistance to C. capsici in F2 
and BC. These lines also segregated in a Men-
delian fashion. Hence, the resistance was likely 
to be controlled by a single dominant gene. 
Polygenic resistance against C. capsici has also 
been reported by Ahmed et al. (1991) in a cross 
between Kolascai E-14 (susceptible) and peren-
nial resistant genotype. The mean reaction of 
the F1 generation was intermediate due to addi-
tive gene action governing resistance. Finding a 
continuous variation for resistance in F2, BC1 
and BC2 supported polygenic control of resis-
tance. Park et al. (1990) studied the inheritance 
of resistance to C. dematium in cross PI244670 

(susceptible) and chungryong (resistant) on the 
basis of lesion diameter and it was concluded 
that in both F1 and F2 mean deviated towards 
resistance was partially dominant, whereas Park 
et al. (1990) in their further study on C. gloeo-
sporioides showed that resistance was partially 
overdominant.

Besides the above, a decade ago Fernandes 
and Ribeiro (1998) have already indicated that 
resistance to C. gloeosporioides has been con-
trolled by a single dominant gene in one of 
the three crosses used, whereas in the case of 
the other two crosses a pair of dominant gene 
controlled the resistance. Kim et al. (2008) re-
ported the inheritance of resistance to C. acu-
tatum in segregating populations derived from 
the two crosses HN 11 AR and Daepoong-cho 
AR on detached mature green fruits. The seg-
regation ratio of resistance and susceptibility to 
C. acutatum in the F2 and BCR populations de-
rived from the two crosses fit significantly to a 
ratio of 1:3 Mendelian model indicating a role 
of single recessive gene. Cheema et al. (1984) 
further added it to be inherited recessively with 
epistatic effect.

In the study of Garg (2011), inheritance of 
the three crosses (KA-2 × Taiwan-2, PT-12–3 × 
Bhut Jolokia, PT-12–3 × Punjab Lal) was devel-
oped from the resistant and susceptible parents 
and was used for developing mapping popula-
tion to study inheritance in natural as well as 
in vitro. The segregation ratio of resistance to 
susceptibility obtained was 3:1 and hence resis-
tance is likely to be controlled by a single domi-
nant gene. Interestingly, at the green fruit stage 
the segregation ratio of resistance to suscepti-
bility was found to be 1:3 and hence resistance 
is likely to be controlled by a single recessive 
gene. Thus, it can be concluded that different 
genes are responsible for resistance at different 
stages of fruit maturity. It was also concluded 
from the result of segregation ratio that the in-
heritance does not depend on the species of the 
host used for the development of cross, neither 
on the specific species of the pathogen used for 
inoculation, that is why in both the types of in-
teractions, i.e. C. annuum × C. annuum (KA-2 
× Taiwan-2, PT-12–3 × Punjab Lal) and C. an-
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nuum × interderivative of C. fruitescence × chi-
nense (PT 12–3 × Bhut jolokia), were inoculated 
by C. capsici. (Figs. 53.5a and b).

53.1.4  Linkage Analysis and QTL 
Mapping

Genetic linkage map is a physical representa-
tion of the key principle of Mendelian genetics, 
which is used for a genome mapping represent-
ing relativity of the positions of specific DNA 
markers. It also draws the inheritance of genetic 
trait based on segregation among progeny, on 
which all computational programmes rely for 
genetic map construction. In order to identify a 
marker, it must be a polymorphic means of any 
variations in the parental DNA of a particular 
gene leading to polymorphism. Since closely 
linked markers experience fewer recombination 
events, linked markers are inherited together 
and marker’s recombination frequency has been 
indicated as a function of this concept. Recom-
bination frequencies between two markers de-
crease as the markers are closely located on the 
chromosome. Basically, two markers are inher-
ited together depending on the distance between 
each other in the genome. In the genetic linkage 
maps, tightly linked markers are very beneficial 

for marker-assisted selection (MAS) breeding 
programmes. Researchers employ molecular 
markers to improve the efficiency for selecting 
the genes of interest. This application has been 
well established in most of the higher plants, for 
example, rice, tomato, wheat and barley (Motto 
and Marsan 2002). Molecular markers technolo-
gies are employed to improve the Plant breeding 
programmers ability to identify breeding lines, 
hybrids and cultivars, to assess genetic diversity 
in a germplasm and phylogenetic relationship 
(Gupta et al. 1999; Jain et al. 2002). Molecular 
markers have been categorised into two broad 
classes, hybridization-based DNA markers and 
PCR-based DNA markers. The primary purpose 
of all markers is to create a detailed genetic 
linkage maps that can be employed for gene 
research. PCR-based markers include a wide 
range of techniques that differ mainly in the 
sequences and position of the primers utilized. 
Besides the above, a few common types of tech-
niques have been implicated as RAPDs), simple 
sequence repeats (SSRs) and AFLPs among 
which microsatellite or SSR is being most use-
ful as they refer to tandem repeated sequences 
of 1–6 nucleotides that repeat up to a few dozen 
times per sites (Litt and Luty 1989). According 
to earlier reports, repetitive sequences are easily 
mutated during replication, due to polymerase 

Fig. 53.5  Frequency distribution of resistance in red (a) and green (b) fruit stage
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slippage, that resulted into highly polymorphic 
regions (Guyomarc’h et al. 2002). Generally, a 
repeat is gained or lost which produces variable 
lengths at that locus. SSRs appear to be ran-
domly dispersed throughout the genome and are 
generally flanked by conserved regions (Winter 
et al. 2002). The other characteristics of SSRs, 
leading to their extensive development as mo-
lecular markers, display hypervariability, co-
dominant inheritance, multiallelism, reproduc-
ibility and good genome coverage, making them 
a preferred marker system (Powell et al. 1996). 
SSRs have been useful in a variety of applica-
tions such as linkage map construction, gene tag-
ging and studies of genetic diversity and evolu-
tion (Powell et al. 1996; Varshney et al. 2005). 
Genetic linkage information has also proven to 
be a very powerful tool for accelerating pepper 
breeding through MAS. Several genetic linkage 
maps have been constructed in pepper using pre-
dominantly RFLP and AFLP markers, as well 
as RAPD, isozyme and morphological markers 
(Tanksley et al. 1988; Prince et al. 1993; Lefeb-
vre et al. 1995; Lefebvre et al. 1997; Livingstone 
et al. 1999; Kang et al. 2001). In an illustrative 
research an integrated map based on six popu-
lation and consisting of 2,262 markers covering 
1,832 cM has recently been assembled (Paran 
et al. 2004). Molecular techniques and marker 
technology have been directed towards studying 
genes with agriculturally or economically im-
portant traits. Genetic linkage maps have been 
the cornerstone for this goal over the past de-
cade. They provide information for analysis of 
QTLs, understanding genetic variation in germ-
plasm collections, gene tagging, gene cloning 
and MAS (Motto and Marsan 2002). Besides the 
above, the known function of gene markers have 
also contributed to constitute a functional genet-
ic map. On the above view, molecular techniques 
were used to locate the genes of different traits 
on chromosomes especially resistant and suscep-
tibility development in relation to host–pathogen 
(anthracnose–chilli) relationship.

Kim et al. (2002) identified a Thaumatin-like 
gene in a non-climacteric pepper fruit used as a 
molecular marker in probing disease resistance. 
They reported a gene designated Pep TLP (for 

pepper thaumatin-like protein) which was iso-
lated and characterised by using mRNA differ-
ential display. Pep TLP gene expression is de-
velopmentally regulated during ripening. The 
accumulation of Pep TLP mRNA and Pep TLP 
protein in the incompatible interaction (interac-
tion between anthracnose fungus and ripe fruit) 
was found to be higher than that in a compat-
ible one. Kim et al. (2008) developed mapping 
population consisting of 192 F2 plants which 
were developed from crosses between C. bacca-
tum pendulum (Cbp) and C. baccatum ‘Golden 
Aji’, susceptible to anthracnose; a linkage map 
with 14 linkage groups was constructed. Using 
this molecular linkage map, number, location 
and the effect of QTL for artificial inoculation 
and field inoculation were compared and sev-
eral significant QTL detected were found to be 
stable under different inoculation conditions. 
Studies were also done by Voorips (2004) to 
identify the QTLs for disease resistance by in-
heritance of the resistance in F2 population and 
QTL mapping of Anthracnose ( Colletotrichum 
spp.) resistance in a cross between C. annum and 
C. chinense. Three resistance-related traits were 
scored the infection frequency, the true lesion 
diameter and overall lesion diameter. One main 
QTL was identified with a large effect on true 
lesion diameter after inoculation with C. capsici; 
no significant QTL was identified for overall le-
sion diameter or infection frequency. Lia et al. 
(2002) analysed QTL for anthracnose resistance 
in an F2 population derived from an interspecific 
cross between C. annum and cv. Jatilaba and 
C. chinensis. For AFLP and microsatellites, a 
total of 238 markers were used to construct pep-
per genetic map with 982 cM total length. Five 
QTLs for C. gloeosporioides were identified by 
Join Map 3.0/Map QTL 4.0 software, using LOD 
score > 3.0 and θ < 30 cM as the threshold for 
QTL detection (both QTLs one for lesion diam-
eter and other for disease incidence) which were 
found to be linked tightly with the same marker 
in the linked group N, and three QTLS associated 
with disease severity in linked group G, K and L, 
respectively. Based on the lesion diameter QTL 
for C. capsici, C. gloeosporioides resistance was 
the same. Lee (2010) worked on an introgression 
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BC1F2 population which was developed from 
interspecific crosses between C. annuum SP26 
(susceptible) and C. baccatum PBC 81 for QTL 
mapping and analysis of anthracnose resistance. 
Both green and red fruits were inoculated with C. 
accutatum KSCa-1 and C. capsici ThSCc-1 and 
the disease reaction was evaluated by the disease 
incidence, true lesion diameter and overall lesion 
diameter. On the whole, distribution of anthrac-
nose resistance was skewed towards anthracnose 
resistant parent and the presence of one or two 
major QTLs was indicated. The introgression 
map consisting of 13 linkage groups with a total 
of 218 markers (197 AFLP and 21 SSRs), cover-
ing a total length of 325 cM, was constructed. 
The study revealed four QTLs for resistance to 
KSCa-1 and three QTLs for ThSCc-1 isolate, re-
spectively in composite interval analysis. Inter-
estingly, the major QTLs (CaR12.2 and CcR9) 
for resistance to C. acutatum and C. capsici were 
positioned differently but there were close links 
between the minor QTL CcR1 2.2 for C. capsici 
and major QTL CaR1 2.2 as well as minor QTL 
CaR9 for C. acutatum along with major QTL 
CcR9. These results may be helpful for marker-
assisted selection and pyramiding of two differ-
ent anthracnose resistant genes in commercial 
pepper breeding.

During the past decades, MAS by using mo-
lecular markers has been a helpful tool in plant 
breeding, as it determines the position of gene in 
chromosomes. Molecular markers simplify the 
screening; if molecular marker takes its position 
close to the genes of interest, it indicates the pres-
ence of those resistant genes which are unable to 
accomplish the disease screening. According to 
Voorips (2004), the resistance associated with 
anthracnose of chilli follows quantitative resis-
tance and a continuous range of variation with-
in a range in resistance, that is, from extremely 
susceptible to fairly resistant. General resistance 
consisting of a number of complementary resis-
tant components (host–parasite interaction) is 
controlled by multiple genes, each having small 
quantification effects (Thursten 1971). Recently, 
Garg (2011) have used a cross PT-12–3 × Punjab 
lal for QTL mapping using polymorphic mark-
ers. During linkage map and QTL analysis, out 

of 200 markers 11 polymorphic markers were 
selected which were mapped on linkage groups 
LG1 and LG2. Six and three SSR markers were 
mapped on linkage 1 and linkage 2, respectively. 
CIM analysis revealed eight significant QTLS for 
resistance against C. capsici on LG1 and detected 
two different genomic region of above linkage 
group. Trait infection percentage belonging to 
two QTLS, QCcR-ifp-iivr-1.1 and QCcR-ifp-iivr 
1.2, contributed phenotypically 68 and 7.2 % for 
anthracnose resistance in red fruit stage, while le-
sion area QCcG-la.iivr1.1 and QCcG-la.iivr1.2, 
contributed 71 and 18 % phenotypic variations 
of resistance. Simultaneously, infection percent-
age in the green fruit stage was also detected in 
the same genomic region with flanking markers 
CAMS020 and HPMSE016 of LG1. A disease 
was categorised on the basis of identification of 
two QTLS, individually. According to QTL map-
ping, QCcR-def-iivr-1.2 detected on LG1 con-
tributed 15–30 % of resistance against anthrac-
nose disease in red chilli. Overall observation 
suggested that one or more QTL (QCGR-ifp-iivr 
1.1:QCcR-la-iivr 1.1,QCcG-ifp-iivr) were co–lo-
calised at the same genomic region (CAMS020-
HPMSE016) and indicated a common QTL and 
supported the earlier findings (Lee et al. 2010). 
Further, they have also added by taking a cross 
PT-12–3 × Punjab lal which was used for QTL 
mapping. Out of 11 polymarkers only 9 markers 
were mapped on linkage groups LG1 and LG2. 
Nine QTLS were significant for resistance in C. 
capsici, located at LG1 and LG2 irrespective of 
the traits infection percentage in red fruit and 
green fruit stages lesion area and for disease cat-
egorisation during both in vitro and field evalu-
ation (Figs. 53.6, 53.7, 53.8). In the preceding 
discussions, we have described the aspects of 
conventional methods of identification and char-
acterisation of Colletotrichum species based on 
morphological traits such as the size and shape 
of conidia, existence of setae and cultural expres-
sion like colony colour, growth rate and texture. 
As was felt, these criteria are not clear enough to 
differentiate among species and genetics of host–
pathogen relationship. We have tried to cover the 
contributions made on molecular basis of under-
standing since a decade. In this molecular era, 
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MAS using molecular markers for the determina-
tion of the position of gene in chromosome has 
been undertaken. Molecular markers authenticat-
ed the screening on the basis of position of mark-
ers close to gene(s) of interest especially resistant 
gene without having to accomplish the disease 

screening. A picture of resistance-associated 
anthracnose of chilli followed by quantitative 
resistance and continuous range of variation de-
rived from extremely susceptible to fairly resis-
tant has been drawn. The resistance covered by 
a number of complementary resistant component 
(host–parasite interaction) controlled by one or 
multiple genes with small quantification effects 

Fig. 53.6  Segregation pattern of polymorphic markers in F2 population. Where P1 parent 1, P2 parent 2 and H hetero-
zygous marker, HPMS 016

 

Fig. 53.7  QTL of traits on the linkage group

 



606 R. Garg et al.

has been emphasized. Looking at the present sce-
nario, this review may make understanding about 
how to overcome the excess use of fungicides in 
agriculture field, ecological disturbance and de-
velopment of resistant varieties, which might be 
more economic and eco-friendly. The use of re-
cent molecular techniques have proven to be ca-
pable of understanding the know-how about the 
management of serious threat to chilli through the 
development and selection of resistant varieties. 
The genetic analysis with reference to MAS of 
different resistant genes could be of much helpful 
in a breeding programme.
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