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Preface

Endophyte biology is an emerging discipline of science with a multitude
of applications in ecology, agriculture, and other industries. The origin of
endophyte biology dates back to 1866, when De Barry put forth the concept
of “endophyte”—any organism living inside the plant tissues. Endophyte
biology, due to its ecological and pharmaceutical significance, has created
an immense curiosity among the scientific and academic world. This book
addresses the scope, applications, and future perspectives of endophyte
biology.

The state of Jammu and Kashmir (J&K) is located in the northwestern
(NW) Himalayas and is regarded as the biomass of state of India. The whole
Himalayan belt is one of the 26 biodiversity hotspots in India, and it has
eight critical areas including Ladakh and Kashmir. Despite having a huge
diversity of plants, the endophyte research in this part of the world is still in
its infancy, and whatever information is available, it is very scattered. There-
fore, this book is an attempt to bridge the information gap on endophyte
biology pertaining to Kashmir Himalayas.

This book is a compilation of original, latest, and updated information
on endophyte biology of Kashmir Himalayas. It covers the definition of
endophytes, endophytic diversity of some important plants of Kashmir
Himalayas, bioprospection of endophytes for various drug metabolites
and sustainable agriculture, etc. This book will serve as a manual for
research scholars as it contains the methodologies and techniques involved
in endophyte biology research. This book is written in a very lucid and
comprehensible language and is supplemented with illustrations, figures,
tables, etc. Therefore, it can also be used as a reference book by teachers and
students at graduate and undergraduate level in colleges and universities.
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CHAPTER 1

Endophytes: An Overview

ZAHOOR AHMED WANI" and KHALID REHMAN HAKEEM?

IDepartment of Botany, Govt. Degree College Kishtwar, Kishtwar,
Jammu & Kashmir, India

2Department of Biological Sciences, Faculty of Science,
King Abdulaziz University, Jeddah, Saudi Arabia

‘Corresponding author. E-mail: zawanil986@gmail.com;
kur.hakeem@gmail.com

ABSTRACT

Plant-microbe interactions are ubiquitous and diverse in nature. Microbes
colonizing plant tissues without causing any apparent disease symptoms are
called endophytes. Diversity and community structure of the endophytic
assemblages vary according to the plant genotype, tissue type, plant age,
edaphic factors, microclimate conditions, and anthropogenic factors. Endo-
phytic microbial diversity is elucidated by different techniques like culture
dependent, metagenomics, etc. Endophytes are classified into various
categories clavicipitaceous and non-clavicipitaceous, systemic and non-
systemic, etc. based on several criteria like taxonomy, functional diversity,
biology, and mode of transmission, evolution, ecological functions, etc.

1.1 INTRODUCTION

Plant—microbe interactions are ubiquitous and diverse in nature. The
association of plants with microbes dates back to more than 400 million
years ago. This prolonged and close association between two or more
different organisms is considered as a major driving force for expansion of
biological diversity from genes to ecosystems (Kuo, 2015). Microorganisms
usually colonize plant surface before entering the plant. From their entry
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points, microorganisms systemically colonize different plant parts, from
root to shoot, shoot to flowers or fruits, and from fruit to seed. They may
also cause localized colonization inside/outside plant organs (Brader et al.,
2017). The interaction between members of microbial communities and
plant involves cross feeding of metabolites and other signaling molecules
that result in the development of a syntrophic metabolism. In syntrophic
metabolism, two partners are needed to establish an energetic positive
metabolism (Seth and Taga, 2014). Plants constitute vast and diverse niches
for endophytic microorganisms that occupy internal tissues of plants without
causing any apparent disease symptoms (Fig. 1.1). The complex interplay
of diverse array of microbial communities with the host plant affects its
ecophysiology such as plant nutrition, growth rate, resistance to biotic and
abiotic stress, as well as plant survival and distribution (Wani et al., 2015).
Owing to its engagement in diverse heterospecific associations, each plant is
considered as a complex community in itself rather than a single organism
and the presence of microorganisms inside the plant tissues is considered
to be the rule of thumb in ecology (Partida-Martinez and Heil, 2011; Wani
et al., 2015). An understanding of the processes and mechanisms involved
in plant-microbe interactions is essential to harness the biotechnological
potential of plant—endophyte interactions for a range of applications.

1.2 HISTORY AND DEFINITION OF ENDOPHYTES

Endophytism as a natural phenomenon is a question of history, and its origin
probably dates back to the existence of plants on the planet earth (Redecker
et al., 2000). However, the advancement of endophyte biology as a discipline
of science began in the year 1866 when De Barry put forth the concept of
“endophyte.” The term endophyte (Gr. endon, within; phyton, plant) was
first coined by De Barry to refer “any organism occurring within the plant
tissues” (De Barry, 1866). Endophyte is defined in several ways and the
definitions are modified as the research advances (see Box 1.1 for various
definitions of endophytes). However, most appropriately an endophyte can
be defined as an organism that inhabit the plant organization, at least for a
part of its life cycle, without producing any apparent disease symptoms in
the host plant under normal conditions (Wilson, 1995). Evidence of plant-
associated microbes is reported in the fossilized tissues of stem and leaves
(Taylor and Taylor, 2000). As a result of these long-held associations, it is
possible that some of the endophytic microbes may have devised genetic
systems to allow transfer of information between the microbe and the plant
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partner and vice versa (Freeman and Rodriguez, 1993; Stierle et al., 1993).
However, endophytes did not receive much attention until the recent recogni-
tion of their pharmaceutical and ecological significance (Gunatilaka, 2006).
Since then, endophytes have created immense scientific curiosity pertaining
to their biology, evolution, ecology, and applications.

FIGURE 1.1 Microscopic examination of endophytic fungal colonization in plant tissues.
(A) Blue-stained structures showing extensive colonization of endophytic fungi, (B) melanized
microsclerotia of DSEs inside plant tissues, and (C) chlamydospores-like structures inside
plant tissues. (Reprinted with permission from Wani et al. 2016, ©Elsevier)

Contrary to the mycorrhizal symbioses, endophytes do not form
cellular interfaces with specialized structures, like arbuscules in the case
of arbuscular mycorrhizal fungi. Endophytes have not synchronized their
development to the plant partner and the host plant may not get benefit
from endophytic colonization, as in the case of commensalism (Brundrett,
2002). The presence of endophyte was first reported by Vogel in 1898,
who revealed a mycelium residing in the seed of an annual grass darnel
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(Lolium temulentum) (Vogel et al., 1898). Later in 1904, Freeman isolated
an endophytic fungus from the seeds of L. temulentum (Freeman, 1904).
Since then, endophytes have been isolated from all the plants, including
mosses, bryophytes, pteridophytes, gymnosperms, angiosperms, and even
from lichens, studied till date (Arnold and Luzoni, 2007; Porras-Alfaro
and Bayman, 2011; Wani et al., 2015, 2016; Qadri et al., 2014; Arora et
al., 2017).

Box 1.1. Definitions of Endophyte

* Any organism occurring within plant tissues (De Barry, 1866).

* The microorganisms are able to live inside plants without causing disease
symptoms (Tervet and Hollis, 1948).

» All the organisms inhabiting plant organs that at some time in their life can
colonize internal plant tissues without causing apparent harm to the host
(Petrini, 1991).

* Endophytic bacteria are the population of bacteria that reside within the
living organism without doing substantive harm or gaining benefit other
than securing residency (Kado, 1992).

» Endophytic bacteria or fungi colonize the host tissue internally, sometimes
in high numbers, without damaging the host or eliciting symptoms of plant
disease (Quispel, 1992).

* An endophyte is a bacterial or fungal microorganism, which spends the
whole or part of its life cycle colonizing inter- and/or intracellularly inside
the healthy tissues of the host plant, typically causing no apparent symptoms
of disease (Wilson, 1995).

* All bacteria can be detected inside surface-sterilized plant tissues or
extracted from inside plants and having no visibly harmful effect on the
host plants (Hallmann et al. 1997).

* Microbes colonize living, internal tissues of plants without causing any
immediate, overt negative effects (Bacon and White 2000).

* Endophytic bacteria or fungi can be defined as those bacteria or fungi
that colonize the internal tissue of the plants showing no external sign of
infection or negative effect on their host (Schulz and Boyle 2006).

* Systemic endophytes can be defined as the organisms that inhabit the
plant organization, share a symbiotic relationship with the host, and do not
produce any visible symptoms of disease at any stage (Wani et al. 2015).

» Transient endophytes, as the organisms that live within the plant tissues
at least for part of their life cycle without producing any apparent disease
symptoms in plants under normal conditions but turn pathogenic when the
host plant is stressed or resource-limited (Wani et al. 2015).
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Endophytic biology is pursued in research with multitude of objectives
that can be broadly classified into two categories: plant-microbe symbiosis
and bioprospecting (Fig. 1.2). For plant-microbe interactions, besides
studying the effect of the plant—endophyte symbiosis on the metabolism of
the host plant and microbial symbiont, the role of endophytes in adapting
the host plants to various biogeographic regions by enhanced stress (biotic
and abiotic) tolerance and improved plant productivity is considered. While
as under bioprospection, the endophytes are studied for genuine microbial
metabolites for medicine, agriculture and industry, potential host metabo-
lites, like taxol and camptothecin, etc., and volatile organic compounds
(VOCs) for agriculture, food and aroma industry, and alternate fuels (Wani
etal., 2015).

Genuine
microbial
metabolites
for medicine,
agriculture
and industry

Potential VOCs for

host agriculture,
metabolites food- and
like Taxol, : : aroma
Camptothecin Biopigggpction industry, and

alternate
fuels

etc.

ENDOPHY

Plant-microbe
interactions
for adaptation,
stress
tolerance and
improved
productivity

Effect of
symbiosis on
the microbial
secondary
metabolism

Plant-microbe interactions

Effect of
symbiosis on
the host
secondary
metabolism

FIGURE 1.2 Endophytic biology is pursued under two broad categories—bioprospection
and plant-microbe interactions (Reprinted with permission from Wani et al. 2015, © Springer).
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1.3 DIVERSITY AND COLONIZATION OF ENDOPHYTES

Soil microbial communities play an important role in ecosystem functioning
and are among the most complex, diverse, and important assemblages in the
biosphere. Endophytes are selectively recruited by the plant out of a large
pool of soil or rhizospheric microbial communities. The microbes in the soil
initially infect the root of host plant, where they enter the plant tissue through
cracks formed in lateral root junctions and then colonize by quickly spreading
to the intercellular spaces in the root (Rosenblueth and Martinez-Romero,
20006). For example, Klebsiella sp. Kp342 aggregate at lateral-root junctions
of wheat and alfalfa, before entering the root (Dong et al., 2003). Similarly,
Gluconacetobacter diazotrophicus and Herbaspirillum seropedicae also
colonize lateral-root junctions of the host plant (James and Olivares, 1997).
There are other portals of entry into the plant, (e.g., wounds caused by micro-
bial or nematode phytopathogens, or the stomata found in leaf tissue), but
root cracks are recognized as the main entry points for endophytic coloniza-
tion (Reinhold-Hurek and Hurek, 1998). The soil microbes that infect plant
must be competent root colonizer for successful colonization. Although it is
generally assumed that many endophytic communities are the product of a
colonization process initiated in the root zone or rhizosphere (Sturz et al.,
2000), they may also originate from other sources, such as phyllosphere,
anthosphere, or spermosphere (Hallmann et al., 1997). The presence of endo-
phyte in a variety of tissue types within plant suggests its ubiquitous existence
in most, if not all, higher plants. Diversity and community structure of the
endophytic assemblages and the infection frequency vary according to the
plant genotype, tissue type, plant age, edaphic factors, microclimate condi-
tions, and anthropogenic factors (Wani et al., 2015, 2016; Arora et al., 2019).
In the case of tree species the distribution of endophytes is affected by the
growth stage and canopy height of the plant. The biodiversity of bacterial and
fungal endophytes is enormous; however, only a fraction of total endophytic
wealth has been subjected to scientific scrutiny and there is a great need to
unravel this unexplored and hidden wealth. Various reports on the bacterial
and fungal endophytic diversity are given in Tables 1.1 and 1.2, respectively.

1.4 ISOLATION OF ENDOPHYTES

Endophytes have been isolated from all the plants including mosses, bryo-
phytes, pteridophytes, gymnosperms, angiosperms, and lichens (Arnold
and Luzoni, 2007; Porras-Alfaro and Bayman, 2011; Wani et al., 2015,
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TABLE 1.1 Biodiversity of Bacterial Endophytes Isolated from Different Host Plants.

Plant source Endophyte diversity References

27 plant species 47 bacterial species Mundt and Hinkle (1976)

Saccharum officinarum Gluconacetobacter Cavalcante and Dobereiner
diazotrophicus (1988)

Oryza sativa

Citrus sinensis

Red clover nodules
Phaseolus vulgaris

Four agronomic crop
species (corn, sorghum,
soybean, and wheat) and
27 different host species
of grasses, forbs, legumes,
and wildflowers

Daucus carota
Crocus albiflorus
TBypha australis

Medicinal plants collected
from tropical rain forests
in Xishuangbanna

Panax ginseng

Glycine max

Solanum nigrum
Piper nigrum
Medicago sativa
Raphanus sativus
Solanum lycopersicum
Crocus sativus

Burkholderia sp.
Pantoea sp.

32 isolates of endophytic bacteria

Pseudomonas sp.

Azoarcus sp.
Herbaspirillum seropedicae
Burkholderia sp.

Serratia sp.

Klebsiella sp.
Curtobacterium sp.
Enterobacter sp.

15 bacterial species
Rhizobium etli

853 endophytic strains

360 endophytic strains
16 bacterial isolates

10 diazotrophic bacterial isolates

2,174 actinobacteria

13 bacterial genera endophytic

bacteria (Firmicutes,

Actinobacteria, a-Proteobacteria,

and y-Proteobacteria)
35 endophytic bacteria
1611 bacterial isolates
77 bacterial isolates
80 bacterial isolates

15 bacterial isolates
264 bacterial isolates
72 endophytic bacteria
54 bacterial isolates

Omarjee et al. (2004)
Loiret et al. (2004)
Magnani et al. (2010)
You and Zhou (1989)
Hurek et al. (1994)
Olivares et al. (1996)
Engelhard et al. (2000)
Sandhiya et al. (2005)
Rosenblueth et al. (2004)
Bell et al. (1995)

Aratijo et al. (2002)
Sturz et al. (1997)
Gutiérrez-Zamora and
Martinez-Romero (2001)
Zinniel et al. (2002)

Surette et al. (2003)

Reiter and Sessitsch (2006)
Jha and Kumar (2007)

Qin et al. (2009)

Cho et al. (2007)
Vendan et al. (2010)

Hung et al. (2007)

Dalal and Kulkarni (2013)
Long et al. (2008)
Aravind et al. (2009)
Stajkovic (2009)

Seo et al. (2010)

Yang et al. (2011)

Sharma et al. (2015)
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TABLE 1.2 Biodiversity of Fungal Endophytes Isolated from Different Plant Species.

Plant source

Number of endophytic References
fungal taxa/isolatesa

Juniperus communis
Calocedrus decurrens
Chamaecyparis lawsoniana
Hordeum vulgare

Carpinus caroliniana
Alnus glutinosa

Abies alba

Zea mays

Oryza sativa

Eucalyptus globulus

Acer macrophyllum

Pinus densiflora

Picea abies

Musa acuminate

Quercus ilex

Cuscuta reflexa

Vitis vinifera

Vitis vinifera

Heisteria concinna and Ouratea
lucens

Tripterygium wilfordii

81 Thai medicinal plant species

Five medicinal plant species from
Western Ghats of India

Three medicinal plants of
Similipal Biosphere Reserve India

Nine important medicinal herbs
Azadirachta indica
Elaeis guineensis
Rhododendron fortunei
Hevea brasiliensis

O. sativa L.

Solanum lycopersicum L.
Ericaceae plants
Cucumis sativus
Sarracenia

Piper hispidum

Emblica officinalis
Glycine max

Panax ginseng

114
15
18
14
155
24
44
23
30
41

9

9

85
24
149
45
17
46
418

60
5822
18

60

55
18
340°
17
58
58
51*
912
18

21

12
38

Petrini and Miiller (1979)
Petrini and Carroll (1981)
Petrini and Carroll (1981)
Riesen and Close (1987)
Bills and Polishook (1991a)
Kowalski and Kehr (1992)
Kowalski and Kehr (1992)
Fisher et al. (1992)

Fisher and Petrini (1992)
Bettucci and Saravay (1993)
Sieber and Dorworth (1994)
Hata and Futai (1995)
Barklund and Kowalski (1996)
Brown et al. (1998)

Collado et al. (2000)
Suryanarayanan et al. (2000)
Moustert et al. (2000)
Mostert et al. (2000)

Arnold et al. (2000)

Kumar and Hyde (2004)
Wiyakrutta et al. (2004)
Raviraja (2005)

Mohanta et al. (2008)

Krishnamurthy et al. (2008)
Verma et al. (2007)
Rungjindamai et al. (2008)
Zhang et al. (2009)

Gazis and Chaverri (2010)
Yuan et al. (2010)
Andrade-Linares et al. (2011)
Vano et al. (2011)

Wagas et al. (2012)

Glenn and Bodri (2012)
Orlandelli et al. (2012)

Nath et al. (2012)

Impullitti and Malvick (2013)
Wu et al. (2013)
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TABLE 1.2 (Continued)

Plant source Number of endophytic References

fungal taxa/isolatesa
Pinus thunbergii 58 Min et al. (2014)
Baccharis trimera 25 Vieira et al. (2014)
Pinus wallichiana 38 Qadri et al. (2014)
Phaseolus vulgaris 42 Parsa et al. (2016)
Catharanthus roseus 7 Pandey et al. (2016)
Crocus sativus 36 Wani et al. (2017)
Z. mays and O. sativa 123 Potshangbam et al. (2017)
Glycyrrhiza glabra 38 Arora et al. (2019)

2016; Qadri et al., 2014; Arora et al., 2017). The diversity of endophytic
microorganisms in healthy plant tissue is studied using various techniques,
like staining techniques for detection of endophytes, cultivation-dependent
isolation techniques, and cultivation-independent approaches (Hyde and
Soytong, 2008; Qadri et al., 2013, 2014; Whener et al., 2014; Edwards et al.,
2015; Wani et al., 2016; Arora et al., 2019). Microbiologists have recognized
that as much as 99% of prokaryotic microbial diversity may be uncultivable
and suggest that culture-based methods alone underestimate the diversity and
misrepresent the taxonomic composition of endophytic communities (Arnold
2007; Hyde and Soytong, 2008). Therefore, the cultivation-independent
approaches, such as metagenomics, gradient gel electrophoresis, terminal
restriction fragment length polymorphism, and even transcriptomics, are
recently used for the detection and identification of different groups of
fungi, yeasts, bacteria, and viruses in the plant tissues. Regardless of some
limitations, cultivation-based isolation of endophytes is still one of the most
exciting fields in endophyte research.

Prior to the isolation of endophytes, the healthy plant material is subjected
to surface sterilization to remove any contaminating source attached to the
surface of the plant material. Serial washing is often used to remove soil
from root tissues, to remove incidental spores from leaf surfaces, and to
remove surface contamination in cases where a nontoxic method is desired.
This is best accomplished using a large vessel so that the inflowing water
vigorously agitates the plant material. An ultrasonic cleaning apparatus
removes surface contamination most effectively (Helander et al., 1994). Size
of the plant material and surface sterilization procedures vary according to
the preferences of the investigator, host plant, and host tissue type sampled
(Stone et al., 2012). Surface sterilization of plant material usually entails
treating the plant material with a strong oxidant or general disinfectant for
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a brief period, followed by a sterile rinse to remove residual sterilant. The
most commonly used surface sterilant is household chlorine bleach, sodium
hypochlorite (NaOCl), usually diluted in water to concentrations of 2—10%.
Because the commercial hypochlorite solutions vary in concentration, the
percentage hypochlorite or available chlorine as well as the duration of expo-
sure should be specified. Similar oxidant treatments include 3% hydrogen
peroxide and 2% potassium permanganate or 0.03% per acetic acid (Torres
et al., 2011). Efficacy of surface sterilant is often improved by combining
it with a wetting agent, particularly for hydrophobic or densely pubescent
leaves. Ethanol (70-95%) is the most commonly used wetting agent; it has
limited antibiotic activity and should not be used alone as a surface disin-
fectant (Schulz et al., 1993). Sometimes surfactants, such as Tween 80, are
combined with the sterilant. In some cases, Triton X or Tween 20 is also
added to NaOCI solution as surfactant. Other sterilants, not commonly used
in endophyte studies, include silver nitrate, mercuric chloride, formalin, and
ethylene or propylene oxide. Seeds can be sterilized in a solution of 50%
(v/v) Chlorox for 15 min followed by serial washing with sterile distilled
water and incubated overnight to allow the endophytic growth (Bacon and
White, 1994). For the isolation of endophytic Strepfomyces strains, the plant
material is surface sterilized by exposing them to propylene oxide vapors for
1 hour. Mite infestation can cause significant contamination of the cultures.
Mite Infestation can be minimized by autoclaving leftover plant material
after plating or by storing unsterilized plant material in sealed plastic bags in
a location separate from the sample plates.

Detection and recovery of endophytic microorganisms mainly relies on
dissection of plant material into small fragments and subsequent plating
of fragments onto a nutrient-rich agar medium (Ezra et al., 2004). The
fragment plating method is more common due to its easy handling and
high yield of fungal diversity. However, there are some limitations and
problems in using the fragment plating method, which must be considered
while planning a study (Torres et al., 2011). In addition, the size of tissue
fragment used for isolation of endophyte is negatively correlated with the
estimated species richness of endophytes (Gamboa et al., 2003). Thus,
dividing tissue into smaller sampling units recovers greater species diversity.
Conversely, coarsely divided sampling units have greater potential to miss
rare or slow-growing endophytic species and to recover mixed genotypes
of the same species (Torres et al., 2011). Recently, extinction-to-dilution
method is suggested as an alternative method for culturing fungal endophyte
communities (Unterseher and Schnittler, 2009). High-throughput culturing
(HTC) methods for bacterial cultivation-based extinction-to-dilution have



Endophytes: An Overview 11

improved strain recovery, especially from slow-growing species or species
that are apparently uncultivable (Torres et al., 2011).

1.5 PRESERVATION OF ENDOPHYTES

There are various methods for long-term vouchering and storage of
endophytes. Usually, three simple methods are used depending upon the
utility of the endophyte culture: frozen glycerol stock, mineral oil stock,
and the lyophilization method. Apart from these, endophytes are also stored
as nutrient-rich agar slants, frozen barley seed stocks, or room tempera-
ture water stocks (Bascom-Slack et al., 2012). Nutrient-rich agar slants
and mineral oil stocks are used in the short-term storage of endophytes.
However, preservation of endophyte cultures in lyophilized skimmed milk,
water storage, or barley seed storage is used in the long-term storage of
endophyte. The endophyte cultures stored in lyophilized skimmed milk
can be revived even after 10 or 15 years. For Actinobacteria, such as
Streptomyces, glycerol stocks are usually reliable. It is important to inspect
each culture axenically (only one species on a Petri plate) prior to making
a permanent stock. Manipulate the culture within the biosafety cabinet to
lessen the chance of airborne contamination and constant subculturing is
also recommended to reduce the chances of contamination of the endophyte
culture.

1.6 IDENTIFICATION OF ENDOPHYTES

Morphological identification of endophyte is based on the color, shape,
growth pattern, and microscopic features such as spore shape and arrange-
ment, of the endophytic strain (Fig. 1.3). The use of traditional taxonomic
keys to identify the endophytic strain is also recommended. Examples of
some useful resources based on reproductive structures of endophytic fungi
(mostly filamentous Ascomycota) are listed below. These are often useful for
identifying endophytes at the generic level.

Ellis MB, Ellis JP. 1985. Microfungi on Land Plants, An Identification Hand-
book. New York: Macmillan Publishing Company.

Domsch KH, Gams W, Anderson TH. 1993. Compendium of soil fungi. Vol. 1,
IHW Verlag, Eching.

Barnett HL, Hunter BB. 1998. lllustrated genera of imperfect fungi. APS
Press, St. Paul, Minnesota.
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Hanlin TR. 1998. lllustrated Genera of Ascomycetes. APS Press, St. Paul,
Minnesota.

Kieffer E, Morelet M. 2000. The Deuteromycetes: mitosporic fungi classifica-
tion and generic key. Science Publishers, Inc, Enfield, NH.

Christopher K, Bruno E. 2003. Identification of bacterial species. Pages
103-130, in Tested studies for laboratory teaching, Vol. 24 (MA O’Donnell,
Editor). Proceedings of the 24th Workshop/Conference of the Association
for Biology Laboratory Education (ABLE).

Kirk PM, Cannon PF, Minter DW, Stalpers JA. 2008. Ainsworth and Bisby s
Dictionary of the Fungi. (10th edn.), CABI, Wallingford, Oxon, UK.

FIGURE 1.3 Microscopic structures of some common endophytes isolated from different
plants from Kashmir Himalayas: (A) phialides and conidia of Phialophora mustea, (B)
phialides and conidia of Cadophora malorum, (C) conidiophores of Penicillium sp., (D) spores
(conidia) of Alternaria sp., (E) sickle-shaped conidia of Fusarium sp., and (F) conidiophores
of Aspergillus sp.

There are several online databases that can be accessed to search for fungal
names, descriptions, distributions, and up-to-date species lists (Table 1.3).
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After identifying a genus, species identification can be made by delving deeper
into the literature on the species of concerned genus. Although morphological
characterization may be useful in many cases, many endophytes do not readily
sporulate in culture conditions thereby limiting the utility of these taxonomic
resources. Endophytes that cannot be identified by employing morphological
features can be recognized using relevant DNA sequences. Therefore, identi-
fication based on molecular approach is gaining more importance. In fungi,
the internal transcribed spacer (ITS) region between the conserved flanking
regions of the small and large subunit of ribosomal gene is the most frequently
sequenced genetic marker of fungi (White et al., 1990; Diaz et al., 2012). In
bacteria, 16S ribosomal gene sequence is commonly used for identification
(Stackebrandt and Goebel, 1994). Apart from these, few other genetic markers
are also used for species identification, like large ribosomal gene, translation
elongation factor 1-a and B-tubulin (O’Donnell et al., 2010; Frisvad and
Samson, 2004). Among protein-coding genes, the largest subunit of RNA
polymerase II (RPB1) is used in fungal barcoding (Cheney et al., 2001; Tanabe
et al., 2002). Molecular characterization is used to address research questions
relating to systematics, phylogeny, and identification of strains at and even
below the species level.

TABLE 1.3 Different Online Fungal Databases with Their Respective Links.

Online database Link/website

Fungal Databases, Systematic Mycology http://nt.ars-grin.gov/fungaldatabases/
and Microbiology Laboratory, ARS,

USDA

MycoBank http://www.mycobank.org

Index Fungorum http://www.indexfungorum.org/names/names.asp
Fungal Planet http://www.fungalplanet.org/index.htm

Bibliography of Systematic Mycology  http://www.indexfungorum.org/BSM/bsm.htm
Tree of Life Web Project http://tolweb.org/

1.7 CLASSIFICATION OF ENDOPHYTES

Fungal endophytes were categorized into two general groups, namely,
clavicipitaceous and nonclavicipitaceous based on their taxonomy, host
specificity, evolution, and ecological functions. However, Rodriguez et
al. (2009) described four distinct functional groups based on six criteria,
host range, tissue(s) colonized, in planta colonization pattern, in planta
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biodiversity levels, mechanism of transmission between host generations, and
ecological functions. Clavicipitaceous endophytes are referred to as class 1,
and nonclavicipitaceous endophytes are further classified into three distinct
functional groups as class 2, class 3, and class 4 (Rodriguez et al., 2009).
However, endophytes comprise different groups of microorganisms and there
is a wide diversity of nonfungal endophytes associated with almost every
plant. The endophytic microorganisms can be bacteria, fungi, actinomycetes,
or viruses (Bao and Roossinck, 2013). The endophytes express a variety of
symbiotic lifestyles ranging from mutualism to parasitism depending on
the plant host genotype and/or environmental conditions (Schulz and Boyle
2005; Wani et al., 2015).

Recently, Wani et al. classified endophytes into two general categories,
systemic/true endophytes and transient/nonsystemic endophytes, based on
seven criteria, including taxonomy, functional diversity, biology, and mode
of transmission (Table 1.4) (Wani etal., 2015). The concept of systemic/true
endophytes was put forth by Mostert et al., (2000). Systemic endophytes
are the organisms that inhabit the plant organization, share a symbiotic
relationship with the host, and do not produce any visible symptoms of
disease at any stage. However, the transient endophytes are the organisms
that live within the plant tissues at least for part of their life cycle without
producing any apparent disease symptoms in plants under normal condi-
tions but turn pathogenic when host plant is stressed or resource-limited.
Systemic endophytes are cocladogenetic, that is, in different environmental
conditions, a given host possesses phylogenetically same endophytes
while as transient endophytes vary both in diversity and abundance with
change in environment. These endophytes, because of co-evolutionary
selection process, share the metabolic and genetic makeup of the host, and
are resistant to host metabolites and/or defense mechanism (Christensen
et al., 2008; Soliman et al., 2013). Systemic endophytes share a symbiotic
relationship with the host plant and when grown under axenic conditions
may lose their vitality after subculturing. For example, a camptothecin-
producing endophyte, Fusarium solani isolated from Cyanea acuminata,
could indigenously produce the precursors of camptothecin (Kusari et al.,
2009). However, a host plant enzyme strictosidine synthase absent in the
fungus was employed in planta for the key step in producing camptothecin
(Kusari et al., 2012). This was the main reason for substantial reduction
of camptothecin production on subculturing under axenic conditions.
The possible reason for this molecular and metabolic cross talk may be
horizontal gene transfer between the endophyte and host plant (Kusari
and Spiteller, 2012). However, the association of transient endophytes is
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short lived and seasonal; therefore, they share only physiological cues, and
their diversity varies with change in the host’s physiological parameters
in relation to varying environmental conditions. As systemic endophytes
are more likely to be mutualistic with the host plant, their transmission to
next generation would be usually vertical, that is, by means of seeds and/or
vegetative propagules, while as the transient endophytes are horizontally
transmitted via spores from one plant to another plant (Saikkonen et al.,
1998; Moricca and Ragazzi, 2008).

TABLE 1.4 Classification of Endophytes into Systemic and Nonsystemic Endophytes.

Criteria True/systemic endophytes  Transient/nonsystemic endophytes
1) Taxonomy Cocladogenetic species Varies spatially and temporally
2) Mode of Usually vertical but in some  Horizontal only
transmission cases horizontal as well
3) Lifestyle Mutualistic Changes from mutualism to
parasitism with change in
environment
4) Host defense Lack host defense response ~ Host defense response is active
response
5) Ecological Beneficial Beneficial or detrimental depending
functions on the environment, age of the plant,
etc.
6) Evolutionary Co-evolved with the host Association with the host is transient
pattern plant and short lived
7) Diversity Rare Rich

(Reprinted with permission from Wani et al. 2015, © Springer).

1.8 CONCLUSION

Endophytes are microbes capable of asymptomatic existence within the plant
tissues. They are complex and highly diverse comprising various groups
of microorganisms, namely, bacteria, fungi, actinomycetes, or viruses.
Endophytes are dynamic in expressing various symbiotic lifestyles which
range from mutualism to commensalism to parasitism. However, systemic
endophytes are more likely to be mutualistic and stable in comparison
to nonsystemic/transient endophytes. Although both morphological and
molecular methods are employed for the identification of endophytes,
yet molecular methods are more authentic and requisite where traditional
methods are not applicable. Endophytes confer biotic and abiotic resistances
to host plants and enhance their adaptation in diverse habitats. Bioprospecting
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of endophytes for known and novel secondary metabolites, especially those
of host metabolites, offers numerous applications in agriculture, industry, and
medicine.
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ABSTRACT

Microorganisms produces huge repertoire of natural products with wide
range of applications from pharmaceuticals to agriculture, antimicrobials
to biofuel, and ecological adaptation to environmental remediation. Plants
harbor diverse array of microbial symbionts known as endophytes, which
are known to produce bioactive secondary metabolites. These secondary
metabolites mostly induce specific phenotypic function such as crosstalk
with associated organisms, chemical warfare/defense, and stress adaptation
in the host plant and/or endophyte. Secondary metabolites produced by the
endophytic microorganisms include Polyketides, non-ribosomal peptides,
terpenes, steroids, alkaloids, phenolic and flavonoids, aliphatic compounds,
and volatile organic compounds (VOCs). Some endophytes are known to
produce secondary metabolites which mimic the host plant metabolites and
one of the probable mechanisms for this is suggested to be the horizontal
gene transfer between the host plant and the endophytic microbial partner.

2.1 INTRODUCTION

Microorganisms are known for their potential to produce novel molecules
that have found applications in medicine, agriculture, and industry. From the
discovery of antibiotics, like penicillin from Penicillium notatum by Alexander
Fleming in 1928, to other lifesaving drug molecules like Paclitaxel from
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Taxomyces andreanae (Stierle et al., 1993), microorganisms have contributed
numerous molecules to natural product repositories having the potential
to cure human diseases. A specific microorganism can sometime produce
15-20 metabolites with different chemical types, and a particular compound
may frequently be produced by multiple microorganisms belonging to
different genera, family, class, or phylum (Berdy, 2012). More than 70,000
metabolites of microbial origin are known, and among these, approximately
33,500 are reported to be bioactive. Among these, maximum numbers of
bioactive metabolites are derived from microscopic fungi (~15,600) and rest
of the metabolites being derived from actinomycetes and bacteria (Berdy,
2012). Microbes are highly diverse in nature as compared to other natural
sources; however, microbes are the least explored biological sources. Studies
based on estimation of microbial populations have conservatively revealed
that only about 1% of bacteria and 5% of fungal species have been identified
and explored for human welfare while the rest remain unexplored (Staley
et al., 1997). Even the potential of the microorganisms that are isolated in
pure culture is further limited by the presence of cryptic/orphan biosynthetic
pathways that do not express themselves under standard culture conditions
(Bok et al., 2006; Kusari et al., 2014). Challenging the microorganism
through various methods and modulating their secondary metabolism has
resulted in several new molecules in recent times. Microorganism are also
challenged in nature by extreme environmental conditions that prompt them
to evolve for new ecological settings, thus activating gene clusters that do
not express under the optimum conditions.

Endophytic microbes evolve themselves in the host plant and counter its
defense mechanism. Endophytic microbes evolve its biochemistry in response
to the host defense and other signal molecules resulting in the production of
new molecules by the microbe. It is not therefore surprising that the endo-
phytes are metabolically proficient and their secondary metabolites possess
important bioactivities. Each plant represents a unique environment due to
its specific chemical constituents, different stages of growth and develop-
ment that shape the endophytic community. Therefore, it is suggested the
vast plant diversity will be harboring huge diversity of endophytic microbes
hidden in the plant tissues representing an important resource for human
welfare. However, the infinite diversity of endophytic communities harbored
in plants in almost all ecological and agricultural niches poses a big challenge
in selection of plants for isolating competent/active endophytes (i.e., capable
of producing desired bioactive secondary metabolites) worth bioprospection.
To overcome this challenge, both curiosity-driven and candidate approach
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bioprospecting tactics are being used by the researchers for the discovery
of potent endophytes with desirable functional traits (Fig. 2.1). A specific
rationale for the selection of plant with potent endophytes is proposed to
maximize possibility of discovering endophytes with significant bioactive
potential. The rationale for the selection of plant for endophyte isolation is
as follows:

i) Plants adapted to specialized ecological niche, like harsh climate
and/or stressed conditions.

ii) Plants with unique morphology and possessing unusual strategies for
subsistence.

iii) Plants having an ethnobotanical importance.

iv) Endemic or endangered plants.

v) Plants growing in areas of abundant biodiversity (biodiversity hotspots).

High value medicinal and aromatic plants,
Ethanobotanical importance, Rationale for plant selection
Plants growing under harsh conditions,

Plants growing in biodiversity hotspots, etc.

A Isolation and characterization of endophytes

|Common endophytes | | Taxonomically novel endophytes |
A Fermentation, extraction, and bioactivity of extracts

Active strains I

Isolation and characterization
, of pure compounds

I Chemical compounds I

Screening of lead compounds
by various Biological assays

IActivellead compounds I

Lead optimization, safety
assessment, and clinical trials

Drug |

FIGURE 2.1 Bioprospecting strategy utilized to discover novel or competent endophytes
with desirable features and the process of drug development from microbial natural products.

For instance, in drug discovery programs, the medicinal plants used
in ethnobotanical or folk medicines by rural/tribal people in traditional
medicinal preparations are mined for endophytes rather than sampling plants
randomly from different populations. These value-added strategies have
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resulted in the discovery of numerous potent and/or even novel endophytic
microbes that might be utilized for bioprospection. Success in discovering
new metabolite from microbial natural products depends on growing the
given microorganism in conditions appropriate to induce the production of
the desired metabolite. Culturing a single strain of microorganism under
different conditions may produce substantially different compounds. This
has created great interest in the discovery of new secondary metabolites from
microorganisms. Thus, it is important to investigate the microorganisms
from different ecological niches for the production of novel metabolites.
Microorganisms showing bioactivity and taxonomic novelty are selected
for further characterization. Microbial extracts prepared using different
solvent systems are screened for bioactivities and the bioactive agents will
be purified and characterized using different separation and spectroscopic
techniques. Small-scale fermentation broth is extracted by the following
protocol as shown in the flowchart (Fig. 2.2).

Fungal Ferments
(Whole broth + cells)

Homogenized with homogenizerin
presence of 10% (v/v) MeOH
| Filter through muslin cloth
Extract by partitioning with equal
volume of DCM or EtOAc (x3 times)

Filter through paper’ [DCM solubles]
to remove deberis | Fraction 1

[Conc. in Rotar evaporator]

| | Fraction 2

Water soluble \ Deberis again partitioned
fungal extract with DCM:MeOH (1:1, v/v)

[Pass with HP 20 resin] — [Extracted with MeOH: H,0 (8:2, v/v)

FIGURE 2.2 Scheme of natural product isolation from fungal endophytes, using different
solvent systems (MeOH stands for methanol, DCM stands for dichloromethane, EtOAc stands
for ethyl acetate).
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2.2 SECONDARY METABOLITES OF ENDOPHYTES

Plants engage in multispecies crosstalk with diverse array of microorganisms
leading to acquisition of specific and generalized functional traits by each
interacting partner. There is a complex and transient metabolic flux across
the interacting partners that have a direct bearing on their phenotype and
functional traits. Every natural product produced is potentially a functional
trait developed by the interacting organisms sharing the same habitat and
plays a central role in their interaction and survival (Kusari et al., 2012).
The selective pressure on the endophytes exerted by other organisms
like competitors, predators, and pathogens induces metabolic shift in the
endophytic microbe leading to the production of molecules helping them to
overcome the stress conditions (Gloer, 1997).

The term ‘“secondary metabolite” refers to the compounds/natural
products derived from primary molecules of the producing organism and
has secondary importance to the organism. Secondary metabolites do not
play a direct role in growth, development, and reproduction of the producing
organism. The production of secondary metabolites in endophytic microor-
ganisms is induced by certain selection pressures, like biotic or abiotic stress,
in a given ecological niche. These secondary metabolites mostly induce
specific phenotypic function such as crosstalk with associated organisms,
chemical warfare/defense, and stress adaptation in the endophyte (Kusari
et al., 2014). Secondary metabolites, also known as idiolites, are complex
chemical structures with low molecular mass resulting from long enzymatic
pathways in living organisms. Secondary metabolites of microorganisms are
usually of low molecular mass and are often bioactive. They are produced as
families of related compounds. The production of secondary metabolites is
often correlated with a specific stage of morphological differentiation of the
microorganism (Keller et al., 2005). The endophytes under submerged culture
conditions produce secondary metabolites in the stationary phase. Secondary
metabolites represent pharmaceutically important class of compounds with
wide range of bioactivities like antibiotic, antiparasitic, immunosuppressive,
anticancer, and cholesterol-lowering properties (Newman and Cragg, 2012).
In addition to their medical relevance to humans, many compounds also play
important role within their host organisms as pigments, defense molecules,
or virulence factors. Endophytic microorganism produces important classes
of secondary metabolites, including polyketides (e.g., rapamycin, lovastatin),
nonribosomal peptides (e.g., sirodesmin), terpenes (T-2 toxin), steroids
(penicisteroid A), alkaloids (cryptocin), phenolic compounds (colletotric
acid), aliphatic compounds (brefeldin A), and peptides (cryptocandin).
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Endophytic microorganisms producing bioactive secondary metabolites,
including compounds similar to the associated plant metabolites (discussed in
next subheading), are important from both academic and industrial perspec-
tives. However, notwithstanding the apparent benefits in their industrial
utilization, the commercial production of biologically useful compounds
from endophytes has not achieved so far (Kusari and Spiteller, 2011). The
production of bioactive natural products from endophytes has so far been
made by fermentation of axenic monocultures under standard culture condi-
tions (Scherlach and Hertweck, 2009). The sustained production of desired
bioactive secondary metabolite by an endophyte requires constant expression
of the biosynthetic genes responsible for the production of the metabolite.
However, it has been observed that there is substantial reduction in secondary
metabolite production upon repeated subculturing under axenic monoculture
condition probably, which is one of the key challenges in achieving their
commercial production. It is suggested that the failure in constant expression
of the biosynthetic genes required for the desired metabolite and nonexpres-
sion of the cryptic biosynthetic gene clusters present in the endophytes under
standard culture conditions is responsible for reduction in secondary metabo-
lite production in axenic cultures (Kusari et al., 2014). Cryptic biosynthetic
gene clusters are clusters of biosynthetic genes in a microorganism that
are not expressed under standard in vitro culture conditions. Thus, even if
a microorganism has the potential to biosynthesize a particular secondary
metabolite, it will not be produced under standard laboratory conditions.
This deactivation of cryptic biosynthetic gene clusters under culture condi-
tions leads to production of a far lesser diversity of secondary metabolites
than the actual repertoire of endophyte secondary metabolome. This great
challenge is obscuring the true potential of endophytes as microbial factories
for industrial production of desired bioactive metabolites.

2.3 ENDOPHYTES AND PLANT METABOLITES

During the last 20 years, it is observed that much of the wealth of microbial
biodiversity resides in plant tissues showing interesting ecology, biochemistry,
and secondary metabolome (Strobel, 2006). Endophytic microorganisms
live in symbiotic relationship with the host plant, growing inside the plant
tissues without causing any apparent disease symptoms. The endophytic
microorganisms remained a hidden treasure due to their asymptomatic nature
until their potential was realized a few decades ago. Since the discovery of
Taxol from an endophytic fungus 7. andreanae inhabiting Taxus brevifolia,
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there has been a paradigm shift in endophytic research and more focus was
laid on obtaining plant metabolites from the endophytic partners (Stierle et
al., 1993). Since Taxol is fungicide in nature, therefore it was interesting to
observe that yew trees producing Taxol harbor fungi that also produce Taxol.
This mystery was solved by Soliman and coworkers, where they elucidated
the role of a Taxol-producing endophytic fungus in the defense mechanism
of the host plant. The endophytic fungus, Paraconiothyrium sp. sequesters
Taxol in intracellular hydrophobic bodies (HBs) and these fungicide-
containing HBs are released by the fungus upon sensing pathogens at the
pathogen entry points. The fungicide-laced HBs coalesce to form remarkable
extracellular barriers at the pathogen entry points (Soliman et al., 2015).
Thus, it makes a novel plant defense mechanism against the phytopathogens.
Since then Taxol has been detected in many endophytic strains isolated from
different plant species (Mousa and Raizada, 2013; Chen et al., 2016).

As the focus on exploring the plant metabolites from the endophytic
microbial partner increases, the molecular mechanisms underlying multi-
species chemical crosstalk gained much impetus and one of the probable
mechanisms is suggested to be the horizontal gene transfer (HGT) (Stierle et
al., 1993; Puri et al., 2006; Kusari et al., 2009). The theory of HGT suggests
transfer of the gene clusters, responsible for biosynthesis of secondary
metabolites in the host plant, between the plant and its endophytes (Strobel
and Daisy, 2003; Tan et al., 2011). Interestingly, recent reports also suggest
the existence of independent biosynthetic pathways in the endophytic micro-
organisms (Staniek et al., 2009). However, it also seems logical that a micro-
organism producing similar metabolites to those of the host plant may have
more chances of thriving in the host tissues because of its resistance to the
key metabolites. Undoubtedly, endophytic microorganisms are metabolically
more proficient than their free-living counterparts and they have the poten-
tial to produce exceedingly high number of secondary metabolites, related
or unrelated to the host plant. There are several reasons for the increased
metabolic activity of endophytes. Firstly, the microorganisms need to evolve
to survive in the host tissue thus activating the production of molecules that
help the microorganism to evade host plant defense mechanism. Secondly,
in order to establish a balanced antagonistic relationship, the endophyte
produces several molecules/phytotoxins in host plant (Strobel and Daisy,
2003; Strobel, 2006). Recently, it is proposed that the epigenetic modifica-
tions in the endophytes due to host plant metabolites result in turning on
some of its otherwise “silent biosynthetic pathways” (Riyaz-Ul-Hassan et
al., 2012).
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The whole-genome sequencing of microorganisms opened a new area
in the field of natural product research and drug discovery programs.
Large-scale microbial genome sequencing started from the whole-genome
shotgun sequencing of Haemophilus influenzae, which demonstrated that
microbial genome sequences can be obtained with an unimagined ease and
rapidity (Fleischmann et al., 1995). Our understanding of the genetics and
enzymology of microbial natural product biosynthesis has also led to the
identification and analysis of gene/clusters involved in the biosynthetic
pathways in sequenced microbial genomes (Fischbach and Walsh, 2006).
Streptomyces coelicolor is one of the first sequenced microbes in which it is
reported that the gene clusters coding for natural product-like biosynthetic
pathways are more than the natural products of the organism known so far
(Bentley et al., 2002). Similar observations have been reported in several
diverse sequenced microorganisms like Streptomyces avermitilis (Ikeda
et al., 2003), Pseudomonas fluorescens (Paulsen et al., 2005), Aspergillus
(Bok et al., 2006), Saccharopolyspora erythraea (Oliynyk et al., 2007), and
Salinispora tropica (Udwary et al., 2007). Over the past few years, genome
mining of microorganisms for the discovery of new natural products and/
or biosynthetic pathways has rapidly advanced as a new field in endophyte
biology (Corre and Challis, 2007; Challis, 2008). The above findings strongly
support the one-strain-many-compounds (OSMAC) approach, according to
which metabolite profile of microorganisms can be altered by varying the
growth conditions under standard culture conditions. Therefore, it can be
suggested that a large number of potentially useful natural products of micro-
bial origin await discovery (Peric-Concha and Long, 2003). The endophytes
thus represent a hidden bioresource, mostly unexplored, keeping in view the
plant biodiversity of the world and the fact that each plant investigated is
found to harbor endophytic microorganisms.

2.4 ENDOPHYTES AS POTENTIAL DRUG RESOURCE

Endophytic microorganisms are suggested to produce secondary metabo-
lites to overcome the plant defense system and microbial competitors or
pathogenic invasion inside the plants. Endophytes are proficient producers
of bioactive secondary metabolites due to the constant process of strain
development by passing through various stages of plant growth and devel-
opment, and their ecological functions (Strobel, 2003; Porras-Alfaro and
Bayman 2011; Nalli et al., 2015). The ability of these organisms to produce
bioactive molecules may be attributed to their evolution over millions of
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years in diverse ecological niches and natural habitats in which extreme
competition for survival is needed (Strobel, 2003; Mousa and Raizada,
2013). Endophytic microorganisms are known to produce various antimi-
crobial compounds belonging to several structural classes such as alkaloids,
peptides, steroids, polyketides, terpenoids, phenols, lignans, cytochalasins,
quinines, and flavonoids. Terpenoids and polyketides are the most common
antimicrobial compounds recovered from endophytes, while flavonoids and
lignans are rare antimicrobial secondary metabolites isolated from endo-
phytes (Kharwar et al., 2011; Mousa and Raizada, 2013). The discovery of
billion-dollar anticancer drug, Taxol® (generic name: paclitaxel), from an
endophytic fungus (7. andreanae) isolated from the Pacific yew tree (T
brevifolia) (Stierle et al., 1993), initiated the modern research on endophytes
that focuses on discovery of new molecules from microbial sources for drug
discovery program. Since this important discovery, the number of patents
on potential bioactive metabolites of endophytes has increased dramatically
(Strobel, 2006; Wang et al., 2011).

The researchers working on drug discovery from endophytes are mainly
focusing on the medicinal plants used by indigenous people in traditional
medicinal preparations, or plants used in ethnobotanical or folk medicines, for
isolation of endophytes. It is indeed noteworthy that these candid approach
strategies have yielded discovery of numerous potent and novel endophytes
with great pharmaceutical worth. The various steps involved in bioprospec-
tion of endophytes for drug discovery programs are as follows (Fig. 2.1).

i.  Isolation, identification, and molecular characterization of endophytes.

ii. Fermentation, extraction, and biological activity of extracts of taxo-
nomically novel endophytes.

iii. Isolation and characterization of bioactive natural products from
endophytes selected on the basis of taxonomic novelty and bioac-
tivity profiles.

iv. Exploration of potential strains for novel metabolites through stain
development, metabolite remodeling, and activation of silent biosyn-
thetic pathways.

v. Screening of active compounds/lead molecules by performing various
biological assays for potential drug development.

vi. Lead optimization studies, safety assessment, and clinical trials of
the selected bioactive molecules to be developed as drug.

The endophytic diversity and their intrinsic metabolites are largely
unexplored. Endophytes are challenged in nature by extreme environmental
and ecological settings resulting in activation of gene clusters or metabolic
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pathways that do not express under normal conditions; therefore, they are
metabolically more active than their free-living counterparts (Strobel and
Daisy, 2003; Strobel, 2006; Riyaz-Ul-Hassan et al., 2012). There is an
increasing demand for new antimicrobial molecules/drugs due to rampant
increase in drug-resistant microbes, life-threatening infections, and recurring
infectious diseases (Zhanel et al., 2014). Similarly, microbes are regarded
as an unexplored source of cytotoxic agents that have application in cancer
therapy (Chen et al., 2016). Thus, endophytes are being widely explored
for bioactive natural products with antimicrobial as well as cytotoxic
potential. Some of the anticancer molecules obtained from endophytes are
camptothecin, vinblastine, torreyanic acid, cytoskyrins, phomoxanthones A
& B, photinides A-F, rubrofusarin B, and (+)- epiepoxydon (Isaka et al.,
2001; Puri et al., 2005; Chen et al., 2016). Thiodiketopiperazine derivatives
reported from Tilachlidium sp. were reported to show potential cytotoxic
activity against P388 leukemia cells (Feng et al., 2004). Subsequently, these
compounds were prepared synthetically and found having a broad range of
cytotoxic activity against several cancer cell lines (DeLorbe et al., 2013).
Endophytic microorganisms constitute an important biological reposi-
tory of molecules for pharmaceutical and agricultural applications (Keller
et al., 2005; Strobel, 2006). Natural products have played a lead role in drug
discovery programs and it is reported that microbial sources alone have
contributed more than 40% of New Chemical Entities (NCEs) from 1981 to
2005 (Clardy and Walsh, 2004; Sieber and Marahiel, 2005). Further, more
than 60% of the anticancer and 69% of the FDA-approved antimicrobial
drugs are natural products or natural product derivatives (McAlpine et al.,
2005). Examples of potential antimicrobial compounds include a unique
antimycotic peptide, termed cryptocandin (Strobel et al., 1999) which
demonstrated excellent antifungal activity against some important human
fungal pathogens—Candida albicans, and Trichophyton sp. Another antimi-
crobial compound is a unique tetramic acid known as cryptocin, isolated from
an endophytic fungus Cryptosporiopsis cf. quercina, having potent activity
against a number of plant-pathogenic fungi (Li et al., 2000). Ambuic acid is
an antifungal agent isolated from Pestalotiopsis microspora. Phomopsicha-
lasin is another novel antimicrobial agent isolated from an endophytic fungus
Phomopsis sp. (Horn et al., 1995). Antimicrobial polyketides, epicolactone
and epicoccolides A and B, isolated from endophytic fungus, Epicoccum sp.
obtained from Theobroma cacao, displayed significant inhibitory effects on
the mycelial growth of Pythium ultimum, and Aphanomyces cochlioides,
and Rhizoctonia solani (Talontsi et al., 2013). Several of the antimicrobial
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compounds have been licensed to the pharmaceutical companies for drug
development.

Much of the research on endophytes is focused on obtaining important
metabolites of the host plant like paclitaxel, camptothecin, podophyllotoxin,
etc., initiated by the theory of horizontal transfer of gene clusters from the
host plant to the endophytic symbiont. Taxol producing endophytic fungus,
T. andreanae has a taxadiene synthase (txs) gene different than the txs gene
of the host plant. This indicates that microorganisms possess independent
pathways for the production of such high-value natural products. The
bioactive metabolites obtained from endophytes include drug molecules
like emodepside and nodulisporic acid A, both approved for use in different
pets (Shoop et al., 2001; Altreuther et al., 2011; FDA, 2007; US Patent No.
US5399582A). Emodepside is an anthelmintic drug that is effective against
a number of gastrointestinal nematodes. It is licensed for use in cats and
belongs to the class of drugs known as the octadepsipeptide (Altreuther et
al., 2011; FDA, 2007). This drug was isolated from a mycelial cake of the
endophytic fungus mycelia sterilia PF1022, found in the leaves of Camellia
Jjaponica (Terada, 1992). Nodulisporic acid A, isolated from an endophytic
Nodulisporium sp. ATCC74245, has potent antiflea activity in dogs and lacks
overt mammalian toxicity (Shoop et al., 2001). Thus, numerous bioactive
molecules that are genuine microbial products have been characterized from
the endophytes and many more await discovery (Mousa and Raizada, 2013).
Thus, it is very essential to explore microbes for novel lead—drug—molecules
to run sustainable drug discovery programs. Also the microbial growth and
their manipulation by various approaches, including media engineering,
chemical induction, epigenetic modulation, metabolite remodeling, and
fermentation technology for scale up, make them suitable for the production
of useful natural products (Bok et al., 2006; Knappe et al., 2008; Riyaz-Ul-
Hassan et al., 2012). Hence, microbiologists screen every possible source
for microorganisms, including extreme environments like ocean beds,
geothermal vents, cold desserts, etc., in search of novel strains with prom-
ising bioactive potential (Staley et al., 1997).

2.5 ENDOPHYTES AS SOURCE OF BIOFUEL

Throughout modern times the global energy matrix is predominantly
dependent on nonrenewable resources, particularly fossil fuels. However, the
potential impact of fossils fuels on the environment and global economy has
led to a rethinking regarding the global energy scene. The constant increase
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in the emission levels of carbon dioxide (CO,) and other heat-trapping
gases from different sources is recognized as the main cause of climate
change in the present world (UN-GAP report 2014). The increased levels
of environmental CO, are directly related to the consumption of fossil fuels
in different sectors (UN-GAP report 2014). Therefore, finding substitutes
for these fossil fuels is a major challenge to the academia and industrial
communities. Off late research in alternate resources of renewable energy
has received impetus and biofuel has shown to be one of the most promising
alternatives. Out of the total biodiesel production, approximately 90% are
obtained from plants (Durrett et al., 2008). However, with ever-increasing
demand of fuel in modern industrialized world, the production of biodiesel
from plants will negatively impact the ecosystem. Therefore, there is a need
to look for potential biodiesel precursors in organisms other than plants and
microbes are suggested to be the better choice. Microbes do not require land
for growth and also do not compete in food production as they accumulate
high levels of lipids in their cells. Furthermore, they can be produced on
large scale by fermentation technology making them potentially more viable
source for biofuel production (Strobel, 2015). One of the classical examples
of a microbe producing a liquid fuel (ethanol) is yeast (Saccharomyces
cerevisiae). Unfortunately, ethanol is not the most desirable fuel since it
has low energy content and can foul engines (Strobel, 2014). Thus, this
potentially dire situation represents the main impetus for an effort to find
and learn more about microbes as a source of hydrocarbons which represents
a nonfossil source of liquid fuels.

Many of the fungal endophytes are found to produce volatile organic
compounds (VOCs) with applications in agriculture, food processing, aroma
and biofuel industry (Strobel et al., 2004; Bitas et al., 2013; Wani et al.,
2015). A fungal endophyte, Muscodor sp. produces bioactive VOCs having
antimycotic potential; thus, Muscodor sp. can be used as mycofumigating
agent, and also for the preservation of postharvest agricultural produce
and decontamination of animal waste (Strobel, 2006; Bitas et al., 2013;
Wani et al., 2015). Some others, like Gliocladium roseum (reidentified as
Ascocoryne sarcoides), produce potential biofuel molecules that can be
used as alternate fuels if efforts to produce them in large quantities become
successful (Strobel et al., 2008; Mallette et al., 2014). The most important
aspect of this fungus is its ability to make an extensive series of the acetate
esters of straight-chained alkanes, including those of hexyl, heptyl, octyl, and
sec-octyl alcohols (Strobel et al., 2008). It is reported that the alkyl alcohol
side chains of these acetate esters represent the basic free alkanes of diesel,
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as they are specifically found in every diesel sample that has been analyzed
(Strobel, 2014). Several endophytic fungi are reported to produce 1,8-cineole
that can be used in aroma as well as fuel industry (Tomsheck et al., 2010;
Riyaz-Ul-Hassan et al., 2012, 2013). Another study investigated endophytic
fungi of different tropical plant species for biodiesel precursor production and
reported that Xylariaceous fungi possess high concentrations of methyl esters
(91%). Therefore, Xylariaceous fungi have the potential of promising source
for biofuel production (Santos-Filho et al., 2011).

2.6 ENDOPHYTE BIOPROSPECTION IN INDIA

In India, various groups are working on the bioprospection endophytes and a
significant amount of literature is available in this particular field (Table 2.1).
However, the main focus has been to isolate promising plant metabolites from
the endophytes of the host plant (Puri et al., 2006; Kusari et al., 2009). For
example, Podophylotoxin was isolated from an endophytic fungus Trametes
hirsuta, present in the host plant Podophyllum hexandrum (Puri et al. 2000),
Podophylotoxin was extracted from another endophytic fungus Fusarium
oxysporum found in Juniperus recurva (Kour et al. 2008), Camptothecin was
isolated from an endophytic fungus Entrophospora infrequens, harboring the
host plant Nothapodytes foetida (Puri et al. 2005). Other plant metabolites
isolated from endophytes include rohitukine (Kumara et al., 2012), Javinicin
(Kharwar et al., 2009), paclitaxel (Sreekanth et al., 2011), and piperine (Verma
et al., 2011). In most of the abovementioned studies, the endophytes have
been mostly acquired from individual plants sporadically. However, during
the last few years, significant effort is being made to study the endophytes
from different plants growing in different locations in India for bioprospec-
tion (Puri et al., 2006; Shweta et al., 2013; Qadri et al., 2013, 2014, 2015;
Wani et al., 2016, 2017, 2018; Arora et al., 2017, 2019).

Kumar and colleagues reported that an endophytic fungus isolated
from the plant, Cedrus deodara, produces four compounds with potential
cytotoxicities against human cancer cell lines (HCT-116, A-549, HEP-1,
THP-1, and PC-3). All the compounds are found to induce apoptosis in
HL-60 cells, by causing significant microtubule inhibition in HL-60 cells
(Kumar et al., 2013). Similarly, three bioactive molecules are isolated from
an endophytic fungus Cryptosporiopsis sp. inhabiting Clidemia hirta, with
moderate anticancer and antimicrobial activities (Zilla et al., 2013). An
endophytic fungus Diaporthe phaseolorum isolated from Picrorhiza kurroa
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TABLE 2.1 Bioactive Compounds Isolated from Different Endophytic Sources (Bacterial
and Fungal Endophytes) in India.

Endophytes Bioactive compounds Reference

Streptomyces coelicolor Munumbicins Singh and Dubey (2015)

Chloridium sp. Javanicin Jalgaonwala et al (2011)

Allamanda cathartica Munumbicins Nithya and Muthumary (2011)
Phomopsilactone

Cryptosporiopsis quercina  Saadamycin Dutta et al. (2014)

Cytonaema sp. Cytonic acids A and B Bhardwaj and Agrawal (2014)

Fusarium sp.

Ganoderma boninense
Phomopsis sp.
Cinnamomum mollissimum

Streptomyces
hygroscopicus

Streptomyces sp.
Entrophospora infrequens
Neurospora crassa
Trametes hirsute
Fusarium oxysporum
Fusarium proliferatum
Chloridium sp.

Fusarium solani

Cryptosporiopsis sp.

Talaromyces sp.

Diaporthe phaseolorum

Phialophora mustea

Phoma sp.

Diaporthe terebinthifolii

Porostereum sp.

Muscodor yucatanensis

Mortierella alpina

Xularosides, munumbicins
Rapamycin, cyclododecane,
Munumbicins

Saadamycin

Coronamycin, rapamycin

Munumbicins
Camptothecin
Camptothecin
Podophyllotoxin
Podophyllotoxin
Rohitukine
Javinicin
camptothecin

®-5-hydroxy-2-
methylchroman-4-one

Ramulosin, epoformin

Menthol, 3-hydroxypropionic
acid

Phialomustins A-D

thiodiketopiperazine
derivatives

Diapolic acid A-B

chlorinated aromatic
metabolites

polyketides

Arachidonic acid

Jalgaonwala et al. (2011)
Parthasarathi et al. (2012)
Jalgaonwala et al. (2011)
Kaul et al. (2012)
Parthasarathi et al. (2012)

Kumar et al. (2014)
Puri et al. (2005)
Rehman et al. (2008)
Puri et al. (2006)
Kour et al. (2008)
Kumara et al. (2012)
Kharwar et al. (2009)
Shweta et al. (2010)
Zilla et al. (2013)

Kumar et al. (2013)
Qadri et al. (2015)

Nalli et al. (2015)
Arora et al. (2016)

Nalli et al. (2016)
Wani et al. (2018)

Qadri et al. (2016)
Wani et al. (2017)
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produces 3-hydroxypropionic acid (3-HPA) as a major metabolite apart
from many VOCs, including menthol, phenylethyl alcohol, (+)-isomenthol,
B-phellandrene, B-bisabolene, limonene, 3-pentanone, and 1-pentanol (Qadri
et al.,, 2015). An endophytic fungus Phialophora mustea isolated from
Crocus sativus is reported to produce four new metabolites phialomustins
A-D, with antimicrobial and cytotoxic potential (Nalli et al., 2015). P
mustea produces several other compounds that remain to be characterized.
An endophyte Muscodor yucatanensis (Ni30) isolated from Elleanthus sp.
produces brefeldin A as the major compound in the culture broth (Qadri
et al.,, 2016). This compound is previously reported from Eupenicillium
brefeldianum, Paecilomyces sp., and Aspergillus clavatus (Harri et al., 1963;
Wang et al., 2007). Brefeldin A, a polyketide, has antibacterial, antiviral,
antinematode, and antifungal activities (Wang et al., 2007; Betina, 1992).
It is also widely used in biological research to study protein transport as
it blocks protein secretion by causing disassembly of Golgi apparatus
(Misumi et al., 1986). The epigenetic modulation of the fungal endophyte
(M. yucatanensis) by small-molecule epigenetic modifiers, 5-azacytidine,
and suberoylanilide hydroxamic acid, results in the production of a different
set of volatile organic compounds distinct from the wild type. This may be
due to the activation of otherwise silent polyketide synthase (PKS) genes
(Qadri et al., 2016) Another fungal endophyte, Porostereum sp. isolated
from C. sativus, produces an array of volatile organic compounds, including
few chlorinated aromatic metabolites (CAM) having phytotoxic potential
(Wani et al., 2018). An endophyte, Phoma sp. isolated from Glycyrrhiza
glabra produced thiodiketopiperazine derivatives having antimicrobial and
cytotoxic potential (Arora et al., 2016). In another study, diapolic acid A-B
was characterized from another endophytic fungus Diaporthe terebinthifolii
isolated from G. glabra. These compounds displayed antimicrobial and
cytotoxic activity (Nalli et al., 2016). There are reports on using endophytes
as growth-promoting agents in various crops/plants (Singh et al., 2013; Wani
et al., 2017). The majority of the endophytes isolated from different plant
species remain to be explored for bioactive natural products. Considering
the enormity of biodiversity in India, concerted efforts are needed to tap the
huge repository of endophytic microorganisms for bioprospection.

2.7 CONCLUSION

The industrial production of important molecules from microbial sources may
revolutionize the drug market owing to their malleability. Microbes can be
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grown in very large volumes and they can be regarded as renewable sources
of the target molecules. In addition to bringing down the cost of respec-
tive drug molecules, such a development may also save the environment by
preserving the plants that otherwise are cut down regularly for the extraction
of drug molecules. Despite extensive research in this area, no such industrial
process has been developed, as the microbes produce these molecules in
very low quantities or in some cases stop the production completely after
multiple subculturing.
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ABSTRACT

Endophytism is the phenomenon of mutualistic association of a plant with
a microorganism wherein the microbe lives within the tissues of the plant
without causing any symptoms of disease. In addition to being a treasured
biological resource, endophytes play diverse indispensable functions in
nature for plant growth, development, stress tolerance, and adaptation. Our
understanding of endophytism and its ecological aspects are overtly limited,
and we have only recently started to appreciate its essence. Endophytes may
impact plant biology through the production of diverse chemical entities
including, but not limited to, plant growth hormones and by modulating the
gene expression of defense and other secondary metabolic pathways of the
host. Studies have shown differential recruitment of endophytes in endo-
phytic populations of plants growing in the same locations, indicating host
specificity and that endophytes evolve in a coordinated fashion with the host
plants. Endophytic technology can be employed for the efficient production
of agricultural and economically important plants and plant products. The
rational application of endophytes to manipulate the microbiota, intimately
associated with plants, can help in enhancement of production of agricul-
tural produce, increased production of key metabolites in medicinal and
aromatic plants, as well as adaption to new bio-geographic regions through
tolerance to various biotic and abiotic conditions.
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3.1 INTRODUCTION

In 1994, Richard Jefferson put forth an idea that the evolutionary selection
unit is not a single organism but a macro-organism together with its entire
associated microbial consortia. He further concluded that “agriculture can
only progress sustainably when balanced hologenetic combinations or holo-
alleles are present” (Jefferson, 1994). Although plants are sessile organisms,
they are involved in intensive mutualistic associations with other organisms
like microbes that help them interact with the surrounding environment.
These mutualistic microbes called endophytes are diversely localized in the
internal tissues of plant without causing any apparent disease symptoms.
Endophytes include neutrals, commensals and/or beneficial micro-organisms,
dormant saprobes, and pathogens during the latent phase of their life cycle.
Endophytes being intimately associated with the plant exert a significant
influence on many plant parameters like growth and development, metabolism
and nutrient acquisition, tolerance to biotic and abiotic stress, as well as plant
survival and distribution (Wani et al., 2015). Owing to its engagement in
diverse heterospecific associations, each plant is considered as a complex
community in itself, rather than a single organism. The multispecies crosstalk
with these micro-organisms leads to the selection of specific and generalized
functional traits by each interacting partner (Kusari et al., 2014). Endophytes
are considered to originate in the outside environment and enter the plant
through stomata, lenticels, wounds, areas of emergence of lateral roots
and germinating radicals. They later colonize the plant tissues by quickly
spreading to the intercellular spaces inside the host plant (Chi et al., 2005).
It is generally assumed that many endophytic communities are the product
of a colonizing process initiated in the root zone or rhizosphere (Sturz et al.,
2000). However, they may also originate from other sources, such as the
phyllosphere, the anthosphere, or the spermosphere (Hallmann et al., 1997).
It has been proposed that cellulolytic (endoglucanase and polygalacturonase)
and pectinolytic (pectate lyase) enzymes produced by endophytes are involved
in the infection process (Baldrian and Valaskova, 2008; Compant et al., 2005).
The cell wall of a plant cell is mainly composed of polysaccharides (pectic
substances, hemicelluloses, and cellulose) and glycoproteins. Therefore, the
microbial cellulases and protease play a significant role in cell wall lysis that
occurs during plant-microbe interactions (Baldrian and Valaskova, 2008).
Many endophytic fungi produce auxin in axenic cultures. The physiological
role of auxin in fungi is not well understood; it is presumed that auxin plays
an important role in colonization of roots (Hilbert et al., 2012). The basis
of chemical crosstalk between plant and associated microbes lies in certain
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communication molecules that are responsible for plant-microbe interactions.
However, sophisticated communication systems have been created during
the course of evolution by which the plant influences the behavior of micro-
organisms in the root environment to its own favor.

3.2 DYNAMICS OF PLANT-ENDOPHYTE INTERACTION

According to the theory of “Balanced antagonism,” the endophyte—host
interactions (endophytism) exhibit a paradigm shift from mutualism to
antagonism. This paradigm shift indicates phenotypic plasticity of the
plant—endophyte interaction that depends on the biocommunication between
endophyte and host plant, and certain environmental conditions (Schulz and
Boyle, 2005; Wani et al., 2015). Most endophytes are tested on a single or a
few plant species and even if they show no deleterious effects on these plants,
they may exhibit pathogenicity on other plants. Furthermore, pathogenicity.
depends on a number of environmental parameters and biotic interactions.
For instance, fluorescent pseudomonad showing plant-beneficial effects can
cause disease on leather leaf ferns under specific conditions (Kloepper et al.,
2013). In the case of epichloe-endophyte association, the onset of flowering
in some species of the host plant induces the fungal endophyte to switch from
mutualistic asexual life cycle to antagonistic sexual life cycle (Schardl et al.,
2004). It is suggested that some of the fungal endophytes have presumably
evolved from plant pathogenic fungi, as evidenced by some root endophytic
fungi that require host cell death for proliferation during the formation of
mutualistic symbiosis with the host plant. They remain asymptomatic for many
years and only become parasitic when their hosts are stressed (Fig. 3.1) (Wani
etal., 2015). In general, a variety of microbes may enter and become transient
endophytes, and those consistently found inside the host tissues for long
periods of time may eventually share the physiological and genetic makeup
of the host and thus serve as candidate symbionts or true endophytes (Wani et
al., 2015). The composition of plant microbiome is affected by various host-
driven factors, including the plant genotype, and by other external factors
such as edaphic factors, climatic factors, and agricultural practices (Wani et
al., 2015; Mitter et al., 2016). The microbial component of healthy seeds,
tubers, or corms used to propagate a plant appears to be inherited between
plant generations and is likely to represent an important resource for the
microbiome buildup. The soil- and root-derived micro-organisms arrive later
and have to compete with the already established microflora inside the plant
(Hardoim et al., 2015; Mitter et al., 2016). This has resulted in the evolution of
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sophisticated biocommunication systems through which the plant influences
the behavior of micro-organisms in the root environment to its own favor.
Recently, it has been reported that the biotrophic lifestyle of endophyte during
the colonization of host plant is an important feature of the plant—-endophyte
interactions, as it implies a strong genetic and metabolic relief to both the
interacting partners. Also, some endophytes produce molecular signals like
reactive oxygen species (ROS), which result in switching of endophytism
to either antagonism or mutualism in response to some environmental cues
(White and Torres, 2010). Thus, endophytes in the earlier stage are detected
as minor pathogens which over a period of time co-evolve with the host plant
into benign or mutualistic symbionts with varying degrees of dependence,
depending on the cost-benefit analysis of the plant-endophyte association
(Schulz and Boyle, 2005; Conn et al., 2008). However, the response of long-
term association between an endophyte and its host may be mutualistic or
antagonistic in nature, depending on nutrient availability to the endophyte and
metabolic status of the host plant (Lahrmann et al., 2013; Wani et al., 2015).

FIGURE 3.1 Evolutionary progression of the host-endophyte relationship.

The other unique aspect of endophytism is the multitrophic association
between different endophytic groups and the host plants. Recent studies
on “fungal-bacterial” associations, wherein the bacteria reside within the
endophytic fungal hyphae, unfolded a novel chapter in microbial ecology.
These associations are more common and important than previously thought.
Moreover, many of these associations are central to agriculture, forestry, and
bioremediation. The variegated crosstalks between, different endophytes
within a plant, the endophyte and its endosymbiont, and the host plant
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under different biotic and abiotic selection pressure collectively shape the
outcome of this multitrophic symbiosis. One of the most extensively studied
multitrophic symbioses is the endohyphal association of Burkholderia with
Rhizopus sp., central to this association is a characteristic phytotoxin rhizoxin
produced by the endosymbiont rather than the phytopathogen causing rice
seedling blight (Partida-Martinez and Hertweck, 2005). In the case of some
arbuscular mycorrhizal fungi, endohyphal bacteria are reported to facilitate
phosphate acquisition and transport in plants (Ruiz-Lozano and Bonfante,
1999). The thermotolerance ability in Dichanthelium lanuginosum provided
by the endophytic fungal symbiont (Curvularia protuberata) is attributed to
a double-stranded virus harbored by the fungal endophyte (Rodriguez and
Roossinck, 2012). These findings illustrate that this tripartite association
between plant—fungus—endohyphal symbiont is a complex interaction which
broadens the scope of plant-endophyte association. Therefore, in order
to understand the complexity of endophytism, future endophyte research
should focus on multitrophic association models with cost-benefit analysis
of communications between different interacting partners.

3.3 RECRUITMENT OF ENDOPHYTES BY HOST PLANTS

Plants growing in different geographical regions are confronted with different
environmental challenges. The environmental cues in combinatorial effect
with host genotype shape the composition of endophytic microbes harbored
by the host plant (Wani et al., 2015). The diversity of endophytes associated
with plants shows temporal as well as spatial variation (Vega et al., 2010).
For instance, studies showed that endophytes may increase in incidence,
diversity, and host breadth as a function of latitude. Furthermore, endophyte
communities from higher latitudes are characterized by relatively few
fungal species representing several classes of Ascomycota, while tropical
endophyte assemblages are dominated by a small number of classes but
a very large number of different endophytic species (Arnold and Lutzoni,
2007). The variations in the endophytic communities can also be attributed
to plant age, plant source, tissue type, and time of sampling (Kobayashi and
Palumbo, 2000). Vendan et al., (2010) showed that the age of the plant could
largely influence the variation in the endophytic community of ginseng
plants. Similarly, variation in endophytic diversity might be a function of the
different maturation stages specific to each plant, which might influence the
different types and amounts of root exudates (Ferreira et al., 2008).
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Interestingly plants growing in similar environmental conditions do not
harbor similar endophytes. It was observed that the endophytes isolated from
cottonwood were altogether different from the endophytes of willow, even
though both the tree species were growing at the same site within a meter of
distance from each other (Doty et al., 2009). Similarly, the endophytic diver-
sity of Saffron and Glycyrrhiza growing under similar environmental condi-
tions in Kashmir Valley were different from each other (Wani et al., 2016;
Arora et al., 2019). The Saffron microbiome was dominated by dark septate
endophytes (DSEs) with an isolation frequency of more than 30%, particu-
larly Phialophora mustea and Cadophora malorum being the most dominant
endophytes. Molecular phylogeny assigned these DSEs into a single clad,
indicating a strong effect of the host genotype on the selective recruitment of
the DSEs (Wani et al., 2016). This differential recruitment of endophytes has
been noted in other studies of endophytic populations from plants growing in
the same location. The diversity of endophytes within four clones of poplar
harbored four distinct endophytic populations; supporting the hypothesis that
plant genotype plays an important role in selective recruitment of endophytes
(Ulrich et al., 2008). In an important study involving metagenomic analysis of
root-associated microbiome in rice plant cultivated under controlled condition
as well as field condition. It is reported that the composition of the microbial
consortia varies in different root-associated compartments, namely, endosphere
(root interior), rhizoplane (root surface), and rhizosphere (soil close to the root
surface). Under controlled condition, microbiome composition varies with
soil source and plant genotype, whereas in field condition, geographical loca-
tion and cultivation practices are responsible for the variation in microbiome
composition. This differential recruitment of microbes across the rhizocom-
partments is a result of active selection of microbial consortia at different steps
and each step involves various molecular signals (general plant metabolites,
cell wall components or membrane proteins, small-molecule hormones
particularly jasmonic acid, salicylic acid, and ethylene) released by the plant.
These results suggest that the core microbiota are recruited from very diverse
microbial surroundings, narrowing down both the most relevant community
members and pointing to the host detriments controlling the mechanism of
assembly of microbes (Lebeis, 2014; Edwards et al., 2014).

The aforementioned findings suggest that the endophytic community
of a plant is determined by the combinatorial effect of the plant genotype
and the environment, consistent with a co-evolutionary process whereby the
endophytes may have evolved in a coordinated fashion with the host plant
(Wani et al., 2015). There is the evidence for multiple horizontal transfers of
genes between the symbionts as an important ecological event that conferred
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a selective advantage on the interacting partners (Saikkonen et al., 2004).
However, the interactions between plant and symbiotic microbial genomes
(i.e., intergenomic epistasis, or genotype (G)xgenotype (G) interactions)
can have an important effect on the rate and direction of co-evolutionary
selection of interacting partners in endophytism (Wade, 2007). Thus, it is
hypothesized that differential recruitment of endophytes in plants is a result
of co-evolutionary selection process determined by intergenomic interactions
of between the interacting partners with environmental conditions acting as a
catalyst in this evolutionary selection process (Wani et al., 2015). However,
the genetic principles governing the differential recruitment of endophytes
by a specific host in a particular environment are poorly understood and need
to be deliberated in future.

3.4 MECHANISM OF ACTION OF ENDOPHYTES IN THE HOST PLANT

Endophytism is a complex ecological and fascinating cost—benefit association,
in which numerous fair-trade partners such as symbionts or mutualists engage
in co-operative and social interactions with other micro-organisms such as
antagonists and pathogens (West et al., 2006; Werner et al., 2014). Off late
researchers have endeavored to elucidate the molecular dialogues involved in
the establishment of plant-endophyte association and responses thereof, but
very limited data is available as of now (Sherameti et al., 2008; Straub et al.,
2013;Wanietal.,2017,2018). One of the challenges is the complex relationship
between the plant and the endophyte and the other is difficulty in imitating the
living condition of endophytes in vitro as well as studying the mechanisms in
planta. There are various factors that influence plant-endophyte interactions,
but the host plant response to endophyte infection is mainly mediated by the
host genotype, microbial genotype, resource availability, and environmental
cues (Fig. 3.2) (Wani et al., 2015). It is reported that the endophytic response
in plants is largely primed by the plant genotype, endophyte species, and
the endophyte strain involved (Gundel et al., 2012; Qawasmeh et al., 2012).
As reviewed by Wani et al., 2015, broadly there are two basic mechanisms,
through which endophytes affect their responses in host plants:

3.4.1 BY PRODUCING DIVERSE CHEMICAL ENTITIES/MESSENGERS

Endophytes influence the plant growth and metabolism by producing an array
of biocommunication signals/signaling molecules such as phytohormones,
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secondary metabolites, phytoanticipins, ROS, phytoalexins, volatile organic
compounds (VOCs), toxicants, antibiotics, peptaibols, fatty acids, and
siderophores. It is reported that endophytes induce the root growth in plants,
and the most common mechanism that endophytes invoke to stimulate root
growth is through secretion of phytohormones (particularly Indole acetic
acid) within the plant (Khan et al., 2012; Waqas et al., 2014; Wani et al.,
2017). Similarly, endophytes are reported to elicit the biosynthesis of plant
metabolites by inducing phytohormone production in the host plant. For
example, an oleaginous fungal endophyte Mortierella alpina significantly
enhances the secondary metabolite content, particularly the specialized
metabolites like crocin and safranal in Crocus sativus. It is suggested that
the elevated levels of crocin and safranal in C. sativus might be due to
some phytohormone, like indole acetic acid (IAA) and jasmonic acid (JA)
(Wani et al., 2017). Similarly, abscisic acid is reported to be required for
flavonoid and catharanthine accumulation, elicited by the fungal endophyte
Sphaeropsis sp. in Ginkgo biloba (Hao et al., 2010). A fungal endophyte
(Piriformospora indica) helps rice plant (Oryza sativa) to tolerate root
herbivory through changes in gibberellins and jasmonate signaling mecha-
nism (Cosme et al., 2016). There are various reports that indicate signaling
crosstalk between salicylic acid and JA results in a complementary action
in mediating endophyte-induced secondary metabolite accumulation in
plants (Wang et al., 2015). Host—endophyte interactions are also known to
generate ROS stimulating antioxidant production in their host plant, which
in turn is responsible for protecting the plant from oxidative stress (Tanaka
et al., 2006; White and Torres, 2010). In Lolium perenne the colonization
of endophyte (Neotyphodium lolii) significantly influenced the phenolic
content and antioxidant activity of the host plant. However, the effect varied
depending on type of the endophytic strain (Qawasmeh et al., 2012). A fungal
endophyte (M. alpina) significantly increased total carotenoids, phenolic,
and flavonoid content in the endophyte-treated Crocus plants. It is reported
that the phenols, flavonoids, and carotenoids help in preventing plants from
oxidative stress (Baba et al., 2015). In addition to this, some endophytes
manipulate the host plant metabolism by modifying the nutrient uptake and
nutrient homeostasis (Sherameti et al., 2005; Singh et al., 2013). A basidio-
mycete Porostereum sp. CSE26 isolated from C. sativus produced a mixture
of 15 VOC:s, including two chlorinated anisyl metabolites (CAM), that is,
3-chloro-4-methoxybenzaldehyde and 2,3-dichlorophenyl isothiocyanate.
The CAM molecules produced by the Porostereum sp. were found to have
phytotoxic property against Arabidopsis thaliana (Wani et al., 2018).
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FIGURE 3.2 Endophytism is determined by the combinatorial effect of intergenomic
interactions between the host and microbial symbiont genotype, in consistent with the
environmental factors and resource availability.

3.4.2 BYALTERING/INDUCING PLANTS’ METABOLIC AND DEFENSE
PATHWAYS

Plant can detect the signal molecules released by endophyte through chemo-
perception systems. This triggers a cascade of signal transduction giving rise
to a series of plant defense responses akin to plant—pathogen interaction,
leading to a noticeable change in plant metabolic state (Qawasmeh et al.,
2012; Wani et al., 2017). For example, fungal endophyte M. alpina shifts the
metabolic flux toward enhanced production of apocarotenoids by modulating
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the expression of key pathway genes in C. sativus. The endophyte produces
IAA and releases arachidonic acid (AA) which in turn induces the production
of jasmonic acid in the host plant (Wani et al., 2017). Both IAA and JA
are reported to have positive influence on the expression of apocarotenoid
biosynthetic pathway genes in Crocus (Ashraf et al., 2015). Further, the
endophyte enhanced tolerance to corm rot disease in the host plant by
releasing arachidonic acid, which acts as conserved defense signal and
activates JA-induced defense signaling in endophyte-treated Crocus plants
(Wani et al., 2017). In another study, two fungal endophytes (Curvularia
sp. and Choanephora infundibulifera) of Catharanthus roseus were found
to enhance vindoline content in the host plant by modulating structural and
regulatory genes related to terpenoid indole alkaloid biosynthesis (Pandey
et al., 2016). An endophytic actinobacterium Pseudonocardia sp. isolated
from Artemisia annua induced artemisinin production in Artemisia plant
byupregulating the expression of cytochrome P450 monooxygenase and
cytochrome P450 oxidoreductase genes involved in artemisinin biosynthesis
(Lietal., 2012). Elicitors from the endophytic fungus Trichoderma atroviride
stimulated the biosynthesis of tanshinone in the host plant by increasing the
expression of genes related to tanshinone biosynthesis (Ming et al., 2013).
Studies of plant gene expression in response to endophytic colonization
reveal that the genes for carbon and nitrogen metabolism, plant growth,
and plant defense are induced by the endophyte (Elvira-Recuenco and Van
Vuurde, 2000). The endophytic rhizobacteria and actinobacteria are reported
to induce disease resistance by stimulating the systemic defense pathways in
the host plant (Conn et al., 2008). The systemic acquired resistance (SAR)
pathway in Arabidopsis is normally activated by biotrophic pathogens either
as a part of the hypersensitive response or as a symptom of disease. The
jasmonic acid/ethylene (JA/ET) pathway is triggered by infection with
necrotrophic pathogens (Durrant and Dong, 2004; Glazebrook, 2005). The
activation of plant defense genes by endophytic actinobacteria in the absence
of a pathogen reveals that the endophytes are detected as “minor” pathogens
that do not trigger a full resistance response on their own; this may result in
more effective priming of the defense response (Conn et al., 2008). Recently,
it was reported that an endophytic bacterium Bacillus thuringiensis isolated
from Pteridium aquilinum induced defense response against Rhizoctonia
solani in cucumber plants. The possible mode of action is reported to be the
induction of pathogenesis-related (PR) proteins and defense-related enzymes
by the endophyte against pathogen in host plant (Seo et al., 2012). Despite
the great efforts put in to understand the mechanistic aspect of endophytism,
this discipline of science is still in its infancy. A complete comprehension of
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this complex ecological phenomenon can only be obtained through systems
biology approach by the integration of the “omics” technologies, such as
metagenomics, metabolomics, or transcriptomics together with ecogenomics
(Wani et al., 2015).

3.5 ENDOPHYTES AN ECOLOGICAL BARGAIN TO PLANTS

Symbiotic plant—fungal interactions are of widespread interest to ecological
research as they influence important ecosystem processes, including
plant productivity, plant diversity, and plant—pathogen interactions (Wani
et al., 2015), as exemplified by the association of endophytic systemic
clavicipitaceous fungi with grasses exerting beneficial effects on host
plants, through increased resistance to biotic and abiotic stresses, which
are of great ecological significance (Kuldau and Bacon, 2008). There are
various factors that influence the plant—endophyte interactions; however,
the response of plant to endophyte infection is mainly mediated by the host
genotype, endophytic strain, resource availability, and environmental factors
(Fig. 3.2) (Wani et al., 2015). For example, the endophyte interactions in tall
fescue develops low osmotic potential primarily in young meristematic and
elongating leaves, which enable the plant to remain stable during drought
stress (Elmi and West, 1995). Similarly, thermotolerance and salt tolerance
are observed in certain plants colonized with endophyte (Redman et al.,
2002; Waller et al., 2005). The higher colonization of DSEs in the corms
of C. sativus indicates an ecological significance, as it is reported that the
melanized hyphae, typical for DSEs, are considered important for the host to
survive in stress conditions (Wani et al., 2016). The pigmentation in DSEs
is due to the presence of cell wall melanin, which can trap and eliminate
oxygen radicals generated during abiotic stress (Richier et al., 2005).
Fungal endophyte colonization significantly affects both the primary and
secondary metabolisms of the host plant. There is a need for wider metabolic
studies beyond alkaloid accumulation to understand the dynamic functional
aspects of this association. It is reported that, a shift in C to N ratio and
secondary metabolite production due to endophyte colonization is likely to
have impacts on herbivore and pathogen responses to grasses infected with
Neotyphodium sp. (Rasmussen et al., 2008). The endophytes may produce
a range of different types of metabolites that not only play a role in defense
and competition but are required for specific interaction and communication
with the host plant. (Brader et al., 2014). Further, metagenomic studies in
rice found endophytic root bacteria contain several groups of genes involved
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in motility, plant polymer degradation, iron acquisition (e.g., siderophores),
quorum-sensing, and detoxification of ROS, indicating control over those
pathways is important for colonization by root microbiome (Sessitsch et
al., 2012). Also, the phenotype and functional traits of most plants in nature
are the products of multitrophic interactions of plant with other organisms,
mainly micro-organisms, sharing the same habitat and resulting in complex
and transient metabolic flux across the interacting partners essential for their
survival (Kusari et al., 2014). It is also reported that the positive effects of
endophyte on plant performance depend on genetic variation in the host
and/or endophyte, and on nutrient availability (Cheplick, 2007; Gundel et
al., 2012). This link between resource availability and beneficial or neutral
versus detrimental effects on plant performance suggests a metabolic cost of
the endophyte to the host plant.

The other important aspect of ecological implication of endophyte
is in phytoremediation process either directly through degradation and/
or accumulation of environmental pollutants or indirectly by promoting
the growth of plants having phytoremediation ability (Stepniewska and
Kuzniar, 2013). For example, plants inoculated with genetically engineered
endophytes were more tolerant to toluene, and they also minimized the
transpiration of toluene to the atmosphere (Newman and Reynolds, 2005).
Thus, fungal symbionts might be a drain (net cost) on plant metabolism or
might upregulate metabolism, but endophyte hosting plants are reported to
have increased tolerance to drought, heat, metal toxicity, low pH, and high
salinity, thereby invoking an ecological significance to the plants (Wani et
al., 2015). Such multiplexed interactions are clearly indispensable for the
perfect functioning of ecosystem. Therefore, it can be hypothesized that
the plant—endophyte interface is an important “ecological marketplace,” in
which numerous fair-trade partners such as symbionts or mutualists engage
in co-operative and social interactions with other micro-organisms such as
antagonists and pathogens (West et al., 2006; Werner et al., 2014).

3.6 ENDOPHYTES AS GATEWAY FOR SUSTAINABLE AGRICULTURE

The complex association of endophyte with the host plant is of great ecological
significance owing to their compatibility, ease of reinfection, and pattern of
colonization (Backman and Sikora, 2008; Sikora et al., 2010). Whenever we
think of a microbial infection in plants, symptoms of diseases or detrimental
effects come to our mind, but this is not true in the case of endophytes.
However, research work in this aspect of plant-microbe interactions is in
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infancy and the molecular mechanism to understand this unique relation-
ship is yet to be explored. Interests are often dictated by more immediate
socioeconomic impulses because microbes are responsible for many plant
diseases that cause substantial economic loss in agriculture. These harmful
effects are often manifested directly through pathogen-mediated damage to
the plant and a consequent reduction in plant vigor and yield or quality of
crops. However, there is a diverse community of micro-organisms (endo-
phytes) that interact positively with plants in agricultural system in relation
to their nutrition and ability to resist biotic and abiotic stress and have the
potential to be manipulated such that the benefits of their positive effects are
harnessed (Wani et al., 2015).

Endophytes are especially interesting for integrative pest management as
innovative biological control agents (BCAs) (Li et al., 2012). An important
advantage of endophytes as BCAs over the conventional BCAs is that they
can be applied directly to seeds or seedlings, thereby avoiding treatment
to large quantities of soil or large numbers of already established plants:
Recently, an Enterobacter sp. is reported as a potent biocontrol agent against
Verticillium dahliae Kleb, which is the causative agent of verticillium wilt of
cotton (Li et al., 2012). Few fungal endophytes are already being produced
on large scale as commercial BCAs, for example Trichoderma harzianum,
Paecilomyces lilicinus, Beauveria bassiana, and Fusarium oxysporum
(Mendoza and Sikora, 2009; Sikora et al., 2010). However, so far single
micro-organisms have been used as BCAs and the use of multiple organ-
isms in a consortium imitating the complexity of associations within the
plant system has just begun to be explored. Endophytes can be genetically
engineered and these engineered endophytes have the potential to provide
an alternative to plant transgenic technology by conferring plants a new
pathway to benefit from foreign genes (Li et al., 2007). For example, an
endophyte Leifsonia xyli subsp. cynodontis, a xylem-inhabiting bacterium,
was genetically modified with a gene from B. thuringiensis. This gene
is responsible for producing d-endotoxin that is active against insects in
nature, especially Lepidoptera and Coleoptera. When the genetically engi-
neered endophyte is inoculated in the plant, it secretes the toxin inside the
plant tissues protecting it against attacks from the target insects (Selim et
al., 2012; Saikkonen et al., 2013).

World is witnessing an unprecedented ecological damage done by
synthetic agrochemicals, endophytes continue to serve as selective and safe
alternative. Many endophytes show antimicrobial activities, and they are
known to impart resistance to the host against a range of microbial infec-
tions. Another benefit of these endophytes to the host is the production of
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growth hormones. Phytohormone production by endophytes is probably the
best-studied mechanism of plant growth promotion, leading to morphological
and architectural changes in the host plant, thus contributing to the overall
growth and development of the plant. Recently, it was reported that an endo-
phyte M. alpina showed a significant improvement in many morphological
and physiological traits in endophyte-treated Crocus plants, including total
biomass, size of corms, stigma biomass, number of apical sprouting buds,
and number of adventitious roots. The endophyte also shifted metabolic flux
toward enhanced production of apocarotenoids by modulating the expression
of key pathway genes in the host plant. Further, M. alpina enhanced toler-
ance to corm rot disease by releasing arachidonic acid that acts as conserved
defense signal and induces jasmonic acid production in endophyte-treated
Crocus corms (Wani et al., 2017). Some endophytes are found to help the
host plant in nitrogen acquisition, either by tapping atmospheric nitrogen
directly (Sherameti et al., 2005) or by translocating the insect-derived
nitrogen indirectly (Behie et al., 2012), thereby play a larger role in nitrogen
cycling. One of the most potential functions of endophytes is the facilitation
of nutrient uptake. Some endophytes are reported to mobilize phosphorous
uptake in plants (Yadav et al., 2010), while others are found to impact the
growth and development of the plant by producing phytohormones (Khan
et al., 2012; Waqas et al., 2014). Many of the fungal endophytes have been
found to produce antimycotic VOCs. VOCs produced by micro-organisms
are regarded important infochemicals in the biosphere that influence the
dynamics of the ecosystem (Wheatley, 2002). Microbial species produce
consistent and reproducible VOC profiles under standard culture conditions.
Several of these endophytes may find applications in agriculture, aroma
industry, food processing, and as potential biofuel molecules (Strobel et al.,
2008; Riyaz-Ul-Hassan et al., 2013). Endophytes like Muscodor spp. produce
bioactive VOCs that inhibit or kill important plant pathogens and they can be
used for mycofumigation, postharvest preservation of agricultural produce,
and decontamination of animal waste (Strobel, 2006; Bitas et al., 2013). It
seems reasonable that the VOC-producing micro-organisms may be preferen-
tially establishing symbiotic associations with higher plants as they contribute
to the host defense mechanism by inhibiting the plant pathogens.

3.7 CONCLUSION

Endophytes establish intimate association with the plant. Being present inside
the plant tissues, they impact the development of the host plant significantly.
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Plant-endophyte interaction is determined by the co-evolution of inter-
acting partners together to impart essential benefits to each other. Recent
studies on plant-endophyte symbiosis involving “-omics” technologies in
a systems biology approach have started providing insights into different
facets of plant-endophyte interaction, including the dynamics of multispe-
cies symbiotic network involved. Also, the greater utilization of microbes of
endophytic origin in agricultural system may significantly reduce the use of
inorganic fertilizers, herbicides, and pesticides. Thus, endophyte technology
holds the key for a potential gateway to sustainable agriculture development
in future course of time.
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ABSTRACT

Himalayan forest cover is predominantly constituted of Pinus species
belonging to Pinaceae family. Pinus has a great ethnobotanical impor-
tance and with its seeds, bark, and roots used as traditional medicine in
various parts of northern India. Coniferous trees are suggested to be the
reservoirs of enormous microbial wealth which is yet to be characterized
and explored for human welfare. There are various studies on exploring
the diversity and interaction of microbes (endophytes) associated with the
above- and belowground part of coniferous plants. Himalayan blue pine
faces several constraints in its successful regeneration in the field due
to consistent pathogen attacks at primary stages of plant establishment
posing a serious threat to forest nurseries. The ecological and evolutionary
dynamics of natural and agro-ecosystems that shape the microbial commu-
nities in these ecosystems are very complex. Therefore, a concerted effort
required to understand the microbial flux in natural and agro-ecosystems,
the association of the endophytes with the tree species growing in western
Himalayas, and their role in establishment of the plants under varied
ecological settings.



66 Endophyte Biology

4.1 INTRODUCTION

India is one of the twelve mega biodiversity centers, with its forest cover
predominantly covered by coniferous trees (Aggarwal, 2014). Pinaceae
is the largest family among the conifers and Pinus is the most abundant
genera of this family, with over 110 species worldwide (Richardson et al.,
2007). However, only five species (Pinus roxburghii, Pinus wallichiana,
Pinus kesiya, Pinus gerardiana, and Pinus merkusii) are native to India
(Gamble, 1902). Out of these five species, P. roxburghii, P. wallichiana, and
P. gerardiana are dominant in Himalayan ranges, whereas P. kesiya and P.
merkusii are found in Assam and Indo-Burma region (Sharma et al., 2018).

P. roxburghii is a large tree with crown spreading several meters, and it
is commonly known as chir pine (Fig. 4.1). P. roxburghii is predominantly
found in northwestern Himalayas at a height of 500-2500 m above mean sea
level (Troup, 1921). It is known as an important resin and timber yielding
tree. P. gerardiana commonly known as chilgoza pine is native to the
northwestern Himalayas. It grows at altitudes ranging from 2000 to 3350 m
above mean sea level (Troup, 1921). The branches are slightly ascending with
needle-like leaves arranged in clusters of three. Male cones are long while as
female cones are oblong ovoid with thick woody scales bearing cylindrical
seeds with rudimentary wings (Fig. 4.1) (Farjon, 1984). P. gerardiana is well
known for its edible seeds that are locally known as Chilgoza or Neja or Neje.

P. wallichiana is a coniferous evergreen tree native to northwestern
Himalayan range and is found at altitudes ranging from 1500 to 3400 m above
mean sea level (Troup, 1921). P. wallichiana is commonly known as blue
pine and locally known as Kail. In Jammu and Kashmir, the area under forest
cover is 20,230 km?, with conifers alone covering approximately 40.87% of
the forest cover, of which 9.73% is occupied by P. wallichiana (Anonymous,
2008). P. wallichiana is monoecious plant and produces a large number of
winged pollen grains that are dispersed by wind. This tree grows to a height
of 50 m with a straight trunk and short, down curved branches (Fig. 4.1).
P. wallichiana is a large tree with regularly spaced down curved branches
in whorls forming a pyramidal architecture and the leaves are needle-like
arranged in clusters of five (Fig. 4.1). The bark on young trees is smooth,
developing fissures with age. The male cones are present on lower branches
and are often in dense clusters on younger twigs. The female cones are in
groups, erect when young but later turn pendant. P. wallichiana usually
grows under xerophytic conditions and prefers dry or moist soil, acidic or
neutral soil and can tolerate drought. The plant can tolerate strong winds but
not maritime exposure.
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FIGURE 4.1 Morphology of Himalayan Pinus species. (A) P. wallichiana (blue pine), (B)
P. gerardiana (chilgoza pine), and (C) P. roxburghii (chir pine).

4.2 PHYTOCHEMISTRY AND PHARMACOLOGY OF HIMALAYAN
PINUS SPECIES

Pinus species has a great ethnobotanical importance and is widely used in
various parts of northern India. Pinus species are known to be rich source of
alkaloids and phenolics, including terpenoids, flavonoids, lycopenes, tannins,
and xanthones (Beri 1970). The secondary metabolites are known for their
medicinal properties ranging from anticancer, anti-inflammatory, antioxi-
dant, and antimicrobial property. The wood oil obtained from P. roxburghii
is aromatic and carminative in nature. It is used as nerve tonic, expectorant,
and a remedy for dermatological problems and worm infestations. The
wood oil and bark paste is applied to burns, scalds, and ulcers. The volatile
component of pine is known as turpentine oil or oleoresin, which is obtained
by tapping the pine tree. Oleoresin upon distillation process forms rosin.
Rosin is also known as colophony, which is used in paper sizing, adhesives,
enamels, solvents, plasticizers, paints and varnishes, antiseptic, and other
commercial products (Hussain et al., 2010; Sharma et al., 2018). Turpentine
oil is included in the Indian Pharmaceutical Codex as Oleum terebinthinae
(Bajracharya, 1979). Boiled resin, locally known as khaida or leesa, is used
to heal foot cracks. The carbon collected from the burnt resinous wood (doi)
of P. roxburghii mixed with mustard oil is made into a paste, locally known
as Kajal, which is applied on eyelids to keep the eyes clean and attractive
(Singh et al., 1990).
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P. gerardiana is well known for its edible seeds known as Chilgoza.
The nuts are considered to be rich source of proteins, carbohydrates, fibers,
minerals besides higher oil content. The oil from nuts is of very good quality
and is free of cholesterol. They are rich sources of fatty acids like stearic
acid, linoleic acid, linolenic acid, oleic acid, arachidic acid, and palmitic acid
(Thakur et al., 2015).

P. wallichiana is widely used for timber, which is valued only next to
the wood of Cedrus deodara. It is one of the most dominant tree species in
the forest ecosystem of the Kashmir Himalayas and has immense medicinal,
commercial, and ecological significance (Dar et al., 2012; Sharma et al.,
2018). P. wallichiana is exploited mainly as a timber source; however, it
is good source of oleoresin as well. The oleoresin is used for the produc-
tion of turpentine oil, rosin, needle oil, and camphor. The essential oil of
this plant comprises B-pinene, a-pinene, myrcene, camphene, limonene,
a-phellandrene, trans-caryophyllene, a-humulene, a-cadinol, and a-bisabolol.
In addition, it also contains undecane, dodecane, tridecane, abietic acid, and
isopimaric acid. The essential oil is reported to possess potential anticancer
and antioxidant properties (Coppen et al., 1988; Dar et al., 2012). Further, a
dark-brown resinous substance locally known as killum/kellum is extracted
from this species. Killum is traditionally used by the farmers of Kashmir to
protect their skin from insect bites, skin-cracks, and infections while working
long hours in waterlogged rice fields.

4.3 PLANT-MICROBE INTERACTION IN PINUS

Plants engage with a diverse array of microorganisms present in various tissues
of plants, including phyllosphere, rhizosphere, and endosphere. These multi-
trophic interactions between plant and its microbiome are highly complex
and dynamic, having important implications on plant community structure
and functioning of ecosystem (Wani et al., 2015; Rua et al., 2016). Conifers,
including different species of Pinus, harbor diverse group of microorganisms
as endophytes. The endophytic community varies with species as well as
geographical distribution of plants. Coniferous trees are suggested to be the
reservoirs of enormous microbial wealth which is yet to be characterized and
explored for human welfare (Hoffman and Arnold, 2008). Various studies
have focused on exploring the diversity and interaction of microbes associ-
ated with the above- and belowground part of coniferous plants. Conifers
interact with a diverse array of microorganisms, including mutualistic mycor-
rhizal fungi (Smith and Read, 2008), pathogenic microbes (Fogel, 1988), and
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foliar endophytes (Qadri et al., 2013, 2014; Oono et al., 2014; Carrell and
Frank, 2014, 2015; Rua et al., 2016). The relationship between conifers and
their microbial partners has a great ecological significance as conifers grow in
impoverished acidic soils at high altitudes, and it is potentially facilitated by
their interaction with various microbes (Richardson, 2000; Carrell and Frank,
2014).

The belowground mutualistic relationship between coniferous roots and
mycorrhizal fungi is an important component of conifer’s ecological niche.
The two interacting partners are believed to have co-evolved and diversified
approximately 200 million years ago forming a functionally obligate
mutualistic association (Smith and Read, 2008; Tedersoo et al., 2010). This
mutualistic relationship is characterized by the exchange of minerals between
the interacting partners, such as carbon (C) in the form of carbohydrates
from the plants with nitrogen (N), phosphorus (P), and micronutrients from
the microbial partner (Smith and Read, 2008). Coniferous plants are reported
to be primarily associated with ectomycorrhizal (ECM) fungi. ECM fungi
are an extremely diverse group that contains more than 5000 species from
the fungal order Agaricales alone (Ryberg and Matheny, 2012). ECM fungi
are of immense ecological importance for conifers as they are reported to
improve the plant growth and confer resistance against biotic and abiotic
stress conditions in conifers (Smith and Read, 2008).

The microbial association in plants varies with plant age, tissue type,
and plant health. In conifers, the microbial associations vary between
phyllosphere and rhizosphere. The resident microbes in phyllosphere are
subjected to varied temperature, moisture content, and radiation throughout
the day and night. These factors indirectly affect the phyllosphere microbiome,
which varies through changes in plant metabolism (Turner et al., 2013). In
phyllosphere, the needles and bark of conifers are heavily colonized by fungal
and bacterial endophytes (Pirttild and Wili, 2009; Rua et al., 2016). The
microbial colonization varies with needle age and position of buds, such that
needles and buds tend to differ in their endophytic microbial communities.
Bowman and Arnold while investigating the association of ECM and foliar
endophytic (FE) fungi with Pinus ponderosa reported that the abundance
and diversity of ECM fungi were similar across sites, unlike FE fungi where
the diversity peaked in mid-to-high elevation. However, the community
composition and distribution of the most common ECM fungi differed with
elevation, while as there was no such variation in the distribution of FE fungi
(Bowman and Arnold, 2018). In another study, Ponpandian and colleagues
isolated 1622 culturable bacterial endophytes from four Pinus species
(Pinus densiflora, Pinus koraiensis, Pinus rigida, and Pinus thunbergii) in
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Korea. Molecular phylogeny based on the acquisition of 16S ribosomal gene
sequence grouped the bacterial endophytes into 215 operational taxonomic
units (OTUs) encompassing 68 different genera (Ponpandian et al., 2019). In
conifers, fungal endophytes are restricted to discrete portion of tissues in the
needles where they remain in a slow growing (latent) state (Suske and Acker,
1986; Deckert et al., 2001). It is assumed that the growth and proliferation
of these latent endophytes are triggered by injury or natural senescence of
the needle. The transmission of fungal endophytes in Pinus is hypothesized
to occur horizontally, because there is lack of information on endophytes in
seeds and young leaves in Pinus (Ganley and Newcombe, 2006).
Himalayan blue pine faces several constraints in its successful regeneration
in the field. The plants are often exposed to consistent pathogen attacks,
causing root rot and wilt diseases, at primary stages of plant establishment
posing a serious threat to forest nurseries (Pinto et al., 2006; Lilja et al., 2010).
Root rot disease is a serious problem in pine seedlings worldwide and serious
losses due to this disease are reported from Canada, United States, and many
European countries (Enabak et al., 1990; Greifenghagen et al., 1991; Pinto et
al., 2006). In Pinus, root rot disease is caused by numerous fungal pathogens
that include species of Fusarium, Rhizoctonia, Pythium, Macrophomina, and
Cylindrocladium (Huang and Kuhlman, 1990; Ahanger et al., 2011; Dar et al.,
2011). These fungi invade the root epidermal cells, grow intercellularly by
decomposing cell wall constituents and persist by metabolizing cell contents.
Dar and colleagues reported that some fungal agents, like Trichoderma
harzianum, Trichoderma viride, Pisolithus tinctorius, and Laccaria laccata,
significantly inhibited the growth of fungal pathogens causing root rot. These
fungal agents can effectively mitigate root rot disease in blue pine and can
be efficiently exploited as potential biocontrol agents in integrated disease
management module (Dar et al., 2011). Pine wilt disease (PWD) is another
most destructive disease of Pinus trees causing immense environmental
damage and economic loss around the world worth tens of million dollars
(Toth, 2011). The only known causal agent of the disease is pinewood
nematode (PWN) Bursaphelenchus xylophilus (Nickle et al. 1981). It is
reported that various bacterial endophytes having nematicidal activity against
the pinewood nematode have been isolated from different Pinus species and
they can be used as potential biocontrol agents against pinewood nematode
(Liu et al., 2019; Ponpandian et al., 2019). These reports suggest potential
use of bacterial endophytes from pine trees as alternative biocontrol agents
against pinewood nematode. The use of biological organisms (particularly
endophytes) is gaining momentum as innovative biological control agents
(BCAs) in integrated disease management module (Wani et al., 2015). World
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is currently witnessing unprecedented ecological change caused by synthetic
agrochemical inputs into ecosystems; microbial activities may provide
selective and safe alternatives to agrochemical inputs for integrated pest and
disease management in plants (Wani et al., 2015).

4.4 ENDOPHYTES ASSOCIATED WITH HIMALAYAN PINES

As described in the previous section, the coniferous tree, including species
of Pinus, harbors huge diversity of endophytic microorganisms. Bhardwaj
and colleagues while investigating the diversity of fungal endophytes
associated with P. roxburghii from Garhwal forests in India isolated 17
endophytic fungi from the spikes of P. roxburghii. The dominant fungal
endophytes of P. roxburghii included Penicillium frequentaus, Thielaviopsis
basicola, Geotrichium albida, and Alternaria alternata, with an isolation
frequency 41.1%, 29.40%, 11.76%, and 5.88%, respectively (Bhardwaj et
al., 2014). The diversity and bioactivity of fungal endophytes associated
with the Himalayan blue pine (P. wallichiana), particularly from the
Kashmir Valley, was studied by Qadri et al. (2014). Qadri and colleagues
isolated 130 endophytic fungi from the stem and needles of P. wallichiana.
Molecular phylogenetic studies based on ITS1-5.8S-ITS2 ribosomal gene
sequence analyses assigned these endophytes into 52 ITS genotypes,
spreading over 39 different genera (Table 4.1). Most of the ITS genotypes
showed more than 99% sequence similarity with the known fungal taxa;
however, 15 fungal endophytes showed less than 99% sequence similarity
with the known fungal taxa (Table 4.1). The 15 fungal endophytes with less
than 99% sequence similarity may represent novel fungal lineages, which
needs to be studied further. Most of the fungi isolated from P. wallichiana
correspond with those recorded from other Pinus species. However, the
fungal species Anthostomella conorum, Microdiplodia spp., Therrya
fuckelii, Thielavia subthermophila, Tricharina hiemalis, and Tritirachium
oryzae were isolated for the first time from Pinus. The dominant endophytes
in Himalayan blue pine were Alternaria sp., Pestalotiopsis sp., Preussia sp.,
and Sclerostagonospora sp. (Qadri et al., 2014).

The diversity of endophytic microbes varies with age and tissue type.
In P. wallichiana the needles harbor higher and more diverse endophytic
fungi as compared to stem, with a colonization frequency of 66.9% and
53.7%, respectively. Most of the isolated fungi belong to Ascomycota;
however only one isolate, that is, 7. oryzae, belongs to Basidiomycota. Most
of the endophytes belong to the fungal class Dothideomycetes followed
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TABLE 4.1 The Table Presents the 52 Different Fungal Endophytes (Their GenBank
Accession Numbers and Sequence Similarity) Isolated from Pinsu wallichiana.

ITS genotype  Molecular identification Sequence
(GenBank accession no.) similarity (%)

ITS1 Alternaria brassicae (KF735044) 99
ITS2 Sclerostagonospora sp.(KF735042) 99
ITS3 Anthostomella sp. (KF734993) 94
ITS4 Tricharina sp. (KF734996) 96
ITSS Paraconiothyrium brasiliense (KF735025) 99
ITS6 Coniothyrium sp. (KF734989) 93
ITS7 Epicoccum nigrum (KF735002) 99
ITS8 Cladosporium sp. (KF735000) 95
ITS9 Rachicladosporium sp. (KF734990) 96
ITS10 Leptosphaeria sp. (KF734991) 91
ITS11 Microdiplodia sp. (KF734984) 98
ITS12 Aspergillus sp. (KF963269) 97
ITS13 Thielavia subthermophila (KF734997) 99
ITS14 Sordaria humana (KF735011) 99
ITS15 Lecythophora sp. (KF735049) 96
ITS16 Rosellinia sp. (KF735050) 96
ITS17 Coniochaeta sp. (KF735054) 97
ITS18 Phomopsis sp. (KF963270) 99
ITS19 Trichoderma harzianum (KF734994) 99
ITS20 Pezizomycetes sp. (KF735056) 99
ITS21 Neurospora dictyophora (KF735041) 99
ITS22 Pestalotiopsis besseyi (KF734985) 100
ITS23 Phoma herbarum (KF734988) 99
ITS24 Lophiostoma corticola (KF734987) 99
ITS25 Nigrospora sp. (KF735047) 99
1TS26 Phoma aliena (KF735035) 99
ITS27 Truncatella betulae (KF735004) 99
ITS28 Therrya sp. (KF735005) 93
1TS29 Lophodermium macci (KF735007) 99
ITS30 Pestalotiopsis citrine (KF735037) 99
1TS19 T harzianum (KF734994) 99

ITS20 Pezizomycetes sp. (KF735056) 99
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TABLE 4.1 (Continued)

73

ITS genotype = Molecular identification Sequence
(GenBank accession no.) similarity (%)

ITS21 N. dictyophora (KF735041) 99
ITS22 P. besseyi (KF734985) 100
ITS23 P. herbarum (KF734988) 99
ITS24 L. corticola (KF734987) 99
ITS25 Nigrospora sp. (KF735047) 99
ITS26 P. aliena (KF735035) 99
ITS27 T. betulae (KF735004) 99
ITS28 Therrya sp. (KF735005) 93
ITS29 L. macci (KF735007) 99
ITS30 Pestalotiopsis citrine (KF735037) 99
ITS31 Fusarium larvarum (KF735019) 100
ITS32 P. aliena (KF735014) 99
ITS33 Truncatella spadicea (KF735017) 99
ITS34 Xylaria sp. (KF735016) 99
ITS35 Sporormiella sp. (KF735029) 99
ITS 36 Cadophora sp. (KF935231) 66
ITS 37 Pezizomycetes sp. (KF735056) 99
ITS 38 Lophodermium pini (KF735039) 99
ITS 39 Cochliobolus australiensis (KF735030) 99
ITS 40 Alternaria sp. (KF735026) 100
ITS 41 Coniochaeta sp. (KF735009) 99
ITS 42 Preussia sp. (KF735031) 99
ITS 43 Preussia intermedia (KF735013) 100
ITS 44 Phoma sp. (KF735028) 99
ITS 45 Fimetariella rabenhorstii (KF735023) 99
ITS 46 Phoma glomerata (KF735046) 99
ITS 47 S. humana (KF735010) 99
ITS 48 Alternaria porri (KF735003) 99
ITS 49 Penicillium restrictum (KF735001) 99
ITS 50 Tritirachium oryzae (KF735034) 99
ITS 51 Pseudoplectania sp. (KF734992) 89
ITS 52 Geopyxis sp. (KF735056) 97
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by Sordariomycetes, Eurotiomycetes, Leotiomycetes, and Pezizomycetes.
The relative frequency of different classes of fungal endophytes isolated
from foliar and stem tissues varies considerably (Fig. 4.2). Most of the
foliar and stem endophytes belong to Dothideomycetes represented by
the orders Pleosporales, Capnodiales, and Botryosphaeriales. Most of the
needle endophytes belong to Sordariomycetes represented by the orders
Diaporthales, Hypocreales, Sordariales, Trichosphaeriales, and Xylariales.
All the endophytes belonging to the fungal class Pezizomycetes were isolated
from foliar tissues only and none was recovered from the stem tissues. The
only basidiomycetous endophytes strain, 7. oryzae, was isolated from stem
tissues only (Qadri et al., 2014).
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FIGURE 4.2 Relative frequencies of different class of fungal endophytes isolated from foliar
and stem tissues of Pinus wallichiana.

There is differential colonization of endophytes in the stem and needle
tissues of P. wallichiana. The probable reason for this differential colonization
of endophytes may be the distinct microenvironments of these tissues types,
which influence on shaping their microbiota differently. It is reported that many
endophytes isolated from the needle tissues were not recovered from the stem
tissues and vice versa. Thus, tissue specificity is evident among the endophytes
of the Himalayan blue pine. The endophytic fungal genera restricted to stem
tissues included Cladosporium sp., Rachicladosporium sp., Leptosphaeria sp.,
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Microdiplodia sp., Neurospora sp., Lophiostoma sp., Therrya sp., Lophoder-
mium sp., Glomerella sp., Penicillium sp., Tritirachium sp., and Phomopsis sp,
whereas those that were restricted to needle tissues included Anthostomella
sp., Tricharina sp., Paraconiothyrium sp., Coniothyrium sp., Thielavia sp.,
Sordaria sp., Lecythophora sp., Rosellinia sp., Pseudoplectania sp., Nigrospora
sp., Fusarium sp., Xylaria sp., Sporormiella sp., Cadophora sp., Geopyxis sp.,
Cochliobolus sp., and Fimetariella sp. The endophytic fungal genera common
to both stem and needles tissues included Alternaria sp., Sclerostagonospora
sp., Epicoccum sp., Preussia sp., Coniochaeta sp., Trichoderma sp., Pestalo-
tiopsis sp., Phoma sp., Truncatella sp., and Aspergillus sp. (Fig. 4.3) (Qadri
et al., 2014). These common endophytes may be the systemic endophytes of >
Himalayan blue pine and the ecological implications of these fungal endo-
phytes in the host plant must be investigated for a better understanding of the
plant-endophyte relationship in Himalayan blue pine.
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FIGURE 4.3 Venn diagram showing differential recruitment/colonization of fungal endo-
phytes in foliar and stem tissues of Pinus wallichiana.
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4.5 BIOACTIVE POTENTIAL OF ENDOPHYTES OF P. WALLICHIANA

Endophytes produce a number of bioactive secondary metabolites with
potential applications in agriculture, pharma, and cosmetics industries
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(Strobel and Daisy, 2003; Jalgaonwala et al., 2011; Godstime et al., 2014).
These secondary metabolites have been categorized into various functional
groups such as alkaloids, benzopyranones, chinones, flavonoids, phenolics,
quinones, steroids, saponins, tannins, terpenoids, tetralones, xanthones, etc.
The production of metabolites by the endophytes is affected by various
factors, such as the climatic conditions in which the host plant is growing,
season of sample collection, and geographical location (Shukla et al., 2014).
However, the extraction of metabolites from natural microbial sources has
now become more rapid, efficient, and convenient due to various synthetic
processes developed over the past few years (Hussain et al., 2012). It is
suggested that there is a direct correlation between the production of bioac-
tive metabolite by the endophyte and coevolution of the microbe with its
host plant. This coevolution may have incorporated genetic information from
higher plants to the microbial partner leading to a sustainable symbiotic rela-
tionship with some added advantage to both the interacting partners (Strobel,
2003). Further, endophytic microbes are proficient producers of bioactive
metabolites and drug-like molecules. This may be due to their evolution over
millions of years in diverse ecological niches and natural habitats.

In P. wallichiana, eight endophytic fungal strains had ITS ribosomal
gene sequence similarity of less than 95% with the known organisms. It is
suggested that these may represent new fungal lineages and requires further
characterization (Qadri et al., 2014). However, it is hypothesized that new
microbial strains may have unique chemical characteristics and are expected
to produce novel secondary metabolites with bioactive potential. Therefore,
novel microbial strains must be explored for their natural products, as 40%
of new chemical entities (NCEs) reported from 1981 to 2005 are derived
from microbial sources. It is suggested that microbial sources are the most
diverse but least explored natural sources as compared to plants and animals
for human welfare. It is reported that microbial populations explored so
far constitute only about 1% of bacteria and 5% of fungi, however, the
rest remains to be explored for their contribution to biological applications
(Staley et al., 1997).

Qadri and colleagues studied the bioactive potential of fungal endo-
phytes isolated from P. wallichiana. They reported the extracts of 22 fungal
endophytes showed significant antimicrobial potential against one or more
plant and human pathogens. Five endophytic strains, Coniothyrium carteri,
T. subthermophila, Truncatella betulae, Cochliobolus australiensis, and T.
oryzae, were highly active against Candida albicans. The extracts of T_ oryzae
and Coniochaeta gigantospora displayed broad spectrum antimicrobial
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activities. Three endophytic strains, namely, T_ oryzae, Truncatella spadicea,
and Fusarium larvarum showed prominent antagonistic activity against a
panel of fungal phytopathogens (Qadri et al., 2014). The above findings
suggest that P. wallichiana harbors a rich diversity of fungal endophytes with
potential antimicrobial activities. However, in this study, sampling was done
from a single site and the endophytic diversity may vary with latitudinal
gradient. Therefore, there is need to study the endophytic diversity of Hima-
layan blue pine and other conifers growing at the same site as well as along
the latitudinal gradient in the northwestern Himalayas, and the comparative
assessment of endophytes of conifers from other biogeographic regions is
also required.

4.6 CONCLUSION

There is a huge diversity of fungal endophytes associated with coniferous
trees; however, very little information is available about the importance of
this biological wealth vis-a-vis the host plant. The ecological and evolutionary
dynamics of natural and agro-ecosystems that shape the microbial communities
in these ecosystems are very complex. Therefore, a concerted effort required to
understand the microbial flux in natural and agro-ecosystems, the association
of the endophytes with the tree species growing in western Himalayas, and
their role in establishment of the plants under varied ecological settings. There
is also an urgent need for comparative assessment of endophytic communities
harbored by various Pinus species growing all over the world. It is also
important to tap these endophytes and conserve them ex situ for bioprospecting
various bioactive metabolites of varied importance.
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ABSTRACT

Crocus sativus L. is an important aromatic and medicinal plant belonging
to Iridaceae family of Magnoliophyta class of monocots. C. sativus is a
perennial plant comprising of a subterranean part known as corm/bulb, leafy
vegetative shoot, and purple-colored flowers. C. sativus being a triploid
genotype is a sexually sterile plant and hence propagated only by vegetative
means only. The place of origin and evolution of C. sativus is not clear;
however, its cultivation and utilization in Mediterranean area date back to
2500-1500 BC. The cultivation and production of C. sativus is constantly
declining worldwide for the last few decades due to various biotic and abiotic
factors. One of the most important factors that influence plant health is the
endophytic community harbored by the host plant. Recently there are various
reports of the application of microbes of endophytic origin for sustainable
cultivation and crop management of saffron and also yield bioactive natural
products for pharmacological and industrial applications.

5.1 INTRODUCTION

Crocus sativus L. belongs to the family Iridaceae of Magnoliophyta class of
monocots. C. sativus has a triploid genotype (2n = 3x = 24) and is a sexually
sterile plant as it produces abnormal gametes (Negbi et al. 1989). It is an
autumn-flowering perennial plant propagated only by vegetative means
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via manual “divide-and-set” of the underground corms/bulbs (Negbi et al.
1989). The most important part of this plant is the dried red stigma known
as saffron,! which has been used as a medicinal herb and spice since time
immemorial (Javadi et al. 2013; Baba et al. 2015a). Crocus synthesizes a
unique set of compounds known as apocarotenoids® that are synthesized
in the stigma part of the plant (Ashraf et al. 2015). The apocarotenoids of
saffron are crocin, picrocrocin, and safranal that are responsible for color,
flavor, and aroma of saffron, respectively (Kumar et al. 2009). Furthermore,
it is the only plant that produces these apocarotenoids in significant quantities
(Ashraf et al. 2015). Owing to its high demand in dye, perfumery, and
flavoring industries, it is one of the most expensive spices in the world and is
recognized as Red gold. The apocarotenoids are derived from carotenoid—
zeaxanthin—by enzymatic oxidative cleavage, and the enzymes responsible
for this process are known as carotenoid cleavage dioxygenases (CCDs).
These enzymes (CCDs) recognize and specifically cleave one or two double
bonds in carotenoid molecule (Rubio-Moraga et al. 2008). In addition to
the apocarotenoids, C. sativus also contains other secondary metabolites
like carotenoids, phenolics, flavonoids, sugars, vitamins, and around 150
volatile organic compounds (VOCs). The diverse compositions of C. sativus
metabolites contribute an important role in plant development and adaptation
to various stress conditions. Apart from this, saffron metabolites are reported
to have tremendous therapeutic properties, and their pharmacological
importance has been appreciated both by the traditional Avicenna’s Canon of
Medicine (al-Qanun fi al-tib) as well as modern scientific reports (Bhargava,
2011; Hosseinzadeh and Nassiri-Asl, 2013; Baba et al. 2015a).

Saffron is primarily cultivated in Iran, Spain, India, Greece, Morocco,
Italy, Turkey, and France (Fernandez et al. 2004). In India, commercial
cultivation of saffron occurs mainly in Kashmir.? Saffron is being cultivated
in Kashmir since 750 AD. However, the cultivation of Crocus is observing
a constant decline worldwide, including J&K state due to various factors
(Gresta et al. 2008). It is reported that there was a decrease of 83% in the
area and 72% in the productivity of saffron in a single decade in Kashmir
(Wani et al. 2016). This decline in cultivation of saffron worldwide, due
to poor agronomic practices and disease management together with lack
of breeding approaches, is a matter of concern to the saffron growers as
well as agricultural scientists. Efforts are being made to understand the

!'In Kashmir region of the Himalayas, saffron is locally known as “Kong” in Kashmiri and “Zafran” in Urdu.
2 Apocarotenoids are the degradation products of the carotenoids.
* Kashmir is a Himalayan valley in the state of Jammu and Kashmir (J&K) in India.
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biology of the crop and replace the traditional practices of saftron cultivation
with modern technology—driven cultivation approach. The sterile nature
of Crocus is hampering the conventional breeding approach, and modern
biotechnological approach has also failed to deliver due to lack of established
transformation protocols in Crocus, and now plant-microbe relationships
are being explored as an alternative for sustainable cultivation of Crocus
(Wani et al. 2016, 2017). The cultivation of Crocus is restricted to specific
agroclimatic regions with a specific temperate and climate, and also the
propagation of Crocus occurs by means of underground corms. It is expected
that the microbiome associated with Crocus might have significant influence
on the adaptation and functioning of the plant.

5.2 CROCUS SATIVUS: EVOLUTION, DISTRIBUTION, AND
PRODUCTION

Crocus is derived from the Greek word Corycus, the name of an area in
Cilcia in the eastern Mediterranean. The word “saffron” is derived from
French term safran and the Latin word safranum. It is also related to the
Italian Zafferano and Spanish Azafran and Arabic Asfar or Zafran (Kumar et
al. 2009). Crocus genus consists of about 90 species of perennials, growing
from corms, and many of them are considered economically valuable. C.
sativus is a genetically monotypic clone (Busconi et al. 2015). C. sativus
is believed to have evolved from Crocus cartwrightianus by autotriploidy
or from C. thomasii and C. pallasii by allotriploidy (Caiola and Canini,
2010). Since C. sativus is a triploid species (2rn = 3X = 21), there is not
proper segregation of chromosomes in meiosis resulting in abnormal gamete
formation. Due to aberrant meiotic behavior, C. sativus is self-incompatible
and male sterile and, hence, incapable of independent sexual reproduction.
Therefore, the propagation of C. sativus is by vegetative multiplication via
manual “divide-and-set” of the underground corms/bulbs or by interspecific
hybridization (Negbi et al. 1989).

The cultivation and use of saffron as a spice and medicinal plant in
the Mediterranean area date back to 2500-1500 BC (Fernandez, 2004).
Although the place of origin of saffron plant is still not clear, it has probably
originated in Greece, Iran, or Asia Minor, later spreading to India, China,
the Mediterranean basin, and Eastern Europe. Presently, the main saffron-
producing countries are Iran, Greece, Spain, Italy, and India (Kashmir)
(Fernandez, 2004). The historical accounts of saffron cultivation in Kashmir
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date back to 750 AD (Kumar et al. 2009). The cultivation of saffron in J&K
is restricted to specific ecological niches with almost same edaphic and
climatic conditions. The soils are heavily textured with silt clay loam, which
are well drained, calcareous in nature. Also, these are slightly alkaline with
pH ranging from 6.3 to 8.3 and with electrical conductivity between 0.09
and 0.30 dsm™' (Nazir et al. 1996). The world’s total annual saffron produc-
tion is estimated to be 300 tons per year, of which Iran contributes about
80%. Spain is the second-largest producer and contributes about 10-12% of
world’s production followed by India (3.3%), Greece (2.0%), and Morocco
(0.3%) (Kumar et al. 2009). The Kashmir region in India produces saffron
mostly for domestic use.

5.3 MORPHOLOGY AND PHENOLOGY OF CROCUS SATIVUS

C. sativus is a small geophyte, comprising a subterranean part known as corm/
bulb, leafy vegetative shoot, and purple-colored flowers (Fig. 1.1). The corm
of C. sativus is an underground stem covered with fibrous sheaths known
as tunics. The corm produces three types of roots, absorbing roots (fibrous),
contractile roots, and adventitious roots. The leaves of C. sativus are radical,
long, slender, grass-like, and channeled, with curved and fringed margins.
Each plant produces one to three purple flowers having three violet sepals
and three similar petals together. The plant is considered to be hysteranthous,
as the flowers arise directly from corms (Kumar et al. 2009). Saffron flower
bears three red-colored trilobed stigmas and three yellow-colored anthers.
The commercially important parts of Crocus are stigma and corm. The
mother/primary corm produces one or more daughter/secondary corm-lets
that are dependent on the nourishment provided by the mother corm and
eventually replace them in subsequent years. Vegetative cultivation offers
advantage in maintaining the genetic characteristics of the plant, but it does
not allow genetic improvement. Flower formation is directly related to corm
size: small-sized corms take 3—4 years to flower, while graded corms (>8-g
weight) produce flower in 1 year.

C. sativus is a perennial plant with its life cycle divided into three distinct
phases. The life cycle of saffron is adapted to the climate of the Mediter-
ranean region and is quite similar in all countries, but they differ in only the
timing of events. The life cycle of saffron cultivated in J&K has the dormant
phase extending from March to October, followed by the generative phase
extending for less than a month, which is followed by the vegetative phase
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extending from November to February (Fig. 5.2). Corm development and
bud sprouting occur during the dormant phase, flowering takes place during
the generative phase, and leaf development is the main activity during the
vegetative phase (Wani et al. 2016). Saftfron shows summer dormancy, which
is related to superior survival and high persistence under severe drought
conditions. This strategy of saffron is of great ecological significance,
particularly in view of the climate change resulting in increased temperature
and drought conditions.

Flower

Stigma
Anther

Corm

FIGURE 5.1 Morphology of C. sativus L.
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FIGURE 5.2 Phenology of C. sativus L.

5.4 DECLINE IN SAFFRON PRODUCTIVITY: CAUSES AND CONCERNS

C. sativus is an important high-value crop plant. The cultivation and produc-
tion of Crocus is constantly declining worldwide for the last few decades.
The cultivation of saffron is restricted to specific agroclimatic regions with
temperate climate. The replacement of corms, breaking dormancy, transi-
tion from vegetative to reproductive stage, development of floral bud, floral
emergence, etc. are all tightly regulated by various environmental factors like
temperature, irrigation, sunlight, etc. It is reported that temperature regulates
the growth and flowering of Crocus by affecting the enzyme activity in
plant metabolism. Saffron production does not require much water, but it
is reported that first irrigation is very important for flower emergence and
length of flowering period of saffron. However, the declining trend in saffron
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production and quality is mainly attributed to poor agronomic practices and
disease management together with lack of breeding approaches. C. sativus
has remained outside the realm of genetic improvement because of its
sterile nature. Moreover, biotechnological approaches have failed to deliver,
because transformation protocol has not been established so far. There are
a few reports where genes involved in the flowering and apocarotenoid
biosynthetic pathway have been cloned and characterized (Rubio-Moraga et
al. 2004; Frusciante et al. 2014; Baba et al. 2015b). Also a few transcription
factors regulating the biosynthesis of these compounds have been identi-
fied and cloned (Ashraf et al. 2015). However, none of these genes have
been taken forward for transforming Crocus for enhanced production of
apocarotenoids.

An important aspect for sustainable cultivation of saffron is the adequate
production of healthy corms, which is extremely important to guarantee flower
production. However, the corms in their natural environment are constantly
under siege from a multitude of disease-causing organisms, including
viruses, bacteria, nematodes, and especially fungi. Several fungal species
belonging to genera Fusarium, Rhizoctonia, Penicillium, Macrophomina,
Aspergillus, Sclerotium, Phoma, Stromatinia, Cochliobolus, Rhizopus,
Porostereum, Talaromyces, Epicoccum, etc. are reported to be associated
with saffron diseases (Ahrazem et al. 2010; Wani et al. 2016). Considerable
work has been done on pathogens causing diseases in C. sativus worldwide
(Cappelli and Di Minco, 1999; Palmero et al. 2014; Gupta and Vakhlu, 2015;
Wani et al. 2016, 2017). Corm rot caused by Fusarium oxysporum is the
most destructive disease in saffron, causing severe performance losses in
most saffron fields (Cappelli, 1994). The symptoms of corm rot include
pigmentation, and in the later stages of the disease, tissue desiccation takes
place. Infected plants die off early, which results in reduction of corm yield,
flowering, and stigma production. The corm rot disease was first detected
in Japan (Yamamoto et al. 1954). Corm rot disease is currently widespread
throughout the saffron-producing countries, causing substantial yield losses.
With a disease incidence of 100% and severity ranging from 6 to 46%, corm
rot disease results in reduced plant growth and yield of saffron in Kashmir as
well (Husaini et al. 2010).

To avoid pathogen attack, Crocus corm has developed several physical
and chemical barriers, as well as a system of active defense reactions.
Recently a new chitinase, SafchiA, isolated from corms of C. sativus, is
reported to play an important role in saffron defense response induced by
fungal (F. oxysporum f. sp. tuberose) infection and mediates inhibition of
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fungal growth under in vitro condition (Lopez and Gomez-Gomez, 2009).
C. sativus is characterized by the presence of saponins in stigma and corm
tissues, where they seem to play an antifungal role. The ability of a plant
to resist diseases is also dependent on soil conditions such as structure,
compaction, drainage, temperature, and level of biological activity, along
with cultural practices such as planting date and application of fertilizers
or herbicides (Ahrazem et al. 2010). The corm rot caused by Fusarium and
other fungi in saffron grown in Kashmir is being managed by using chemical
fungicides such as carbendazim (broad-spectrum benzimidazole fungicide),
myclobutanil (triazole chemical), mancozeb (subclass of carbamate), bavistin
(50% WP carbendazim), and tecto (benzimidazole fungicide). However, the
deleterious impact of these chemicals on the environment as well as human
beings is well established. These chemicals also affect the beneficial micro-
flora associated with the plant and put selection pressure for the evolution of
resistant pathotypes. Therefore, biological control is gaining importance for
integrated pest/disease management. There is a diverse community of micro-
organisms (endophytes) that interact positively with plants in agricultural
systems in relation to their nutrition and ability to resist biotic and abiotic
stress. The endophytes have the potential to be manipulated such that the
benefits of their positive effects are harnessed.

5.5 PLANT-MICROBE ASSOCIATION IN C. SATIVUS

A lot of work is being done on C. sativus to understand the biology of the
plant. However, work on plant-microbe interaction in Crocus is gaining
momentum for the last few years. There are various reports of the appli-
cation of microbes with established plant-growth-promoting properties
on the production of saffron. The antagonistic potential of Trichoderma
viride isolates collected from soil was investigated against Crocus corm rot
pathogen, F. oxysporum (Mir et al. 2011). In Spain, the application of Bacillus
subtilis FZB24 spore solution to saffron corms significantly increased
leaf length, flower per corm, total stigma biomass and decreased the time
required for corms to sprout. Moreover, significant increase in the quantity
of picrocrocin, crocetin, and safranal compounds is reported, when the plants
are soil drenched with B. subtilis FZB24 spore solution 14 weeks after the
sowing (Sharaf-Eldin et al. 2008). Aytekin and Acikgoz (2008) reported
that the production of saffron can be increased by treatment of corms with
a synthetic hormone (polystimulin A6 and K) and microorganism-based
materials like biohumus. Recently, a Bacillus amyloliquefaciens strain W2
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collected from rhizospheric soil was found effective against corm rot caused
by F. oxysporum (Gupta and Vakhlu, 2015).

Although the accessions of C. sativus cultivated in different regions
show little genetic variability, the yield and productivity of saffron vary
considerably. This could be attributed to variations in agricultural practices
and various biotic and abiotic factors. One of the most important factors that
influence plant health is the endophytic community harbored by the host
plant. The cultivation of Crocus is restricted to specific agroclimatic regions
with temperate climate, and also the propagation of Crocus is by means
of underground corms. Therefore, the microbiome associated with Crocus
might have significant influence on the adaptation and functioning of the
plant. Thus, it is imperative to understand the patterns of distribution and
community structure of endophytes of C. sativus, as well as their interac-
tions with the host plant, for sustainable agriculture and crop management
of this high-value medicinal and aromatic plant.

5.6 ENDOPHYTES OF C. SATIVUS

C. sativus harbors a huge diversity of fungal and bacterial endophytes. Wani
et al. reported the fungal endophytic community of C. sativus cultivated in
J&K, India. A total of 294 fungal endophytes were isolated from Crocus
corms, which were grouped into 100 morphotypes based on phenotypic
characters like growth pattern, colony texture, and colony color, as well as
morphology of conidia and conidiophores. Molecular phylogenetic studies
based on ITS1-5.8S-ITS2 ribosomal gene sequence analyses assigned these
endophytes into 36 distinct species, spreading over 19 genera (Table 5.1).
The diversity and composition of the endophytic community was almost
similar across different sites in J&K state. It may be due to uniformity of
both the genetic makeup of Crocus and edaphic factors across different sites.
However, the diversity and composition of the endophytic community varied
temporally at the two different phonological stages of Crocus lifecycle. It
was higher at the dormant than at the vegetative stage, indicating influence
of host/corm health status on the endophytic diversity (Fig. 5.3). This may be
explained by the fact that during the vegetative stage, the corms get flaccid,
nutrient deficient, and relatively inactive, thus supporting the growth of
fewer endophytes inside the corm tissues. In addition, the corms remain in
the vegetative stage during the winter season, which is marked by snowfall
and low temperatures, thus creating conditions that are less favorable for the
growth of the endophytes (Wani et al. 2016).
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TABLE 5.1 The Table Presents the 36 Different Fungal Endophytes (their Genbank
Accession Numbers and Isolation Frequency) Isolated from C. sativus.

ITS genotype Molecular identification Isolation
(GenBank accession no.) frequency (%)
ITS1 Aspergillus flavipes (KR135119) 3.7
ITS2 Trichoderma harzianum (KR135120) 34
ITS3 Cadophora malorum (KR135121) 12.9
ITS4 Fusarium oxysporum (KR135122) 4.1
ITSS Alternaria alternata (KR135123) 4.4
ITS6 Penicillium pinophilum (KR135124) 3.7
ITS7 Paecilomyces tenuis (KR135125) 1.7
ITS8 Porostereum sp. (KR135126) 1
ITS9 Talaromyces pinophilus (KR135127) 0.3
ITS10 Aspergillus dimorphicus (KR135128) 1
ITS11 Aspergillus terreus (KR135129) 1.4
ITS12 Aspergillus iizukae (KR135130) 1.4
ITS13 Aspergillus pseudodeflectus (KR135131) 3.7
ITS14 Fusarium incarnatum (KR135132) 0.3
ITS15 Alternaria sp. (KR135133) 0.3
ITS16 Fusarium solani (KR135134) 1.4
ITS17 Talaromyces verruculosus (KR135135) 24
ITS18 Eucasphaeria sp. (KR135136) 1.7
ITS19 Penicillium canescens (KR135137) 2
ITS20 Talaromyces cellulolyticus (KR135138) 9.5
ITS21 Penicillium sp. (KR135139) 0.7
ITS22 Penicillium chrysogenum (KR135140) 0.7
1TS23 Epicoccum nigrum (KR135141) 1
1TS24 Phialophora mustea (KR135142) 15
ITS25 Penicillium griseofulvum (KR135143) 9.2
1TS26 Ilyonectria robusta (KR135144) 0.3
1TS27 Alternaria brassicae (KR135145) 0.3
ITS28 Mortierella alpina (KR135146) 2
1TS29 Penicillium sp. (KR135147) 1
ITS30 Acremonium sp. (KR135148) 2.4
ITS31 Cladosporium silenes (KR135149) 1
1TS32 Fusarium tricinctum (KR135150) 1.7
ITS33 Leptodontidium orchidicola (KR135151) 24
ITS34 Botrytis fabiopsis (KR135152) 0.3
ITS35 Paecilomyces marquandii (KR135153) 0.3

ITS36 Gloeosporium sp. (KR135154) 1
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FIGURE 5.3 Diversity profile graph of fungal endophytes at two stages of Crocus life cycle.
The black line indicates diversity profile at dormant stage, while the red line indicates the
diversity profile at vegetative stage. The plot indicates clearly that the diversity of endophytes
associated with C. sativus is higher during the dormant stage of its life cycle.

The saffron microbiome was dominated by dark septate endophytes
(DSEs) with an isolation frequency of more than 30%, particularly
Phialophora mustea and Cadophora malorum being the most dominant
endophytes (Table. 5.1). Interestingly molecular phylogeny assigned these
DSE:s into a single clad, indicating a strong effect of the host genotype on the
selective recruitment of endophytes (Fig. 5.4). This indicates host-endophyte
specificity in the Crocus plant vis-a-vis P. mustea and C. malorum, and these
species are the most preferred endophytes of the host. These associations
might have developed over centuries of cultivation of saffron and transmitted
vertically as the host is propagated only by vegetative means using corms
(Wani et al. 2016).

Plants growing in different geographical regions are confronted with
different environmental challenges. These environmental cues in combinatorial



92

048

CSE29 (KR135127)

Talaromyces cellulolyticus (KM458826)

Talaromyces verruculosus (HQ608025)
hil

CS3E6 (KR135138)
SE3E1

CSE20 (KR135124)
Penicilium pinophilum (GQ337428)
CS10E11 (KR135147)
Penicilium sp. (KM095524)
CSE33 (KR135129)
Aspergillus terreus (KM924436)

ilus flavipes
CSEG (KR135119)
CSE34 (KR135130)
Aspergillus iizukae (LM999906)
CSE30 (KR135128)
Aspergillus dimorphicus (FR727119)
CS3E4 (KR135137)
Penicilium canescens (AY373901)
CS3E8 (KR135139)
Penicilium raistrickii (KF313091)
CSS5E1 (KR135140)
Penicilium chrysogenum (GU565149)
CSBE1 (KR135143)
Penicillium griseofulvum (AY373917)

1.00 CSE36 (KR135131)
EAsperglllus pseudodeflectus (KC427000)
1.00 (—CSF17 (KR135152)

' Botrytis fabiopsis (EU519204)
0.24 — Cadophora malorum (KF053555)

Gloeosporium sp. (KF572446)
(KR135151)
CS7E2 (KR135142)
Phialophora mustea (AB190404)
CSE10 (KR135120)

Trichoderma harzianum (KP050585)
CSF4 (KR135148)
Acremonium sp. (AB470879)

0.93 —CSBES5 (KR135144)

Ity robusta (

U Eucasphaeria sp. (KC180712)
CSFa7 (KR135136)
CSF10 (KR135150)
Fusarium tricinctum (KM877211)
CSE15 (KR135122)
Fusarium oxysporum (UX997430)
CSE43 (KR135132)
Fusarium incamatum (ab586988)
1.00 —CS2E17 (KR135134)
Fusarium solani (LN828155)
1,00~ CSF32 (KR135153)
Paeciomyces marquandii (FJ765026)

1.00 CSF7 (KR135149)
EC[adasponum silenes (KP055594)
100 —CS6E1 (KR135141)

' Epicoccum nigrum (FJ605251)
Alternaria alternata (KP127978)
Alteraria brassicae (KM396418)
0.40 —CSE18 (KR135123)

CS10E3 (KR135145)

0.57 —CSE44 (KR135133)

Altemaria sp. (KJ546349)
(—CSE24 (KR135125)

' Paecilomyces tenuis (GQ414523)
(—CSE26 (KR135126)

' Porostereum sp. (JX463660)
—CS10E4 (KR135146)

' Mortierella alpina (JX975906)

1.0

Rhi EU798703

j Eurotiomycetes

Endophyte Biology

Eurotiomycetes

j Leotiomycetes

DSEs
(Leotiomycetes &

Eurotiomycetes) Ascomycota

Sordariomycetes

Dothideomycetes

Eurotiomycetes

Agaricomycetes | Basidiomycota
Mucoromycetes Zygomycota

FIGURE 5.4 Phylogeny of endophytes of Crocus sativus using maximum parsimony
analysis based on ITS1-5.8S-ITS2 sequence. Only strain names with accession numbers are
provided in the phylogenetic tree for the endophytes isolated in this study. The tree is rooted
with Rhizopus microsporus (a zygomycete, EU798703).

effect with host genotype shape the endophytic diversity harbored by the host
plants (Arnold, 2007; Wani et al. 2015). As saffron cultivation in Kashmir is
completely rainfed, with no scientific irrigation system in place, the plants
usually suffer summer drought conditions, which may inevitably lead to
production of reactive oxygen species (ROS). The higher colonization of
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DSEs in the corms of Crocus indicates an ecological significance, as it is
reported that the melanized hyphae* are considered to be of importance for the
host to survive stress conditions. The cell-wall melanin can trap and eliminate
oxygen radicals generated during abiotic stress. Also the DSEs associated
with Crocus produce significant amount of indoleacetic acid (IAA), and it
is reported that IAA increases colonization efficiency of the endophytes,
possibly via interference with the host defense system (Navarro et al. 2006).
The production of IAA or related compounds may be an important property
for plant colonization by endophytes. Therefore, the endophytes, P. mustea,
and C. malorum are efficient colonizers in C. sativus and may confer tolerance
to the host against a variety of environmental stress factors. Also, P. mustea
and C. malorum isolates showed intraspecific strain variations, indicating that
these symbiotic associations are species specific rather than strain specific
(Wani et al. 2016).

Some endophytic strains recovered from the Crocus corm were identified
as being members of commonly observed genera of soil fungi, for example;,
Fusarium, Penicillium, Talaromyces, Trichoderma, and Paecilomyces.
These fungi are characteristically free-living saprophytes that can also be
opportunistic root endophytes or latent pathogens.’ Pathogenicity assay
indicated some of the endophytes of Crocus as latent pathogens, as they
displayed virulence with varying levels of severity under both in vitro and in
vivo conditions (Fig. 5.5). For instance, endophytes like Alternaria alternata,
Epicoccum nigrum, F. oxysporum, Acremonium sp., Penicillium pinophilum,
Talaromyces cellulolyticus displayed moderate-to-high virulence under
both in vitro and in vivo conditions. However, Aspergillus pseudodeflectus,
Botrytis fabiopsis, Penicillium canescens, Porostereum sp., Paecilomyces
marquandii, Talaromyces pinophilus, and Talaromyces verruculosus
displayed low virulence under in vivo condition and therefore considered
low-risk pathogens (Wani et al. 2016).

Recently some studies on bacterial endophytes and rhizospheric
bacterial associates of C. sativus are reported by culture-dependent and
culture-independent approaches (Ambardar and Vakhlu, 2013; Ambardar et
al. 2014; Sharma et al. 2015). Sharma and colleagues isolated cultivable
bacterial endophytes from saffron plant and assessed for plant-growth-
promoting activities. Molecular and phylogenetic analysis grouped the

4Melanized hyphae are a characteristic feature of dark septate endophytes, as they have melanin pigment
present in their hyphae.

3 They live as normal endophytes in the host plant but can turn pathogenic under stress condition or produce
disease symptom in the host plant upon reinfection.
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54 bacterial isolates into 11 different taxa, namely, Bacillus licheniformis,
B. subtilis, B. cereus, B. humi, B. pumilus, Paenibacillus elgii, B. safensis,
Brevibacillus sp., Pseudomonas putida, Staphylococcus hominis, and
Enterobacter cloacae. B. licheniformis was the dominant endophyte in both
leaves and corms of saffron. Ambardar and colleagues reported the bacteria
associated with rhizosphere, cormosphere, and bulk soil of saffron, using
cultivation-independent 16S rRNA gene-targeted metagenomic approach.
Saffron during flowering stage revealed the presence of 22 genera, but
none of the genus was common in all the three samples. Bulk soil bacterial
community was represented by 13 genera with Acidobacteria being
dominant genus, while as rhizospheric bacterial community was represented
by eight different genera with Pseudomonas being the dominant genus,
and cormospheric bacterial community comprised six different genera,
dominated by the genus Pantoea (Ambardar et al. 2014).

No cormrot Mild corm rot Moderate cormrot Severe cormrot

FIGURE 5.5 Corms of C. sativus reinfected with endophytes produced rotting symptoms
with different levels of severity.

5.7 BIOACTIVE POTENTIAL OF CROCUS ENDOPHYTES

Endophytes are proficient producers of bioactive metabolites and drug-like
molecules. Thus, they represent a huge bio-resource for the isolation of
novel bioactive molecules for applications in medicine, agriculture, and
industry (Porras-Alfaro and Bayman, 2011). This is not surprising in the
light of their evolution over millions of years in diverse ecological niches
and natural habitats. Extracts from several endophytes of Crocus showed
promising antimicrobial activities. Four new metabolites, Phialomustin
A-D isolated and characterized from an endophyte (P. mustea CS7TE2)
of C. sativus, are reported to have potential antimicrobial and anticancer
activities (Nalli et al. 2015). Furthermore, a unique quinazoline alkaloid
with cytotoxic and antifungal activities is isolated from Penicillium
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vinaceum, an endophyte of C. sativus (Zheng et al. 2012). Several endo-
phytes are reported to inhibit the growth of plant pathogenic fungi, thereby
indicating a strong biocontrol potential, which can be harnessed to control
corm rot and other microbial diseases after carrying out further studies
particularly under field conditions. By virtue of the antimicrobial activi-
ties, the endophytes may be imparting resistance to the host plant against
microbial diseases. Also, these properties may be helping them to dominate
the microbial populations in the corresponding ecological niches leading
to their efficient colonization in the plants. Another benefit, which these
endophytes provide to the host plant, is the production of the plant growth
hormones. Phytohormone production by endophytes is probably the best
studied mechanism of plant growth promotion, leading to morphological
and architectural changes in plant hosts, thus contributing to the overall
growth and development of the plant.

An oleaginous fungal endophyte, M. alpina CS10E4, isolated from C.
sativus produces polyunsaturated fatty acids (PUFAs), including arachidonic
acid (AA). M. alpina CS10E4 shifts the metabolic flux of Crocus toward
enhanced production of apocarotenoids by modulating the expression of key
genes of apocarotenoid pathway. Furthermore, M. alpina CS10E4 enhanced
tolerance to corm rot disease by releasing arachidonic acid, which acts as
conserved defense signal and induces jasmonic acid production in endophyte
treated Crocus corms (Wani et al. 2017). A basidiomycete, Porostereum
sp. CSE26 produces chlorinated aromatic compounds (CAMs), that is,
3-chloro-4-methoxybenzaldehyde and 2, 3-dichlorophenyl isothiocyanate,
having phytotoxic activity against Arabidopsis plants. It is presumed that
these compounds may be acting as pathogenic determinants of Porostereum
sp. CSE26 (Wani et al. 2018).

The bacterial endophytes associated with C. sativus also display signifi-
cant bioactivity. Sharma and colleagues reported that out of the 54 bacterial
endophytes investigated for enzyme production, 81% isolates showed lipase
activity, 57% isolates showed cellulase, 48% isolates showed protease, 38%
isolates showed amylase, 33% isolates showed chitinase, and 29% isolates
showed pectinase activity. These bacterial endophytes were investigated for
plant-growth-promoting potential, and it is reported that 24% of the isolates
were phosphate solubilizers, 86% showed siderophore production, and 80%
showed phytohormone production (Sharma et al. 2015). The endophytic
communities associated with C. sativus produce a diverse array of biomol-
ecules like phytohormone, enzymes, anticancer, antimicrobial, and phyto-
toxic compounds, etc. Therefore, the endophytes associated with C. sativus
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can be harnessed to develop agro-technologies for sustainable cultivation of
saffron and also yield bioactive natural products for pharmacological and
industrial applications.

5.8 CONCLUSION

C. sativus is an important medicinal and aromatic plant. It is the only plant
species that produces apocarotenoids like crocin, picrocrocin, and safranal
in significant amounts. These compounds impart organoleptic properties to
saffron, making it world’s costliest spice. This plant has remained outside the
realm of genetic improvement because of its sterile nature. Poor agronomic
practices and disease management together with lack of breeding approaches
have led to declining trend in saffron production and quality. This advocates
the need to explore other possibilities for enhancing the production of Crocus
apocarotenoids. The plant—endophyte interface provides an important
ecological marketplace for harnessing the potential of endophytes to produce
compounds of therapeutic potential or exert their positive influence on plants
to enhance the production of specialized metabolites of plant origin. C.
sativus harbors a great diversity of fungal and bacterial endophytes. These
endophytes produce a diverse array of bioactive molecules that can be
harnessed for pharmacological and industrial applications.
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ABSTRACT

Licorice is an important medicinal and aromatic plant and due to its
ethnopharmacological value, it is also known as “the king of Chinese
medicines”. The endophytic microbiome of G. glabra comprises diverse
group fungi mainly belonging to Ascomycota. Phoma and Fusarium species
dominate the endophytic community of the host plant. The endophytes
displayed differential tissue specificity and the diversity of endophytes
varies with geographical location. Several endophytes possess plant growth—=
promoting traits, whereas none was pathogenic to the plant. All the endophytic
taxa enhanced plant secondary metabolites under in vitro conditions,
indicating these endophytes may have an important role to play in growth and
development of the host plant. The interaction between the endophytes with
the host plant needs to be explored further, which might lead to microbial
formulations for the sustainable cultivation and productivity of plant.

6.1 INTRODUCTION
Glycyrrhiza meaning “sweet root” has its origin from the Greek words

“glykos” (sweet) and “rhiza” (root). Licorice is the common name of
Glycyrrhiza glabra,andlocally itisknown as Mulethi. G. glabrais aperennial
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herb belonging to the legume family (Fabaceae). It has a subcosmopolitan
distribution in Asia, Australia, Europe, and the Americas. The leading
producers of licorice include India, Iran, Italy, Afghanistan, China, Pakistan,
Iraq, Azerbaijan, Uzbekistan, Turkmenistan, and Turkey. Glycyrrhiza
comprises approximately 20 species, but only two species that is, Glycyrrhiza
uralensis and G. glabra are reported to possess potential pharmacological
applications (Barghi and Siljak-Yakovlev, 1990). Licorice is an important
medicinal and aromatic plant and due to its ethanopharmacological value, it
is used in traditional/folk medicine to cure various ailments. Therefore, it is
also known as “the king of Chinese medicine” (Sharma and Agrawal, 2013).
Due to its medicinal value and sweet taste, licorice finds its application in
pharmaceutical and food industry. The root part of G. glabra is used to
extract a sweet flavor that is used in herbalism and traditional medicine. G.
glabra is a perennial herbaceous plant that grows to a height of 0.5-1.5 m
(Fig. 6.1). They have deep stoloniferous root system, which in arid areas
might be of several meters long (Kushiev et al. 2005). The flowers are long;
purple to whitish blue in color, and are produced in a loose inflorescence.
The fruit is an oblong pod containing several seeds. The propagation of
G. glabra occurs mostly by vegetative means as the germination rate of
seeds is very low (Thirugnanam et al. 2008). Glycyrrhiza grows best in
well-drained soils with full sunny days and is harvested in autumn after two
to three years of planting.

Apart from the medicinal and aromatic importance, Glycyrrhiza is also
used as sweeteners and flavoring agent in food and confectionery industry.
Other applications of Glycyrrhiza include use in skin care, personal care,
and cosmetics. Glycyrrhiza is also known for promising antitumor, antimi-
crobial, antiviral, anti-inflammatory, antidiabetic, immunoregulatory, and
hepatoprotective and neuroprotective activities (Park et al. 2004; Yang et
al. 2017). Glycyrrhiza plant tolerates harsh environmental conditions and
has been used in remediation of abandoned saline soils in hungry steppes
of central Asia (Habibjon et al. 2005). Glycyrrhiza plant is nodulated by
rhizobial bacteria that fix atmospheric nitrogen and help in promoting the
growth of host plant (Li et al. 2012).

6.2 MEDICINAL VALUE OF GLYCYRRHIZA

From the ancient medical history of Ayurveda, G. glabra is known as a
medicine and a flavoring herb to overcome the unpleasant flavors of other
medications. Greek botanists reported the medicinal importance of the plant
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FIGURE 6.1 Morphology of Glycyrrhiza glabra plant.

and recommended it for gastric and peptic ulcers. In Asia and Europe, the
extract of licorice is also used to treat psoriasis. Licorice is used to relieve
“Vata” and “Kapha” inflammations, eye and throat infections, arthritic
conditions, and hepatic problems in Indian Ayurveda system.' Licorice is
also used in the treatment of various other ailments like acidity, leucorrhea,
jaundice, bronchitis, diarrhea, and fever (Sheth, 2005; Kaur et al. 2013).
Volatile compound of licorice root is an important ingredient in medicinal
oils used for the treatment of rheumatism, hemorrhagic diseases, epilepsy,
and paralysis. G. glabra is a good pain reliever, a remedy for discomfort
caused by acrid matter in the stomach due to its alkalizing effect (Chopra

' The Ayurvedic Pharmacopoeia of India, 2001.
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and Chopra, 1958). It is an excellent tonic and is also used as demulcent in
catarrh of the genitourinary passages (Nadkarni, 1976). In Asia, Glycyrrhiza
is also commonly used in folk medicine as an anti-inflammatory agent on
neutrophil functions, including reactive oxygen species (ROS) generation.

The pharmaceutical value of Glycyrrhiza lies in its capacity to produce
a variety of secondary metabolites comprising terpenes, flavonoids,
isoflavonoids, chalcones, coumarins, and polysaccharides (Seki et al. 2011).
Glycyrrhiza also produces an array of volatile compounds, out of which about
35% are terpenoids with octanoic acid, paeonol, octadecane, benzaldehyde,
a-terpineol, and 4-terpineol as its main constituents (Miyazawa and Kameoka,
1990). Rhizome of the plant is the main site for biosynthesis of glycyrrhizin
and glycyrrhetinic acid (Hayashi and Sudo, 2009). The sweetness in licorice
comes from glycyrrhizin, which is 30-35 times sweeter than sugar. The
isoflavene glabrene and the isoflavene glabridin found in the root of licorice
are phytoestrogens. The importance of this plant in modern medicine
has increased in the recent past due to the activity of glycyrrhizin against
hepatocellular carcinogenesis and prostate cancers (Thirugnanam et al. 2008).
The medicinal value of Glycyrrhiza and renewed interest in glycyrrhizin have
led to its increased demand. The primary active ingredient of liquorice root
extract is glycyrrhizin (glycyrrhizic acid; glycyrrhizinate), which constitutes
10-25% of the total metabolic contents. Glycyrrhizin is a saponin compound
comprising a triterpenoid aglycone, glycyrrhetic acid (glycyrrhetinici acid)
conjugated to a disaccharide of glucuronic acid. Glycyrrhizin and glycyrrhetic
acid can exist in the 18a and 18 sterecoisomer forms.” It is reported that
glycyrrhizin acts as a quenching agent of free radicals and also as blocking
agent of lipid peroxidation (Rahman and Sultana, 2007).

The methanol extract of aerial parts of G. glabra exhibited antibacterial
activity against various species of bacteria, including Helicobacter pylori
(Fukai et al. 2002). Glabridin, glabrene, and licochalcone A exhibited antimi-
crobial activity against Helicobacter pylori under in vitro condition (Motsei
et al. 2003). The alcohol extract of the root of G. glabra is found to possess
antifungal activity against Candida albicans (Hojoa and Satob, 2002) and
against other fungi Arthrinium sacchari and Chaetomium funicola (Fatima
et al. 2009). Various constituents with anti-oxidant capacity were isolated
from G. glabra that includes isoflavene, hispaglabridin A, hispaglabridin B,
glabridin, and 4¢-O-methylglabridin; the two chalcones, isoprenylchalcone
derivative and isoliquiritigenin; and the isoflavone, formononetin. Among
these compounds, glabridin was found as the most abundant and potent

2Food Chemicals Codex, 2003.
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anti-oxidant. Glycyrrhizin and glabridin inhibit the generation of ROS by
neutrophil at the site of inflammation (Wang and Nixon, 2001). Glycyr-
rhizic acid also displays antiviral activity; it inactivates herpes simplex virus
particles irreversibly (Pompei et al. 1979).

The ethanol extract obtained from the root of G. glabra exhibited
anticonvulsant activities (Ambawade et al. 2002). The aqueous extract of
liquorice had a significant effect in alleviating liver functions as well as
restoring hepatic tissue in acute liver diseases. The extract of G. glabra
is used as an alternative to bismuth, which is commonly known to play
protective role against acid and pepsin secretions (Asl et al. 2008). Liquorice
accelerates the metabolism of cells in the bone marrow erythroid stem
and increases resistance to stress in animals. It is also reported to exhibit
antiplatelet aggregation effect (Yu et al. 2005).

6.3 ENDOPHYTES OF GLYCYRRHIZA

Glycyrrhiza plant has symbiotic rhizobial association that helps in fixation
of atmospheric nitrogen. Isolation of rhizobacteria from the roots of different
species of Glycyrrhiza is reported, for example, Mesorhizobium tianshanense
is isolated from Glycyrrhiza pallidiflora. Li and colleagues reported various
symbiotic and other endophytic bacteria associated with Glycyrrhiza sp.
(Li et al. 2012). A total of 159 endophytic bacteria are isolated from the
root nodules of wild perennial Glycyrrhiza plant growing in China. The
isolated bacterial symbionts are grouped into nodulating and nonnodulating
species. The nonnodulating endophytic bacteria include Agrobacterium sp.,
Enterobacter cloacae, Paenibacillus sp., Phyllobacterium bourgognense,
Phyllobacterium sp., and Rhizobacterium daejeonense. The nodulating
rhizobacteria include Mesorhizobium mediterraneum, M. tianshanense,
Mesorhizobium group A, Mesorhizobium group B, Sinorhizobium meliloti,
Rhizobium gallicum, R. galegae, R. leguminosarum, R. cellulosilyticum,
R. giardini, Phyllobacterium sp. Five distinct Mesorhizobium groups
represented true symbionts of the host plant, and the majority of strains
have a role in inducing N,-fixing nodules (Li et al. 2012). Zhao et al. (2016)
isolated 126 and 92 actinobacteria strains from wild perennial liquorice
plants Glycyrrhiza inflata and G. glabra, respectively. Most of the strains
belong to the genus Streptomyces. The endophytic strains belonging to genus
Micromonospora and Rhodococcus were isolated from both the Glycyrrhiza
species, while as the endophytic strains belonging to genus Tsukamurella
were isolated only from G. glabra (Zhao et al. 2016).
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Zhao and colleagues investigated the actinobacterial diversity associated
with G. inflata. They isolated actinobacteria from 1-year old and 3-year
old G. inflata plants and recovered 36 and 52 endophytic actinobacterial
strains, respectively, showing distinct morphological characteristics. The
strains isolated from 1-year old plants belong to the orders Streptomycetales,
Corynebacteriales, Micromonosporales, and Micrococcales. Most of them
belong to the genus Streptomyces. The strains isolated from 3-year old plants
were more diverse than those from 1-year old plants and belong to the orders,
Streptomycetales, Micromonosporales, Micrococcales, Propionibacteriales,
and Streptosporangiales. These strains were represented by 10 genera: Strep-
tomyces, Micromonospora, Actinokineospora, Arthrobacter, Actinomadura,
Oerskovia, Cellulomonas, Nocardioides, Promicromonospora, and Rhodo-
coccus (Zhao et al. 2018). In another study, Li et al. (2018) isolated 116 endo-
phytic bacteria from wild populations of G. uralensis in China. Molecular
phylogeny based on 168 ribosomal gene sequence acquisition assigned these
endophytic bacteria into 35 species belonging to 20 distinct genera. All the
endophytic strains belong to Firmicutes, Actinobacteria, and Proteobacteria.
Most of the isolates belong to the genus Bacillus in Firmicutes, but the highest
genus-level diversity was in Actinobacteria (Li et al. 2018). The endophytic
bacteria exhibited a number of plant growth-promoting activities, including
auxin synthesis, diazotrophy, siderophore production, phosphate and potas-
sium solubilization, and production of hydrolytic enzymes (Li et al. 2018).

Arora et al. (2019) made a comprehensive effort to understand the
diversity and community structure of fungal endophytes associated with
G. glabra. A total of 266 fungal endophytic isolates were isolated from
G. glabra, which are grouped into 100 morphotypes based on phenotypic
characters like growth pattern, colony texture, colony color as well as
morphology of conidia and conidiophores. Molecular phylogenetic studies
based on ITS1-5.8S-ITS2 ribosomal gene sequence analyses assigned these
endophytes into 38 distinct species, spreading over 21 genera (Table 6.1)
(Arora et al. 2019). The diversity of endophytes in G. glabra was rela-
tively high in aboveground part with a colonization frequency of 58.6%
as compared to the underground part with a colonization frequency of
53.2%. Out of the 38 endophytic fungal species recovered from G. glabra,
16 endophytic species are specific to the aboveground part of the plant
only, which include Fusarium oxysporum, Talaromyces verruculosus,
Alternaria alternata, Curvularia aeria, Didymella bryoniae, Botrytis
cinerea, Alternaria sp., Alternaria brassicae, Cladosporium tenuissimum,
Fusarium equiseti, Aspergillus flavus, Cladosporium cladosporioides,
Stagonosporopsis cucurbitacearum, Aspergillus terreus, Xylaria sp., and
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TABLE 6.1 The 36 Different Fungal Endophytes (Their GenBank Accession Numbers and
Isolation Frequency) Isolated from Glycyrrhiza glabra.

ITS genotypes Molecular identification (GenBank accession no.) Isolation

frequency (%)

ITS1 Phoma sp. (KY419531) 12.03
ITS2 Phoma macrostoma (KY419532) 7.89
ITS3 Diaporthe sp. (KY419533) 7.14
ITS4 Phomopsis sp. (KY419534) 4.89
ITSS Fusarium oxysporum (KY419535) 4.51
ITS6 Phoma exigua (KY419536) 4.51
ITS7 Fusarium incarnatum (KY419537) 3.38
ITS8 Colletotrichum sp. (KY419538) 3.38
ITS9 Talaromyces verruculosus (KY419539) 3.38
ITS10 Rhizoctonia sp. (KY419540) 3.38
ITS11 Alternaria alternata (KY419541) 3.01
ITS12 Diaporthe terebinthifolii (KU168142) 2.63
ITS13 Botryosphaeria dothidea (KY419542) 2.63
ITS14 Curvularia aeria (KY419543) 2.63
ITS15 Mucor circinelloides (KY419544) 2.63
ITS16 Fusarium solani (KY419545) 2.26
1TS17 Lasiodiplodia theobromae (KY419546) 2.26
ITS18 Didymella bryoniae (KY419547) 2.26
ITS19 Macrophomina phaseolina (KY419548) 2.26
ITS20 Rhizopus oryzae (KY419549) 2.26
ITS21 Fusarium avenaceum (KY419550) 2.26
ITS22 Botrytis cinerea (KY419551) 2.26
ITS23 Fusarium brachygibbosum (KY419552) 1.88
ITS24 Lasiodiplodia pseudotheobromae (KY419553) 1.5
ITS25 Mucor hiemalis (KY419554) 1.5
ITS26 Alternaria sp. (KY419555) 1.5
1TS27 Alternaria brassicae (KY419556) 1.5
ITS28 Cladosporium tenuissimum (KY419557) 1.13
1TS29 Alternaria tenuissima (KY419558) 1.13
ITS30 Fusarium equiseti (KY419559) 1.13
ITS31 Alternaria porri (KY419560) 1.13
ITS32 Aspergillus flavus (KY419561) 0.75
ITS33 Cladosporium cladosporioides (KY419562) 0.75
ITS34 Alternaria burnsii (KY419563) 0.75
ITS35 Stagonosporopsis cucurbitacearum (KU168143) 0.38
ITS36 Aspergillus terreus (KY419564) 0.38
ITS37 Xylaria sp. (KY419565) 0.38

ITS38 Bionectria sp. (KY419566) 0.38
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Bionectria sp. A total of 10 endophytic fungal species are specific to the
belowground part only, which include Fusarium incarnatum, Rhizoctonia
sp., Mucor circinelloides, Lasiodiplodia theobromae, Macrophomina
phaseolina, Lasiodiplodia pseudotheobromae, Mucor hiemalis, Alternaria
tenuissima, Alternaria porri, and Alternaria burnsii, while as the remaining
12 endophytic fungal strains are common to both aboveground and below-
ground parts of the plant (Fig. 6.2). This indicates that the endophytic
colonization in G. glabra displays tissue specificity with respect to most
of the endophytes. It is presumed that the aboveground and belowground
tissues of the plant represent two distinct ecological niches with different
metabolic cues and micro-environments, consequently shaping their micro-
biota differently (Arora et al. 2019). Further, multivariate analysis of the
endophytes of G. glabra samples collected from different locations showed
that the geographical location plays an important role in the recruitment of
fungal communities in G. glabra. 1t is also supported by cluster analysis of

>

endophytes isolated from G. glabra using different media; it showed higheU

similarity between the fungal communities isolated from only one locatio
irrespective of the media used. Therefore, it is suggested that the recruit-
ment of endophytes in G. glabra is influenced by many factors, including
the host plant status and geographical location (Arora et al. 2019).

FIGURE 6.2 Venn diagram showing differential recruitment/colonization of fungal endophytes
in shoots and root tissues of Glycyrrhiza glabra.
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The endophytic community structure in G. glabra indicates most of
the endophytes belong to the fungal class Dothideomycetes, followed by
Sordariomycetes, Mucoromycetes, Eurotiomycetes, Agaricomycetes, Euas-
comycetes, and Leotiomycetes. The most abundant class is Ascomycota with
18 genera, followed by Zygomycota with 2 genera (Mucor and Rhizopus)
and Basidiomycota with 1 genus (Rhizoctonia) (Fig. 6.3). The fungal genera
Phoma and Fusarium constitute the two most dominant groups with an
isolation frequency of 24.4% and 15.4%, respectively (Arora et al. 2019).
It is pertinent to mention that these two fungal genera are common to both
aboveground and belowground parts of the host plant. Therefore, it is
presumed that G. glabra has strong affinity toward establishing symbiotic
association with fungi belonging to the genera Phoma and Fusarium. These
endophytes can be regarded as the preferred/true endophytes of G. glabra.
To substantiate this hypothesis, there is dire need to study the diversity and
community structure of the endophytes associated with G. glabra from other
places, so as to have a better understanding of the true endophytes of G.
glabra. Also, the mechanism of establishment of symbiotic associations by
the host plant with the endophytes needs to be studied in order to understand
the preferential plant-microbe interactions and their implications on the
growth and metabolism of the host plant.

6.4 BIOACTIVE POTENTIAL OF FUNGAL ENDOPHYTES OF G. GLABRA

Endophytes carry out specific functions in nature thus helping the host plant
to survive in specific environment, particularly under stress conditions.
Therefore, endophytes are expected to produce antimicrobial compounds to
inhibit the growth of plant pathogens and also compete with other organisms
for survival in their specific niches (Wani et al. 2016). In order to understand,
if the endophyte provides the host plant any resistance to phytopathogens
and subsequently exploited for the production of antimicrobial compounds,
the endophyte is assessed in dual/coculture assay against a panel of plant
pathogens. The endophyte displaying potent activity against plant pathogens
in coculture assay infers that the endophyte may be helpful to the host plant
in providing resistance against pathogens. It is reported that the extract of
some fungal endophytes, particularly S. cucurbitacearum GG1F1, showed
potential antimicrobial activity. The chemo profiling of S. cucurbitacearum
GGI1F1 resulted in the isolation of two thiodiketopiperazine molecules
with potential antimicrobial and biofilm inhibition activities against several
human pathogens, particularly Staphylococcus aureus ATCC 29213 and
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Phylogenetic analysis of fungal endophytes associated with Glycyrrhiza
glabra. The strain numbers of the isolates obtained in this study are presented in bold font.
The tree is rooted with Agaricus bisporus (an agaricomycetes, AF465404.1).

Staphylococcus pyogenes MTCC 442 (Arora et al. 2016). Apart from this,
two new hydroxylated unsaturated fatty acids designated as diapolic acid A—B
along with known compounds xylarolide and phomolide G were recovered
from the endophytic fungus, Diaporthe terebinthifolii GG3F6. Xylarolide
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is found to exhibit potential cytotoxic activity against the breast cancer cell
line T47D and moderate antifungal activity against C. albicans (Nalli et al.
2016). An antitubercular molecule, Fusarubin is recovered from an endophyte
(Fusarium solani) of G. glabra. Fusarubin showed good activity against
Mycobacterium tuberculosis strain H37Rv with MIC value of 8 ug ml™ and is
suggested to be a potential drug for tuberculosis (Shah et al. 2017).

Endophytes are reported to enhance growth and development of the
host plant by virtue of other biochemical properties (Rodriguez et al. 2009).
An important aspect of the endophytes is the production of plant growth
hormones, like Indole acetic acid (IAA), gibberellins, etc. All the endophytic
strains isolated from G. glabra produces IAA under in vitro condition in
varying concentrations (Arora et al. 2019). Phytohormone production by
endophytes is probably the best-studied mechanism of plant growth promo-
tion, contributing to overall growth and development of the plant. IAA is
found to be involved in biotic and abiotic stress tolerance in the host plant,
while it also plays an important role in colonization of the endophytes in
plant tissues (Wani et al. 2015). This may be the reason for the endophytes
being efficient producers of IAA. More than 50% of the endophytes isolated
from G. glabra are able to produce siderophore, indicating their plant
growth—promoting potential. The endophytes of G. glabra are also reported
to produce hydrolytic enzymes that are believed to play some role in colo-
nization of endophytes in the host tissue. It is also reported that no patho-
genesis symptom was detected in the host plant upon reinfection with the
isolated endophytes. This is in confirmation that G. glabra is rarely infected
by any pathogens (Janke, 2004). Some endophytes of G. glabra are reported
to enhance the production of secondary metabolites, particularly the total
phenolic and flavonoid content, in the host plant under in vitro condition.
Phenolics, flavonoids, and carotenoids are responsible for the anti-oxidant
potential of the plant (Shahidi and Ambigaipalan, 2015). Therefore, it is
hypothesized that the endophytes associated with G. glabra are involved
in enhancing the anti-oxidant potential of the host plant, thereby increasing
its pharmaceutical value. However, this hypothesis needs to be investigated
further in future research work.

6.5 CONCLUSION

The endophytic microbiome of G. glabra comprises diverse group fungi
mainly belonging to Ascomycota. Phoma and Fusarium species dominate
the endophytic community of the host plant. The endophytes displayed
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differential tissue specificity and the diversity of endophytes varies with
geographical location. Several endophytes possess plant growth—promoting
traits, whereas none was pathogenic to the plant. All the endophytic taxa
enhanced plant secondary metabolites under in vitro conditions, indicating
these endophytes may have an important role to play in growth and develop-
ment of the host plant. The interaction between the endophytes with the host
plant needs to be explored further, which might lead to microbial formulations
for the sustainable cultivation and productivity of plant. Also, the application
of culture-independent metagenomics approach for the characterization of
whole microbiome may add to the knowledge on endophytes of G. glabra
and give a better understanding of the microbes associated with the plant.
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ABSTRACT

The endohyphal bacteria (EHB) occur in living hyphae of phylogenetically
diverse fungal endophytes isolated from various plant lineages and in
multiple biogeographic provinces. EHB may be playing an important role
in modulating the secondary metabolism of the fungus and loss of the
endohyphal partner may result in attenuation of cultures for the production
of key metabolites. This interaction represents the third component of
plant—endophyte association, thus making it a tripartite association between
the plant, fungus and bacteria. This tripartite relationship has a great impact
on the host plant’s diversity, metabolism, and ecology. It is reported that the
endohyphal bacteria play a complementary protective role for the host fungus
and the host plant under various stress conditions. This remarkable symbiotic
association has been poorly studied and the implications of the presence of
endohyphal symbiotic partner on the metabolism of fungus and host plant are
inadequately understood.

7.1 INTRODUCTION

Fungi are present in various ecological niches as free-living organisms as well
as in association with other organisms and play diverse ecological functions.
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Fungiinteract with bacteria in specific ecological niches and their association has
positive effects on agriculture and environment. Apart from the most frequently
observed microbial cell-cell interactions, endosymbiotic associations are also
reported where bacteria reside within the fungal hyphae. This phenomenon
was first discovered in mycorrhizal fungi wherein “bacterium-like organelles”
(BLOs) were detected inside the fungal mycelia (MacDonald and Chandler,
1981). Recent studies have shown that foliar endophytes frequently harbor
highly diverse bacteria, now called endohyphal bacteria (EHB). The
endohyphal bacteria occur in living hyphae of phylogenetically diverse fungal
endophytes isolated from various plant lineages and in multiple biogeograpic
provinces (Arora and Riyaz-Ul-Hassan, 2018).

Fungi are regarded as incredible chemical factories producing numerous
bioactive molecules. It is estimated that less than 5% of fungi are characterized
so far, while a majority of the members belonging to the fungal kingdom
remain to be discovered and/or characterized (Staley et al. 1997). There is an
unending demand for novel antimicrobial agents due to a rapid increase in drug-
resistant microbes and recurring infectious diseases. Hence, microbiologists are
screening various ecological niches, including extreme environments like ocean
beds, geothermal vents, and cold desserts, in search of novel fungal strains with
promising bioactive potential (Staley et al. 1997; Wang et al. 2015). The source
of isolation has a profound effect on the secondary metabolism of the microbe
(Riyaz-Ul-Hassan et al. 2012). In practice, microbiologists face a challenging
task in maintaining the fungal cultures in the active form for a longer time
to produce key metabolites consistently, as the fungal cultures tend to show
decline in the production of secondary metabolites in laboratory conditions
after sometime. One of the possible factors for this decline in the production
of secondary metabolites might be the presence and maintenance of EHB
within the hyphae of fungal cultures. Thus, EHB may be playing an important
role in modulating the secondary metabolism of the fungus and loss of the
endohyphal partner may result in attenuation of cultures for the production of
key metabolites. This remarkable symbiotic association has been poorly studied
and the implications of the presence of endohyphal symbiotic partner on the
metabolism of fungus and host plant are inadequately understood.

7.2 DETECTION OF EHB
The presence and viability of the EHB is detected by the Live/Dead stain

and fluorescence in situ hybridization (FISH). Live/Dead strain is a mixture
of SYTO9 green-fluorescent nucleic acid stain and the red-fluorescent
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nucleic acid stain, propidium iodide. Examination of fungal mycelia with
molecular probe labeled Live/Dead fluorescent stain provides evidence
that bacteria within fungal hyphae are viable and shows that such bacteria
occurs within living fungal tissues (Stewart et al. 1995). FISH is a molecular
technique employing fluorescent probe that binds to specific position of the
chromosome with a high degree of sequence complementarity. In FISH,
a bacteria-specific probe (EUB338), which is a universal 16S rRNA gene
oligonucleotide, is used to confirm the presence of EHB in the fungal hyphae
(Hoffman and Arnold, 2010). In this technique, fresh mycelium is harvested
and dehydrated using 70% of ethanol. Dehydrated mycelium is kept at 46°C
for 90 min with hybridization buffer using 40% of formamide hybridization
stringency with EUB338 probe. After incubation, mycelium is mounted on
glass slides using 4,6-diamidino-2-phenylindole (DAPI) as counter strain
and examined under microscope equipped with a confocal system and a laser.

7.3 ISOLATION OF EHB

To isolate an EHB from fungal mycelia, the fungus is cultured in potato
dextrose broth (PDB) medium and incubated at 37°C with 100 rpm in a
shaker incubator. Mycelia from 7-day old culture are mechanically sheared
used autoclaved mortar-pestle followed by centrifugation. The supernatant
is plated onto different media, like Nutrient Agar (NA), Potato Dextrose
Agar (PDA), and Water Agar (WA), and incubated at 37°C. The emerged
bacterial colonies are picked up, purified, and preserved (Partida-Martinez et
al. 2007). Fungus can be cured of EHB by cultivation on 2% of malt extract
agar (MEA) supplemented with four antibiotics: ampicillin (100 ug/mL),
kanamycin (50 pg/mL), tetracycline (10 pg/mL), ciprofloxacin (40 pg/mL),
etc. It can be confirmed that the fungal culture is free of EHB by using EHB
detection techniques.

7.4 HOW EHB INVADE THE FUNGAL MYCELIA?

Despite a growing number of described endohyphal symbionts, there is a lack
of information on the mechanism that allows integration of EHB within the
fungus or entry of EHB into fungal hyphae. Moebius and colleagues in 2014
reported new bacterial fusion processes that include the secretion of chitino-
lytic enzymes. Chitin is one of the main components of the fungal cell wall;
it is presumed that the chitinolytic enzyme might be playing a significant role
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in the active intrusion of bacteria into fungal cells. To establish an intimate
association, physical contact between the endohyphal partner and host fungus
should take place at the right time and right place besides many other factors
(Bright and Bulgheresi, 2010). It is reported that bacteria attach themselves
to the fungus even before the chitinolytic enzymes are produced and secreted.
The fungal cell wall penetration is a more melting-like, mild process without
damaging the hyphae (Moebius et al. 2014). The two possible molecular
mechanisms involved in the interaction and infection process of EHB into
fungal hyphae are reported to be a type two secretion system (T2SS) and
secretion of chitinase. It is suggested that T2SS is involved in the secretion of
extracellular enzyme chitinase and the translocation of the associated proteins
by the bacteria, which in turn softens the cell wall of fungi helping the bacteria
to invade into the host fungus.

7.5 TYPES OF EHB

Initially termed “bacteria-like organisms”, EHB was discovered in a vesicular-
arbuscular mycorrhizal (VAM) fungus, Acaulospora laevis (Mosse, 1970).
Later, the presence of EHB was found in several other fungi, including
nonmycorrhizal fungi. The endohyphal symbionts are widespread in animals as
well, particularly in insects. This is an emerging field of science, although several
insights have been obtained on the interactions between Glomeromycota and
their endosymbionts. Investigations on endophytic fungi revealed widespread
presence of EHB in fungi. The EHB are obtained from several classes of fungi
and are found to live as facultative symbionts. Recent studies have indicated
that EHB are widespread in rhizospheric fungi belonging to diverse fungal
phyla, for example, mycorrhizal and pathogenic fungi from Glomeromycota,
Basidiomycota, Mucoromycota, and in highly diverse Ascomycota that infect
roots, stem, and leaves as endophytes.

7.5.1 EHBASSOCIATED WITH GLOMEROMYCOTA

The first EHB was discovered in a mycorrhizal fungus, A. laevis—belonging
to phylum Glomeromycota. This EHB, also known as mycorrhiza helper
bacteria, plays an important role in the stimulation of the presymbiotic
growth of the mycelium. The EHB increase the survival and/or germination
of fungal spores and also increase the receptivity of fungal signals by the
root by stimulating the root mycelium recognition, and an alteration in the
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physicochemical properties that would aid in the mycorrhizal formation.
There are many reports of isolation of bacterial strains from the surface-
sterilized ectomycorrhiza, of which 80% are found to possess a positive
effect on mycorrhiza establishment and 20% are neutral. There are reports
of association of EHB with Glomus caledonius, A. laevis, Glomus mosseae,
Gigaspora margarita, Gigaspora heterogama, and an unidentified white
reticulate vesicular-arbuscular mycorrhizal spore (Macdonald et al. 1982).

In Glomeromycota, two types of EHB have widespread distribution—a
rod-shaped Gram-negative bacterium, Candidatus Glomeribacter gigaspo-
rarum (CaGg) and a coccoid Mollecultes related endobacterium (Mre). The
genome sequencing of CaGg revealed that it has a reduced genome and
lacks metabolic pathways for important amino acids. It depends upon its
fungal host for carbon, phosphorus, and nitrogen supply and most of the
amino acids are imported from the host fungus. Though the fungus feeds
the endobacteria, while the fungus is itself an obligate biotroph dependent
on the host plant. However, the benefit of the endobacterium to the fungal
partner is not well understood (Desiro et al. 2018). It is reported that the
bacterial endosymbionts of arbuscular mycorrhizal (AM) fungi are involved
in the synthesis of vitamin B12, antibiotics, and toxin-resistant molecules
providing the ecological fitness to the fungal host (Salvioli et al. 2012).
The presence of endohyphal bacteria-CaGg is reported in G. margarita, G.
gigantean, G. decipiens, Scutellospora persica, and S. castanea (Bianciotto
et al. 2003).

Another important endohyphal bacterial taxon clustering with the
Mollicutes and encompassing the Mycoplasmatales and Entomoplasma-
tales is reported from various members of the Glomeromycota (Naumann
et al. 2010). AMF can harbor both the types of endobacteria, namely, CaGg
and Mre. However, the Mre are more abundant, variable, and prone to
recombination as compared to CaGg. Molecular evolution patterns of Mre
residing within AMF revealed that the diversity of Mre is divergent within
the individual AMF, but there is not much differentiation between Mre
associated with AMF from different continents. Mre can also be present as
parasites of AMF Glomeromycota and this stable association is the outcome
of a combination of both the transmissions modes, vertical and horizontal.

A very rare and unique association is reported between a fungus
(Geosiphon pyriformis) and a cyanobacterium (Nosftoc punctiforme) (Kluge,
2002). G. pyriformis is a monotypic species belonging Glomeromycota. This
species is characterized by the formation of arbuscular mycorrhiza and it
forms unicellular, multinucleated bladders containing the cyanobacterium.
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N. punctiforme cells are not enclosed by fungal cell wall but they live freely
in the cytoplasm of the host fungus (Schiissler, 2002). The stable association
between the interacting partners is a result of the exchange of sugars by
cyanobacterium and essential products required for the photosynthesis
of cyanobacterium by the fungal host (Schiiiler, 2012). However, the
mechanism behind the exchange of metabolites between the two partners is
yet to be explored.

7.5.2 EHB ASSOCIATED WITH ZYGOMYCOTA

One of the well-studied endohyphal association is between a fungal phyto-
pathogen (Rhizopus microsporus) and its bacterial endosymbiont (Burkhold-
eria endofungorum). The fungus is the causative agent of rice seedling blight
and it produces a mycotoxin known as rhizoxin. Interestingly, the rhizoxin
is not biosynthesized by the fungus itself, but by the endosymbiotic bacteria
of the genus Burkholderia residing inside the fungal hyphae. However, the
enzymes required to synthesize 2, 3-oxirane ring of the precursor in the
rhizoxin biosynthetic pathway are produced by the host fungus. Thus, both
the interacting partners play an important role in the biosynthesis of this
phytotoxin. This interesting breakthrough unveiled a remarkably complex
symbiotic-pathogenic relationship involving a tripartite association between
plant—fungus—bacteria (Partida-Martinez and Hertweck, 2005). Similarly,
the endosymbiont B. endofungorum was found to produce rhizonins, which
are cyclopeptides and were wrongly regarded as mycotoxins (Lackner et al.
2009). Later, it was reported that the absence of the bacterial endosymbiont
affects vegetative reproduction of the fungal host, R. microsporus. Forma-
tion of sporangia and spores is restored only upon reintroduction of the endo-
bacteria to the fungal culture (Partida-Martinez et al. 2007). This showed a
complex interaction, which broadens the scope of plant—fungus associations
leading to its third component.

The endosymbiont resides within the fungal cytosol, as shown by trans-
mission electron microscopy (TEM), confocal laser scanning microscopy,
and freeze—fracture EM (Partida-Martinez et al. 2007). The endosymbiont
bacterium produces potential antimitotic macrolides, which are then
converted to phytotoxic rhizoxin by the host fungus. This phytotoxin is the
causative agent of rice seedling blight that weakens or kills the rice plants
(Scherlach et al. 2012). As rhizoxin possesses potential antimycotic activity
against a number of eukaryotic fungi, the host R. microsporus must be



Endohyphal Bacteria: Endosymbiotic Partner 121

resistant to the toxin produced by its endosymbiont. The antimycotic activity
of rhizoxin is by attacking the B-tubulin and the presence of four amino acids,
namely, isoleucine, valine, serine, and alanine, in the B-tubulin sequences is
pivotal for conferring resistance against the toxin. The evolution of rhizoxin
resistance is an important key to maintain the stable association between the
fungal host and its bacterial endosymbiont (Schmitt et al. 2008). Another
important novel EHB, Mycoavidus cysteinexigens gen. nov., is found to be
associated with Mortierella elongate (Sato et al. 2010). The endobacterium
(M. cysteinexigens) lack key genes involved in cysteine biosynthesis and
glycolytic pathway, therefore the endobacterium was isolated from the host
using cysteine supplemented media.

7.5.3 EHB ASSOCIATED WITH BASIDIOMYCETE

The first report of association of EHB with a basidiomycete is that of the
fungal host—Laccaria bicolor and bacterial endosymbiont—~Paenibacillus
sp. (Bertaux et al. 2003). The endosymbiont inhabited both live and dead cells
of the fungal host. However, the role of endobacterium in the ectomycorrhizal
symbiosis is not clear. Another important association of EHB with a
Basidiomycete is a Gram-positive nitrogen-fixing bacterium Bacillus pumilus,
present inside the hyphae of a pathogenic fungal strain Ustilago maydis. The
endobacterium helps the fungal host in nitrogen fixation. The ability of the
fungus U. maydis to fix nitrogen was confirmed by nitrogenase activity and
incorporation of 15N into the cells (Ruiz-Herrera et al. 2015).

EHB association with the fungal species belonging to the order Sebacinales
is quite diverse with three distinct bacterial genera, namely, Paenibacillus,
Acinetobacter, and Rhodococcus, associated with Sebacina vermifera,
whereas Rhizobium radiobacter was found to be associated with the fungus
Piriformospora indica (Guo et al. 2017). The endohyphal bacterium is protected
inside the host fungus and in turn the endobacterium increases the fitness of the
fungus.

7.5.4 EHB ASSOCIATED WITH ASCOMYCOTA

Hoffman and Arnold (2010) reported the presence of phylogenetically diverse
endobacterial symbionts within the hyphae of ascomycetous fungi. There are
growing evidences of the presence of EHB in diverse lineages of Ascomycota,
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including Eurotiomycetes, Dothideomycetes, Sordariomycetes, Pezizomycetes,
and multiple functional groups. They are widespread in foliar endophytes
and soil-borne ascomycetous fungi. A fungal endophyte Pestalotiopsis sp.
harbors an endohyphal bacteria Luteibacter sp. that influences its ability to
produce auxin and certain hydrolytic enzymes. Another fungal endophyte
Microdiplodia sp. was also found to be in association with Luteibacter sp. as
endosymbiont partner. The EHB—fungus association was resynthesized under
in vitro conditions and it was observed that the EHB infections were initiated
and maintained more often under low-nutrient culture conditions (Arendt
et al. 2016). The endohyphal bacteria Chitinophaga sp. associated with the
fungus Fusarium keratoplasticum alters the substrate (particularly carbon) use
efficiency of the fungal host (Shaffer et al. 2017).

Pakvaz and Soltani (2016) explored the occurrence, diversity, and
bioactive potential of diverse endosymbiotic bacteria associated with
fungal endophytes of Cupressus sempervirens. Almost, 31% of the fungal
endophytes isolated from C. sempervirens harboured endohyphal bacteria.
More generally, studies of EHB in Ascomycota and other fungi have been
focused primarily on Proteobacteria, Firmicutes, and Mollicutes, leaving
gaps with regard to the potential for symbiotic modulation of the fungal
phenotypes by members of other bacterial lineages.

7.6 FUNCTIONAL DIVERSITY OF EHB

The EHB symbioses represent the third component of plant-endophyte
association, thus making it a tripartite association between the plant,
fungus, and bacteria. This tripartite relationship has a great impact on the
host plant’s diversity, metabolism, and ecology (Fig. 7.1). It is reported
that the endohyphal bacteria play a complementary protective role for the
host fungus and the host plant under various stress conditions (Hoffman
and Arnold, 2010, Pakvaz and Soltani, 2016). It is also reported that EHB
influence the phytohormone production in the host fungus; for example,
the indole acetic acid (IAA) production is enhanced significantly by an
endohyphal bacterium identified as Luteibacter sp. (Hoffman et al. 2013).
They also help regulate key components of host reproductive machinery
and are responsible for the production of characteristic phytotoxins by the
host fungus. In rice seedling blight, the phytotoxin (rhizoxin) was produced
by the Burkholderia—an EHB residing inside the hyphae of Rhizopus sp.
(Partida-Martinez and Hertweck, 2005). Similarly, an endosymbiont B.
endofungorum was found to produce rhizonins, which are cyclopeptides
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and were wrongly regarded as mycotoxins (Lackner et al. 2009). It is also
reported that in the absence of the endosymbionts, the host fungus is not
capable of vegetative reproduction. Formation of sporangia and spores is
restored only upon reintroduction of the EHB (Partida-Martinez et al. 2007).
The EHB of G. margarita enhances the fungal sporulation, raises the fungal
bioenergetic capacity by increasing ATP production, and elicits mechanisms
to detoxify reactive oxygen species. These indicate the importance of EHB
in host metabolism, reproduction, and stress tolerance (Salvioli et al. 2016).
An EHB identified as B. pumilus is reported to confer nitrogen-fixing ability
to the host fungus U. maydis (Ruiz-Herrera et al. 2015). In case of some
AM fungi, EHB is found to facilitate phosphate acquisition and transport.
The EHB in association with mycorrhiza' are considered to be an important
aid toward controlled mycorrhization technique in forestry, by extending
their use in poor nursery soils, saving fungal inoculum, improving the
mycorrhizal quality, or suppressing the use of soil disinfectants (Garbaye,
1994). Recently, an interesting study on the symbiotic association between R,
microsporus and its bacterial endosymbiont Burkholderia inferred that this
symbiosis shifts from mutualism to antagonism in response to change in the
status of lipid metabolism in the host fungus. The endosymbiotic relationship
is mutualistic, when the lipid metabolism and phosphatidic acid—producing
enzymes are activated, while it turns antagonistic when the phosphatidic
acid—producing enzymes are inhibited (Lastovetsky et al. 2016).

These findings illustrate that this tripartite association between plant—
fungus—bacteria is a complex interaction, which broadens the scope of
plant—endophyte associations. The beneficial endohyphal associations are
widespread but the underlying mechanisms are still unexplored due to prob-
lems in isolation, cultivation, and maintenance of all types of endosymbionts.
The formation and consequences of the fungal and bacterial associations are
very complex involving intricate molecular cross talks. This complex tripartite
association should be studied in detail and the functional diversity of the events
involved in these associations could be explored using integrated “omics”
technologies, like genomics, transcriptomics, metabolomics, and proteomics.

7.7 CONCLUSION

Recent studies on “fungal-bacterial” associations, wherein the bacteria reside
within the fungal hyphae, unfolded a novel chapter in microbial ecology.

'The EHB in association with mycorrhiza were earlier known as mycorrhiza helper bacteria (MHB).
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These associations are more common and important than previously thought.
Moreover, many of these associations are central to agriculture, forestry, and
bioremediation. Though few of these unique symbioses have been studied
to a significant extent, but this discipline is still in its infancy. There is a
lack of knowledge about the mechanism of association and the molecular
cross talk involved remains unexplored due to the microscopic scale of the
associating partners, the complexity of the communities involved, and the
intricate nature of the association. Therefore, it is imperative to work in a
systems biology approach allowing for discovery and characterization of
the molecular mechanisms and novel links between endohyphal bacterial
partners and the fungal host.
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host fungi

Influence
the
metabolism
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e» EHB

FIGURE 7.1 Diagrammatic representation of the role of endohyphal bacteria on the host
fungus.
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ABSTRACT

Endophytic microorganisms are an important source of bioactive secondary
metabolites with enormous potential for the discovery of new molecules
for drug discovery, industrial use and agricultural applications. Secondary
metabolites display enormous chemical complexity and diversity produced
by a few common biosynthetic pathways. Some of the classes of secondary
metabolites mainly include polyketides, non-ribosomal peptides, alkaloids,
flavonoids, steroids, terpenes, and indole terpenes. Polyketides (PKs) are
a group of natural secondary metabolites which have been regarded as
one of the richest “drug gold mine” groups since many of them are used
as therapeutic drugs. PKs are extremely diverse in both structure and
biological activity and are synthesized with the help of enzymes called
polyketide synthase (PKS). In past few decades, investigations have been
made to understand the biosynthesis of these polyketides and, consequently,
to manipulate the genes encoding the polyketide synthases (PKSs) for the
production of PK compounds with novel structures. Determining the genetic
potential of endophytes for the synthesis of polyketides is a very important
tool for estimating their biosynthetic proficiency. It also provides important
information about the ecological role of fungal polyketide metabolites. In this
chapter, we review the diverse classes of polyketides, their biosynthesis and
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various approaches for engineering the biosynthetic pathways for increasing
the metabolite production.

8.1 INTRODUCTION

Polyketides belong to a diverse class of natural products with complex
structures and various biological functions. They are assembled from units
of small carboxylic acids such as acetate and propionate by successive
decarboxylative condensations like fatty acids (Khosla et al., 1999). The
complex structures with diverse patterns of functional groups arise due
to partial processing of intermediates, while in fatty acid biosynthesis,
unfunctionalized alky chains are generated by complete reduction of the
intermediates. Additional complexity in polyketides occurs due to the
use of different substrates for starter and chain extension, the generation
of chiral centers, and further modification of functional groups, such as
cyclization, reduction, and oxidation (Khosla et al., 1999). Polyketides have
been studied from several aspects of chemistry and biology. This is largely
due to a wide range of chemical structures, biological activities that impact
human health (Simpson, 1995), and the mystery surrounding their presence
in biological systems that produce them (Vining, 1992). Polyketides have
diverse biological activities and are commonly used for their antibiotic and
pharmacological properties (Castoe et al., 2007). Some of these polyketides
include antibacterial (e.g., tetracycline, griseofulvin), antitumor agents (e.g.,
enediyne), immunosuppressants (e.g., rapamycin), and cholesterol-lowering
agents (e.g., lovastatin, compactin) (Amnuaykanjanasin et al., 2005). The
most striking characteristic of the polyketide class of natural products is
their structural diversity. The range of structures includes macrolides and
aliphatic and alicyclic compounds, as well as simple or complex polycyclic
aromatic compounds. The structural diversity is further heightened by the
existence of hybrids composed of polyketides condensed with amino acids
or peptides, which add further to the range of pharmacological activities
(Du and Shen, 2001). Polyketides have been isolated from numerous
sources including fungi, bacteria, and plants. Filamentous fungi are prolific
producers of diverse polyketides such as 6-methylsalicylic acid, lovastatin,
rapamycin, and tetracycline. (Fig. 8.1), many of which exhibit interesting
and important biological activities (Fujii, 1999). The antimicrobial proper-
ties of many polyketides implicate competition with other microbes, and
they act as selective pressure required for maintenance of their biosynthetic
genes in the population. However, the reason they are so fascinating to
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researchers is that the polyketides are so complex and diverse in structure,
but their building blocks are some of the simplest molecules.
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FIGURE 8.1 Structures of some polyketides isolated from microbial species.

Polyketide rifamycin, which was discovered in 1959, made huge impact
on the pharmaceutical industry for patients suffering from mycobacterial
infections. Rifamycin B has been given to patients suffering from leprosy,
tuberculosis, and mycobacterial infections related to AIDS/HIV (Floss and
Yu, 1999). Another polyketide, erythromycin, is an antibiotic isolated from
Saccharopolyspora erythraea. This polyketide is a macrolide and has been
used as a model for the production of new antibiotics (Ray et al., 2004).
Rapamycin is another important polyketide, which is often administered
to patients receiving organ transplants. This polyketide inhibits cell cycle
progression, thereby preventing tumor cell growth (Decker et al., 2003).
Another polyketide with anticancer activity is epothilone B, a 16-membered
macrolide. This polyketide promotes tubulin polymerization in vitro and
the stabilization of microtubules against Ca?*-dependent depolymerization
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(Altmann, 2003). Lovastatin is another therapeutic agent that is used to
control the irregular cholesterol levels. It is often administered to patients
to increase the levels of low-density lipoprotein activity, thereby leading to
reduction in the synthesis of cholesterol (Xie et al., 2006). The enzymes that
are involved in the assembly of polyketides by microorganisms are called
polyketide synthase (PKS), and these enzymes are receiving much attention
as access to them has improved through molecular methods.

8.2 POLYKETIDE BIOSYNTHESIS

PKS are the enzymes used for the synthesis of polyketides and their
synthesis is much similar to that of the fatty acid biosynthesis. The major
differences between fatty acid and polyketide biosynthesis are the greater
variety of acyl precursors used to make polyketides, as well as the greater
potential for differential ketoreduction, dehydration, and reduction after each
new extender unit is added to the polyketide chain (Hopwood and Sherman,
1990). Polyketides are synthesized through repetitive Claisen condensation
reactions, which involves combining together small organic acids, such as
acetic acid and malonic acid, by an enzyme called ketosynthase. Before
the assembly of polyketide chain, the building units, acetate, propionate,
malonate, or methylmalonate are activated in the form of coenzyme A (CoA)
esters, such as acetyl-CoA and malonyl-CoA. The starter unit, acetyl-CoA, is
then condensed with malonyl-CoA, resulting in a chain of four carbon atoms
with the loss of one carbon dioxide (CO,) molecule. Only two carbon atoms
are added into the chain in each round of condensation with malonyl-CoA.
Selection of different number and type of starter and extender units diversifies
the structure of the polyketide chain (Hopwood, 2004). After every Claisen
condensation reaction, the resulting B-keto ester is successively reduced
by enoylreduction, ketoreduction, and dehydration resulting in a saturated
chain. The B-keto groups in the growing polyketide chain may also be left
untreated, partially reduced, or fully reduced, thereby giving different levels
of reduction (Hopwood, 2004).

After the carbon chain attains a specific length, it is released from the
PKS by thiolysis or acyl transfer (Wakil, 1989) and cyclized to give different
folding patterns. The “tailoring” enzymes including cyclase’s, transferases
(e.g., C-, O-, and N-methyltransferases, acyltransferases, and glycosyltrans-
ferases), cytochrome P450-type oxygenase’s, and FAD(H)- or NADP(H)-
dependent oxidoreductases can act on the PKS-derived intermediate to yield
the final biologically active product (Pfeifer and Khosla, 2001).
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8.2.1 STEPS INVOLVED IN POLYKETIDE BIOSYNTHESIS

a) After activation of the starter units, that is, acetic acid and malonic
acid, as the corresponding CoA esters, they are attached to the PKS
modules by specific acyl transferases. The enzyme ketosynthase,
which has starter unit acetyl-CoA attached to its active site (cysteine
thiol), catalyzes condensation and the acyl carrier protein (ACP)
has extender unit malonyl-CoA attached to its thiol residue. During
the condensation, one carbon from malonyl-CoA is lost as carbon
dioxide resulting in a four-carbon chain attached to the ACP. The
saturated chain is then transferred back from the ACP to the KS, this
process is then iterated to produce a polyketide chain.

b) The keto group is first reduced to a hydroxyl, which is further reduced
to a double bond, and finally resulting in a fully saturated carbon.

c) A complex polyketide contains keto group, hydroxyl group, double
bond, and fully saturated carbon at different positions.

Initially, the experiments involved in determining the biosynthetic origin
of secondary metabolites involved feeding labeled precursors to the producing
organism in order to obtain labeled metabolites. A series of degradation
experiments (for radiotracers) or analysis of the '*C nuclear magnetic resonance
(NMR) spectrum (for magnetic labels) of the labeled metabolite was then used
to determine the location and distribution of incorporated label. The latter
approach employing stable isotopes and NMR spectroscopy has been particu-
larly productive in uncovering new biosynthetic pathways (Wright et al., 1977;
Vederas, 1987). Such experiments remain essential to characterize the biosyn-
thetic pathway of new metabolites. For example, biochemical experiments on
cell-free extracts of the patulin-producer, Penicillium patulum, resulted in the
isolation of the first PKS involved in patulin biosynthesis (Dimroth et al., 1970).
However, in the last two decades, biochemical and genetic approaches have been
employed to identify the enzymes and genes involved in secondary metabolism
and specifically to unravel the process of polyketide biosynthesis. Such studies
have resulted in the identification of a complete set of biosynthetic genes for a
rapidly growing number of metabolites (Piel et al., 2000; Molnar et al., 2000).

8.3 CLASSIFICATION OF POLYKETIDE SYNTHASES (PKSs)

PKSs are multifunctional enzymes that possess several domains such as
B-ketoacyl synthase (KS), an acyltransferase (AT), and an ACP having
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different catalytic activities. Some PKSs have additional functional domains,
which include B-ketoacyl reductase (KR), enoylreductase (ER), dehydratase
(DH), methyl esterase (ME), methyl transferase (MT), and thioesterase (TE)
(Amnuaykanjanasin et al., 2005). PKSs have traditionally been defined into
two classes: type I PKSs and type II PKSs. Type I PKSs are multifunctional
modular systems responsible for the biosynthesis of macrolactones, poly-
ethers, and polyenes (Bibb et al., 1989; Fernandez-Moreno et al., 1992; Yu et
al., 1994). Type I PKSs are a cluster of small distinct monofunctional proteins
that catalyze the biosynthesis of bacterial aromatic polyketides. However,
cloning and sequencing of more PKS genes resulted in the discovery of
fungal and plant PKSs during last one decade. Therefore, PKSs were reclas-
sified with the addition of type III PKS and type I PKS were divided into two
subclasses, modular type I PKS and iterative type I PKS (Hopwood, 1997).

A. Typel PKS

1. Modular type I PKS: They are large multifunctional polypeptides
arranged in a modular fashion in which each module carries out
one round of chain extension and subsequent B-keto processing.
Specifically, each active site is only used once during the polyketide
biosynthesis (Hertweck, 2009) (Fig. 8.2). They are mostly present in
bacterial systems.

2. Iterative type I PKS: Iterative type I PKS possesses only one
multidomain protein that is used repeatedly to catalyze multiple
cycles of chain elongation and appropriate B-keto processing. In
certain iterative type I PKS, one set of catalytic domains is able to
vary the reduction level of B-keto groups during different extension
cycles (Kennedy et al., 1999). These types of PKSs are involved in
the biosynthesis of fungal metabolites such as 6-methylsalicyclic
acid (Shoolingin-Jordan and Campuzano., 1999) and lovastatin
(Staunton, 1998). Fungal iterative type I PKSs can be divided into
two subclasses: nonreducing and reducing (Nicholson et al., 2001).

2.1) The nonreducing (NR) PKSs (or called WA-type) do not
have chemical reduction in their structure and are involved in the
synthesis of fungal pigments such as melanin and aflatoxin. They
have also been shown to be involved in the synthesis of a yellow
conidial pigment intermediate—a heptaketide naphthopyrone, in
Aspergillus nidulans (Mayorga and Timberlake 1992).
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2.2) The reducing PKSs are involved in the synthesis of
polyketides with different chemical reductions in their structure.
They are of two types, partially reduced PKSs (PR-PKS) and highly
reduced PKSs (HR-PKS). These PKSs have reducing domains such
as ketoreductase (KR), which catalyze the B-keto reduction (a keto
to a hydroxyl group), dehydratase (DH) that catalyzes dehydration
(the hydroxyl to an enoyl group), and/or enoylreductase (ER) that
catalyzes enoyl reduction (the enoyl to an alkyl group). PR-PKS only
have KR and DH domains and they are also named as methylsalicylic
acid synthase (MSAS)-type (Bingle et al., 1999), since most of them
are involved in the synthesis of MSAs. The HR-PKS have all three
reducing domains. In fungi, HR-PKSs have been further subdivided
into four subclades (I, II, III, and IV), based on their characteristic
domain structure (Kroken et al., 2003). The diversity of polyketides
is increased due to the reduction/dehydration reactions that occur
after each condensation step generating polyketides with alcohol,
alkene, or ketone at specific positions along the chain.

B. Typell PKS

Type Il PKSs are iterative in nature and the enzyme required for each
biosynthetic step is encoded by a single gene. These PKSs have one set of a
heterodimeric ketosynthase (KSa-KSB) and an ACP, which act repeatedly to
build a polyketide chain of correct length. Further cyclisation, reduction, and
aromatization of the polyketide chain are performed by cyclase, ketoreductase,
and aromatase, respectively. They are involved in catalyzing the biosynthesis
of a wide range of polyfunctional aromatic compounds (Fig. 8.2).

C. Typelll PKS

They are homodimeric synthases of the chalcone synthase (CHS) super-
family known as CHS-like PKS. These PKSs do not have ACP and KS
domains and use acyl CoA substrates directly. CHSs are abundantly present
in higher plants and involved in the synthesis of a diverse set of biologically
important phenylpropanoid metabolites (Schroder, 1999). Type 111 PKS were
traditionally associated with plants but have also been recently discovered
in several bacteria.
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FIGURE 8.2 Different classes of polyketide synthases.

8.4 POLYKETIDE SYNTHASE GENE DIVERSITY IN FUNGI

The isolation and characterization of genes responsible for polyketide
biosynthesis has attracted more interests in order to enrich the understanding
of the relationship between chemical structures of compounds and functions
of the related biosynthetic proteins. In the early genetic research, some
gene clusters responsible for the biosynthesis of polyketide antibiotics were
identified by comparing the differences in the genome of the wild-type
strain and mutant strain blocked in a step in the biosynthetic pathway. The
large number of available sequences from bacterial sources has facilitated
comparative PKS gene analyses in this group, the results of which suggest
their origin from duplicated fatty acid synthase (FAS) genes and subsequent
distribution via horizontal gene transfer (HGT) (Vining, 1992; Hopwood,
1997). Since the first PKS gene was sequenced (Rudd and Hopwood, 1979),
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the subsequent explosion of PKS genetic information has mainly been
obtained from actinomycetes, with relatively few PKS genes being reported
from eukaryotes (Fujii, 1999). This is somewhat surprising considering the
tremendous diversity of secondary metabolites that have been isolated from
eukaryotes such as the filamentous fungi (Walton, 2000). Sequence analysis
of different cloned biosynthetic gene clusters has revealed the conserved
motifs in the same type of synthase enzymes. These conserved sequences
have been used to synthesize primers, thereby enabling the isolation and
identification of PKS genes from different species. The identification of these
PKS genes exposes an opportunity to create novel chemical structures via
engineering of PKS genes. A large number of fungal PKS genes have been
detected using primers that are designed on the basis of conserved regions of
the KS and also specific primers that identify different types of reducing and
nonreducing PKS genes. For example, LC1/2¢ primers have been used to
amplify KS of NR-type PKSs, LC3/5c recognize PR-type PKSs, and KS3/4c
amplify HR-type PKSs (Bingle et al., 1999; Nicholson et al., 2001). Simi-
larly, primers designed for the detection of CMT domain have been used for
the identification of HR-PKS involved in biosynthesis of qualestatin from
Phoma sp. (Hoffmeister and Keller, 2007). By the use of degenerate primers,
it has also been possible to explore the diversity of polyketides in different
ecological niches, for example, PKS genes from insect- and nematode-
associated fungi (Lee et al., 2001), PKS genes from a nonsporulating endo-
phytic fungi isolated from Vaccinium macrocarpon (Sauer et al., 2002), PKS
genes from the lichenized genus Lecanora (Grube and Blaha, 2003), PKS
genes from lichenized Ascomycetes Pertussis (Schmitt et al., 2008), PKS
genes from Aspergillus ochraceus, and Aspergillus carbonarius producing
ochratoxin A (Atoui et al., 2006), PKS genes from marine fungi (Mayer et
al., 2007), and PKS genes from a group of tropical entomopathogenic fungi
(Amnuaykanjanasin et al., 2005). An analysis of fungal genomes indicated
that the PKS amino acid sequences are useful for phylogenetic analysis as
they can form clades corresponding to NR, PR, and HR synthase architec-
tures (Kroken et al., 2003).

8.5 MODULATION OF FUNGAL METABOLITE EXPRESSION

Microorganisms produce valuable secondary metabolites only under
certain conditions and, therefore, cannot be detected upon culturing the
organism on standardized laboratory media. Standard fungal fermentation
methods including static or shake cultures on artificially defined media
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are unable to mimic the organism’s natural habitat since they lack certain
environmental signals required for inducing the expression of secondary
metabolite genes (Chiang et al., 2009). The encoded secondary metabolites
may also be produced at very low rates and, therefore, escape detection. The
sequencing of fungal genomes and their bioinformatics analysis indicates
that the biosynthetic potential of microorganisms is underinvestigated, as the
number of gene clusters encoding secondary metabolites in many bacteria
and fungi far exceeds the known secondary metabolites produced by these
organisms (Cichewicz, 2010; Brakhage and Schroeckh, 2011). Therefore, a
huge number of cryptic metabolites encoded by the microorganisms await
discovery (Brakhage et al., 2009; Chiang et al., 2009). For instance, in A.
nidulans, genome sequencing and mining enabled the identification of 53
putative secondary metabolite gene clusters (Von Dohren, 2009), which
include 27 PKSs and 14 nonribosomal peptide synthetases (NRPSs), respon-
sible for polyketide and nonribosomal peptide biosynthesis, respectively
(Galagan et al., 2005). However, until today, the number of secondary
metabolites identified from the fungus is much lower than the number of
gene clusters encoded by them.

The study of the mechanisms that lead to the suppression of biosynthetic
transcription, as well as the development of methodologies to induce the
expression of these gene clusters, are of much significance in the search
for new secondary metabolites. A number of approaches are being used
for inducing the production of theses unknown metabolites. Some of these
methods include the following sections.

8.5.1 OSMAC APPROACH

An indirect but successful tool to gain access to hidden natural products is
the “one strain many compounds” (OSMAC) approach (Bode et al., 2002).
This concept is based on the assumption that secondary metabolite production
occurs as a specific response to a changed environment. The corresponding
biosynthetic pathways are subsequently activated or upregulated as
a consequence of these stimuli. Systematically varying fermentation
parameters such as media composition, temperature, aeration, or shape of
culturing flask has been successful in inducing the production of some of the
unknown metabolites (Grond et al., 2002; Gross, 2007). For example, high
concentrations of glucose, phosphate, or ammonium are generally regarded
as repressors of secondary metabolism, while as low concentrations are
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regarded as inducers of secondary metabolism in microorganisms. However,
in some cases, high phosphate concentrations might induce the production
of certain metabolites (Gotoh et al., 1982). Even amino acids are described
as potential inducers of secondary metabolites (Zahner and Kurth, 1982). In
A. ochraceus DSM7428, aspinonene was designated as the main metabolite
with the production of up to 8 mg/1 (Fuchser et al., 1995). However, variation
of the culture conditions and detailed analysis of the culture broth led to
the isolation of 15 additional metabolites with production of up to 94 mg/I,
and these metabolites result from five different biosynthetic pathways. This
increase in the number and quantity of metabolites was due to the extensive
use of different culture vessels (for example, shaking flasks, static liquid
cultures in different fermenters) (Fuchser and Zeeck, 1996). Most of these
new metabolites were based on different PKSs. Similarly, isoaspinonene,
aspyrone, dihydroaspyrone, and dientriol represent putative variations of the
aspyrone biosynthesis under varying culture conditions (Simpson and Holker,
1975; Staunton and Sutkowski, 1991a, b, c).

8.5.2 MANIPULATING EXPRESSION OF CLUSTER-SPECIFIC
REGULATORY ACTIVATORS

Genes encoding the individual secondary metabolic pathways are normally
clustered together and are under the control of specific regulatory genes within
the genome (Walton, 2000). Therefore, novel secondary metabolites can be
discovered by manipulating the expression of cluster-specific regulatory
activators, for example, #7i6 involved in regulating trichothecene biosynthesis
(Proctor et al., 1995), afIR involved in regulating aflatoxin biosynthesis
(Yu et al., 1996), and ctnA for citrinin biosynthesis (Shimizu et al., 2007;
Hoffmeister and Keller, 2007). It has been suggested that overexpressing the
pathway-specific regulatory gene can be used to generate novel metabolites
(Yu et al., 1996). The detection of a putative hybrid PKS/NRPS gene in the
genome of A. nidulans with no corresponding natural product indicated that
this gene locus is silent under standard fermentation conditions. A presumed
activator gene was also identified within the cluster, and its homologous
overexpression under the control of an inducible promoter resulted in the
activation of the biosynthetic pathway and the production of two novel
pyridine alkaloids, aspyridones A and B, isolated after scale-up fermentation
(Bergmann et al., 2007).
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8.5.3 MANIPULATION OF A GLOBAL REGULATOR OF SECONDARY
METABOLISM

LaeA is a nuclear protein, globally regulating secondary metabolism in
Aspergillus sp. It is required for sterigmatocystin (ST) biosynthesis, penicillin
(PN) biosynthesis, as well as biosynthesis of gliotoxin in 4. nidulans and
mycelial pigments in Aspergillus fumigatus (Bok and Keller, 2004). In A.
nidulans, it is also required for heterologous lovastatin (LOV) gene cluster
expression and in Aspergillus terreus for the expression of native LOV gene
cluster. The LaeA (loss of afIR expression) has been identified to function as
a global regulator of secondary metabolic gene clusters in this genus (Bok
and Keller, 2004). Interestingly, the protein has been found to be conserved in
filamentous fungi, except in Saccharomyces cerevisiae, a fungus which does
not produce any secondary metabolites. The loss of LaeA does not affect the
morphological developmental processes unlike other genes that are involved
in regulating secondary metabolism (Bok and Keller, 2004). However, loss
of LaeA has been shown to influence the production of secondary metabolites
such as decreased sterigmatocystin and penicillin production in A. nidulans,
gliotoxin production in A. fumigatus, and sclerotial production in Aspergillus
Sflavus (Kale et al., 2008).

The sequence analysis of LacA gene has indicated that it encodes a meth-
yltransferase and also shares some sequence similarity to arginine and histone
methyltransferases. It has been suggested that this protein functions via chro-
matin remodeling since many of the targets of LacA have subtelomeric locations
(Keller et al., 2005). A comparison of the transcriptional profile of wild type,
AlaeA, and complemented control strains of 4. fumigatus revealed that 9.5%
of the genome transcription is controlled by LaeA, and out of 22 secondary
metabolite gene clusters, 13 gene clusters were positively regulated by LaeA.
Importantly, seven of these gene clusters have subtelomeric location with a
high degree of heterochromatin (Perrin et al., 2007). Therefore, genetically
manipulating /aeA in filamentous fungi may be used to increase the production
of valuable metabolites or identify previously unknown metabolites in fungi or
enable the improvement of strains by elimination of the fungal toxins.

8.5.4 COCULTURE OF MICROORGANISMS

Interaction between same or different species of microorganisms is assumed
to induce the production of vast diversity of secondary metabolites. Therefore,
applying the same approach in laboratory by performing mixed microbe’s
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fermentation experiments can be used to produce diverse metabolites
(Scherlach and Hertweck, 2009). For instance, coculturing of marine fungus
Pestalotia sp. with an unidentified Gram-negative bacterium led to the isola-
tion of pestalone—a new and potent benzophenone antibiotic (Cueto et al.,
2001). In another study, coculturing of marine-derived Emericella sp. with
the marine actinomycete Salinispora arenicola induced the production and
isolation of two new cyclic depsipeptides, emericellamides A and B (Oh et al.,
2007). Likewise, in 4. nidulans, the production of orsellinic acid, its derivative
lecanoric acid, and the cathepsin K inhibitors, F-9775A and F-9775B, encoded
by previously unrecognized PKS gene cluster was found to be induced by the
soil-dwelling bacterium Streptomyces rapamycinicus (Nutzmann et al., 2011).

8.5.5 GENE INACTIVATION

Diversity of secondary metabolites can also be increased by the genetic mapping
ofa fungal metabolic expression, followed by gene inactivation and subsequent
examination of the metabolic profile produced by the mutant, as compared
to the wild type. Using this approach in 4. nidulans strain, six NRPSs were
randomly selected and inactivated followed by analyzing the fungal metabolic
expression to compare the difference in metabolic profile of the mutants and
the control species (Chiang et al., 2008). RNA interference (RNAi) technology
can also be utilized for inhibition of a specific gene involved in biosynthesis
of metabolites enabling a broader control of their production. In Penicillium
chrysogenum, gene suppression was shown to induce the production of a
methyltransferase, which inhibited the production of meleagrin and enhanced
the production of glandicolin B. The suppression of two other genes located
within the same gene cluster was able to inhibit meleagrin and roquefortine C
production, showing that this cluster is responsible for the biosynthesis of both
metabolites (Garcia-Estrada et al., 2011).

8.5.6 EPIGENETIC MANIPULATION

The fungal genome sequences reported so far have demonstrated that most
of the putative metabolic biosynthetic gene clusters are located in the distal
regions of chromosomes (Shwab et al., 2007). Importantly, these regions
of fungal genomes are known to exist in a heterochromatin state and the
transcription of constitutive genes is controlled by epigenetic regulation, which
includes DNA methylation and histone modification. Histone modification
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and DNA methylation modify the chromatin structure, thereby regulating
the gene expression. In A. nidulans, the disruption of histone deacetylase
activity (Dhda) led to the transcriptional activation of gene clusters involved
in the production of sterigmatocystin and penicillin (Shwab et al., 2007).
The histone deacetylases (HDAC) and DNA methyltransferase (DMNT)
inhibitors are the most commonly used chemicals to track biosynthetic
silent pathways, as they are capable of activating silent gene clusters (Asai
et al., 2012). Small molecule epigenetic modulators are applied to change
the transcription rate of some genes or induce the expression of genes or
gene clusters involved in the production of novel metabolites (Henrikson
et al., 2009). This approach can also increase the quantity of metabolites
already produced by the certain fungal species (Williams et al., 2008).
Commonly used DNMT inhibitors include 5-azacytidine (5-AZA), and
5-aza-20-deoxycytidine, and the HDAC inhibitors include hydroxamic-
acid containing compounds or cyclic peptides such as trichostatin A and
trapoxin B, respectively (Cichewicz, 2010). Among the HDAC inhibitors,
suberoylanilide hydroxamic acid (SAHA) is most commonly used. These
substances are considered useful because of the fact that among the chemical
changes that a DNA Histone may undergo, its acetylation is generally
associated with gene activation. Histone acetyltransferases are responsible
for this step, while as HDAC are involved in inactivating gene clusters.
HDAC inhibitors such as SAHA prevent the inactivation by interacting with
the catalytic site of histone-deacetylases. The most commonly used MT
inhibitor, 5-AZA, interacts with methyltransferase, in turn resulting in DNA
hypomethylation, which subsequently leads to chromatin restructuring and
activation of gene clusters (Fisch et al., 2009).

In Aspergillus niger, epigenetic modulation by treatment with SAHA for
about 2 weeks in a vermiculite-based semisolid medium led to the isolation
of nygerone A, thereby emphasizing the importance of epigenetic modulation
to induce the production of unknown metabolites (Henrikson et al., 2009).
The same fungi when treated with a combination of SAHA and 5-AZA led
to the production of secondary metabolites encoded by other silent genes
(Fisch et al., 2009). Additionally, transcriptional rates of PKS, NRPS, and
hybrid PKS-NRPS (HPN) biosynthetic gene clusters were increased after
treatment with epigenetic modifiers to A. niger culture, whereas in absence
of the modifiers less than 30% of these gene clusters were transcribed (Fisch
et al., 2009). In A. fumigatus, a class II histone deacetylase (hdaAd) was
utilized to regulate the production of secondary metabolites. The suppression
of the hdaA gene reduced the production of gliotoxin, a toxin produced by
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this fungus. On the other hand, overexpression of the 4daAd gene promoted
an increase in the production of gliotoxin (Lee et al., 2009).

Similarly, in Neurospora crassa, an increase in carotenoid production was
achieved by addition of low doses of 5-AZA (<30 uM) whereas higher doses
(100 and 300 uM) decreased carotenoid levels and altered its reproductive
structures (Kritsky et al., 2001). The same compound triggered the
biosynthesis of two new galactose-conjugated polyunsaturated polyketides
in Diatrype sp. (Cichewicz, 2010). Similarly, treatment of Cladosporium
cladosporioides with 5-AZA stimulated the production of several oxylipins
including (97, 12Z)-11-hydroxyoctadeca-9, 12-dienoic acid, its methyl ester,
and a glycerol conjugate. In contrast, administration of SAHA yielded a
complex series of perylenequinones including cladochromes, and calphostin
B (Williams et al., 2008).

Epigenetic modulation using SAHA and AZA has also been shown to
induce the production of volatile organic compounds (VOCs) by the endo-
phytic fungus Hypoxylon sp. An 8-day-old Hypoxylon sp. culture revealed
significant variations in the VOCs profiles, with the production of several
new compounds when treated with epigenetic modulators (Riyaz-Ul-Hassan
etal., 2012).

Small-molecule epigenetic modifiers have been very successful in
inducing the production of novel natural products from fungi, which
indicates that this is a very promising and rational approach for inducing the
expression of cryptic biosynthetic pathways. Medium modification, changes
in culture parameters and epigenetic modifiers result in the modulation of
secondary metabolite production by regulating different gene expression
patterns. This method has significant benefits compared to the currently
available molecular or culture-dependent techniques. First, it allows for
rapidly accessing potential reserves of cryptic fungal natural products in their
native hosts. Second, this methodology can be readily implemented in most
labs without extensive retooling. Thirdly, this approach significantly reduces
the cost and effort of obtaining the natural products from silent biosynthetic
pathways, since it does not require pre-screening of fungi using a variety of
culture conditions (Cichewicz, 2010).

8.6 CONCLUSION

Endophytic fungi hold the promise of obtaining bioactive molecules
from cryptic biosynthetic gene clusters, opening up an exciting area of
research toward using them as a feasible alternative source of important
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phytochemicals. Due to the diverse biological activities of polyketides, it is
important to unravel the polyketide biosynthetic machinery and based on the
information examine the possible manipulation of this machinery to produce
unnatural bioactive polyketides. With the development of gene sequencing
technology and biosynthetic engineering or activation of the cryptic gene
clusters through epigenetic manipulation, gene inactivation, regulation of
global regulators and pathway-specific transcription factors (TFs), new
bioactive molecules can be developing with improved activities. Elucidation
of the molecular mechanisms behind the complex regulatory network will
not only provide a deeper insight into how microbes translate environmental
signals into secondary metabolite biosynthesis but will also warrant the
identification of novel secondary metabolites and a deeper understanding of
their ecological role.
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ABSTRACT

Abundant endophytes are discovered, isolated from various tissues of plants.
With the advancement of biotechnology, research indicating the value-added
scope of endophytes has increased globally. The intense diversity and
unique host interaction capability of endophytes is an untapped source of
generating novel compounds. Endophytes seem beneficial to the host plants
in providing additional resources at the time of any biotic and abiotic stresses.
They help in relieving stress through the production of valuable secondary
metabolites, extracellular enzymes, and nutrients. Endophytes are proficient
enough to resist the toxic substances released by host plants to limit their
growth by producing extracellular enzymes. Extracellular hydrolases consist
of cellulase, proteases, amylases, lipases, pectinases, xylanases, chitinases,
which function outside the endophyte microbial cell in many biological and
environmental stresses. The prospecting of endophytes for the production
of extracellular hydrolases is encouraging. The likelihood of isolation
and quantification of novel extracellular hydrolases will be satisfactory
as substitutes for specialized industries. The current chapter emphasizes
disclosure of the sources, types of hydrolase enzymes, and the outlook for
promoting adequate research for enhancing the applications of endophyte-
derived extracellular hydrolases.
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9.1 INTRODUCTION

Endophytes are known for their ability to spend their life cycle inside host
plant tissues without generating any obvious harm or symptoms (Bezerra
et al., 2012; Kaul et al., 2013; Tan and Zou, 2001; Yadav et al., 2016).
It is suggested that endophytic microbes are recognized source of genes,
extracellular hydrolases, and other secondary metabolites (Leo etal., 2016).
Endophytes help in promoting the resistance of plants toward drought,
variation in temperature, pH and salinity, and heavy metals concentration
in the soil (Brem and Leuchtmann, 2001; Schulz et al., 2002; Jalgaonwala
et al., 2017). In addition to this, endophytes also give disease resistance
to host plants against pathogen infection. This disease resistance is
accomplished through production and release of antimicrobial compounds,
extracellular enzymes, and stimulation of host defense (Hall et al., 1986;
Pleban et al., 1995; Larkin et al., 1996; Benhamou et al., 2000). Endophytic
fungal association with mangrove plants provides the host plant protection
from adverse environmental conditions (Kumaresan and Suryanarayanan,
2002). This association further allows them to compete with saprobic fungi
capable of decomposing senescent parts. The failure to exploit endophytes
depends on our restrict understanding on the interaction of endophytes
with their host plant. Microbial endophytes not only safeguard their host
plant against invasion from other microorganisms, insects, and herbivores
but also seem furthermore serviceable, for example, production of growth
regulators, enzymes, and numerous other beneficial chemical compounds
(Azevedo et al., 2000; Bezerra et al., 2012). Endophytes are reservoir for
discovery of novel compounds (Correa et al., 2014). Various secondary
metabolites such as alkaloids, cyclohexanes, flavonoids, hydrocarbons,
quinines, and terpenes of excellent biological properties are produced by
endophytes (Naik and Krishnamurthy, 2010; Ruma et al., 2013; Fernandes
et al., 2015). They can lead to the discovery of compounds of extreme
significance like antibiotics, antioxidants, immunomodulators, anticancer,
and antiparasitic drugs. Production of extracellular enzymes by endophytes
is faster than intracellular enzymes (Hankin and Anagnostakis, 1975). It is
easier to extract extracellular enzymes in comparison to intracellular ones.
Trichoderma reesei and its mutants can be employed for hemicellulases
and cellulases commercial production (Nieves et al., 1998). Hydrolase
enzymes are those enzymes that are proficient enough to catalyze hydrolysis
of a particular substrate. Endophytes are well known for producing various
extracellular hydrolase enzymes such as cellulases, esterases, lipases,
pectinases, proteases, and xylanases (Suto et al., 2002; Bezerra et al.,2012).
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Cellulases basically catalyze cellulolysis, which basically implements
cellulose and certain polysaccharides degradation (Rana et al., 2019).
Xylanases catalyze the endohydrolysis of 1,4-b-p-xylosidic linkages in
xylan present in hemicelluloses of plants (Thomas et al., 2017). Lipases are
involved in hydrolysis of fats and oils (Gopinath et al., 2013). Pectinases
are responsible of hydrolysis of pectin polysaccharide found in plant cells
(Garg et al., 2016). Phytases are capable of catalyzing hydrolysis of phytic
acid to inositol phosphates, myoinositol, and inorganic phosphate (Kumar
et al., 2016; Kaur et al., 2017). Extracellular hydrolases such as lipases,
amylases, and proteases produced by endophytes are considered most
significant and important due to their industrial applications (Traving et
al., 2015). They are regarded more valuable in food industry, fermentation
dye synthesis, and other biotechnological applications.

Endophytes are potentially useful for the production of extracellular
hydrolases due to their ability to degrade the complex structures of
lignocelluloses (Naik et al., 2019). Endophytes associated with crops are
gaining attention for production of hydrolase enzymes for biomass conversion
(Ferreira et al., 2008; Xiong et al., 2014; Castro et al., 2014). The demand for
enzyme utilization mainly hydrolases is continuously growing specifically
in food and beverage sectors (Bonugli-Santos et al., 2015). Enzymes are
used from ancient time for the production of cheese, beer, wine, and vinegar
(Kirk et al., 2002). To fulfill this tremendous demand, there lays an intense
requirement for more and enhanced production of hydrolase enzymes on
an industrial scale. In this chapter, we aim to broaden our understanding
related to extracellular hydrolases enzymes from endophytic origin and their
immense values in industrial applications.

9.2 EXTRACELLULAR HYDROLASES FROM ENDOPHYTES

Endophytes from various plant sources are able to produce various kinds
of extracellular hydrolases (Esteves et al., 2014). Cellulase and hemicel-
lulase producing endophytic fungi Acremonium is isolated from corn plant
(Almeida et al., 2011). Phytase producing endophytes Fusarium verticilli-
oides and Rhizoctonia species isolated from host plant Glycine max (Marlida
etal., 2010). Amylase producing Discosia species isolated from Calophyllum
inophyllum host plant (Hegde et al., 2011). Different hydrolases such as
lipase, protease, amylase, cellulase, and xylanase produced by endophytes
like Talaromyces flavus, Mortierella hyalina, Paecilomyces variabilis, and
Penicillin isolated from Potentilla fulgens, Osbeckia stellata, Osbeckia
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chinensis, Camellia caduca, and Schima khasiana plant species (Bhagobaty
and Joshi, 2012). Various hydrolases such as amylase, cellulase, lipase, and
protease produced from different endophytes are categorized in Table 10.2.

Some strains of bacterial endophytes include Bacillus, Azotobacter,
Arthrobacter, Agrobacterium, and Enterobacter producing extracellular
hydrolases (Gray and Smith, 2005). A lot of endophytic fungal strains such as
Alternaria alternata, Aspergillus terreus, Hymenoscyphus ericae, Periconia,
Acremonium, and many more are producer of several extracellular hydro-
lases like xylanase, cellulase, hemicellulase, etc. (Burke and Cairney 1997;
Harnpicharnchai et al., 2009; Wipusaree et al., 2011; Sorgatto et al., 2012; De
Almeida et al., 2012). Around 155 endophytic strains are capable to produce
extracellular hydrolase enzymes (Suto et al., 2002). Bacterial endophytes are
reported for production of cellulase, protease, amylase, pectinase, etc. (Sturz
et al., 2000; Carrim et al., 2006). Various bacterial endophytes are isolated
from different medicinal plants (Vijayalakshmi et al., 2016). Two hydrolases
producing fungal strains, that is, Xylariaceae and Annulohypoxylon species
are reported from a medicinal plant Hevea brasiliensis (Gazis and Chaverri,
2010). Extracellular hydrolase producing endophytic strains from Fusarium,
Colletotrichum, Phoma, and Penicillium species are derived from various
anticancer medicinal plants (Chow and Ting, 2015). Some fungal endophytes
are screened for extracellular cellulose activity isolated from Cameroonian
medicinal plants (Toghueo et al., 2017).

9.3 NECESSITY FOR EXTRACELLULAR HYDROLASES PRODUCTION

Endophytes are proficient enough to produce many extracellular enzymes,
including hydrolases. Extracellular enzymes are derived as a product of
microorganism’s cell growth. These enzymes are efficient for endophytes
to continue their survival in extreme stressful habitat. Endophytes gain
adaptability, survival efficiency, and utilization of their ecological niche
conditions with the release of extracellular enzymes (Gopinath et al., 2005;
Naik et al., 2019). Extracellular hydrolases are capable of performing their
function outside the cell in various key processes (Khan et al., 2017). Endo-
phytes produce enzymes such as proteases, lipases, and cellulases for their
development as hydrolytic enzymes can help in obtaining nutrition (Torres et
al., 2003; Sunitha et al., 2012). Endophytes are well known for their extraor-
dinary ability to interact with peripheral and internal tissues of the plants
through symbiotic mutualism (Sudheep et al., 2017). Extracellular enzymes
like hydrolases produced by endophytic microbes can be useful for initiating
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symbiotic process (Hallmann et al., 1997). In most cases, endophytes are
benefitted through host plants in terms of energy, nutrients, and shelter.
However, endophytes indirectly prove advantageous to their respective hosts
by synthesizing valuable substances like hormones, secondary metabolites,
and extracellular enzymes (Barz et al., 1988; Sudheep et al., 2017). The
production of extracellular hydrolases by endophytes could play a crucial
role in the growth and development of host plants (Khan et al., 2016).
Besides establishment of host symbiosis process, they initiate extracellular
hydrolases production to neutralize plant pathogenic infection (Hallmann et
al., 1997; Leo et al., 2016).

Various researchers are uncovering the fact that endophytes help plant
to develop resistance against pathogenic agents like insects and microor-
ganisms (Saikkonen et al., 1996; Sudheep et al., 2017). Implantation of
endophytes from disease free host plant to disease prone plant enhances the
fitness of disease prone plant (Sudheep et al., 2017). Extracellular hydrolase
enzymes like protease, chitinase, and glucanase produced by endophytes are
able to inhibit the growth of pathogens attacking the host plant. Endophytes
isolated from internal tomato crown can produce extracellular hydrolases
in vitro against plant pathogen Verticillium dahliae (Dhouib et al., 2019).
Endophytes like any other microorganisms are invasive to plant tissues. The
disproportionate condition of host plant and endophyte interaction would
either result in disease in the host plant or the plant defense mechanism will
be capable to kill the endophytes (Schulz and Boyle, 2005).The defense
mechanism of the host plant determines whether the endophyte interaction
is healthy or unhealthy. In order to overcome attack initiated by the host
plant, they release extracellular hydrolases (Petrini et al., 1993; Reddy et
al., 1996; Tan and Zou, 2001). This resistance mechanism against host plant
invasion alternatively proves completely beneficial for the host plant (Tan
and Zou, 2001; Leo et al., 2016). Studies show that both endophytic bacteria
and fungi are capable of producing extracellular hydrolases that can target
carbohydrates, lignin, proteins, and other macromolecules (Boer et al., 2005;
Strong and Claus, 2011; Traving et al., 2015).

Endophytes release xylanases and cellulases in order to achieve degra-
dation of lignocellulosic fibers. Similarly, ligninases and peroxidases
are released to degrade lignin (Yadav et al., 2012; Shukla et al., 2016).
Lignocellulose is the major structural component of plants (Howard et al.,
2003). Hemicellulose, cellulose, and lignin are the cell wall components of
plant (Naik et al., 2019). Release of exoenzymes by endophytic microbes
facilitates degradation of organics such as cellulose, glucose, keratin, lignin,
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lipids, pectin, proteins present or produced by plants (Kudanga and Mwenje,
2005; Tomita, 2003; Rana et al., 2019).

9.4 [ISOLATION AND QUANTIFICATION OF EXTRACELLULAR
HYDROLASES

Endophytes capable of producing extracellular hydrolases can be isolated from
various plants like Pisum sativum (pea), Lycopersicum esculentum (tomato),
Zea mays (corn), Triticum aestivum (wheat), Solanum tuberosum (potato),
and many more (Khan et al., 2017). The endophytes are isolated from stems,
leaves, and roots of different plants. Plant tissues are thoroughly washed
and surface sterilized by tween weak acids, sodium hypochlorite, ethanol,
hydrogen peroxide, and distilled water (Sturz et al., 1998; Taechowisan et al.,
2003; Bezerra et al., 2012). After rigorous surface sterilization, plant tissues
are then inoculated in different sterilized nutrient agar to isolate different types
of endophytes present in them. The endophytic microorganisms can be seen
growing around the inoculated plant tissue in the microbial media; the different
colonies according to morphology (size, shape, and color) are collected and
grown individually on different microbial media plates (Rashid et al., 2012).
These individual colonies are further subcultured to get pure culture for further
screening. Both fungal and bacterial strains are identified after continuous
maintenance of the culture till pure culture is obtained. Endophytic strains can
be identified through 16s rRNA sequencing and internal transcribed spacer
(ITS) region of bacteria and fungi (Khan et al., 2017). PCR amplification,
Sanger sequencing, BLASTn, and a full detailed phylogenetic analysis are
employed for achieving strain identification. Pure cultures are inoculated and
incubated in nutrient medium containing all essentials required for enhanced
growth of endophytes. Culture-containing flasks are grown with continuous
shaking at different parameters (according to the endophytic microbial
strain) (Bischoff et al., 2009; Sunitha et al., 2012). The culture broth will
be further filtered, centrifuged, and supernatant collected will be analyzed
to detect enzyme activity (Sunitha et al., 2012). The extracellular hydrolases
produced by isolated endophytes can be detected in specific growth medium.
It is reported that fluorogenic substrates like 4-methylumbelliferone (MUB)
can be used for enzyme analysis purpose (Wallenstein and Weintraub, 2008;
Khan et al., 2016). The quantification of the isolated enzymes can be done
by implementing highly sensitive techniques. Advanced chromatographic
techniques are employed for quantification of extracellular hydrolases (Khan
etal., 2017). It is suggested that affinity chromatography can be implemented
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for quantification of amylase derived from Bacillus licheniformis (Mendu
et al., 2005). DEAE-cellulose ion-exchange chromatography along with gel
filtration chromatography is employed for quantification of endophytic fungi
Fusarium oxysporum derived extracellular lipase (Panuthai et al., 2012).
Step-by-step representation of isolation and quantification of extracellular
hydrolases produced by endophytes is given in Fig. 9.1.
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FIGURE 9.1 Step-by-step representation of isolation and quantification of extracellular
hydrolases produced by endophytes.

9.5 EXTRACELLULAR HYDROLASES DETECTION

The extracellular hydrolases produced from different strains of endophytes
(both fungal and bacterial) can be detected through several detection
methods. It is reported that most common and preferred methods are agar



156 Endophyte Biology

medium and spectrophotometer detection (Ayob and Simarani 2016; Escu-
dero et al., 2016; Kalyanasundaram et al., 2015). Detection method totally
relies upon the type of endophytic strain (Sunitha et al., 2013). Particular
type of endophytic strain can be employed for production of various hydro-
lase enzymes. Fusarium and Colletotrichum endophytic species are reported
producing amylase, cellulase, lipase, pectinase, and protease. Agar medium
method was employed to detect these hydrolase enzymes. Colletotrichum
crassipes and Colletotrichum falcatum fungal endophytes can be employed
for production of cellulase, lipase, protease, and amylase and their detec-
tion can be done with agar medium (Khan et al., 2017). Proteases produced
from Fusarium species are detected by agar medium method (Sunitha et
al., 2013) while as proteases produced from Pochonia chlamydosporia and
the detection method employed can be spectrophotometer (Escudero et al.,
2016). Various extracellular enzymes like amylase, protease, cellulase, and
lipase are produced by various fungal endophytes and are detected through
employing either agar medium method or spectrophotometer method (Patil
etal., 2015). L-asparaginase produced from some bacterial endophytes like
Bacillus subtilis and Bacillus methylotrophicus can be detected using spec-
trophotometer (Nongkhlaw and Joshi, 2015). M9 medium can be employed
for detection of L-asparaginase produced from bacterial endophytes like
B. licheniformis and Paenibacillus senitriformus (Joshi and Kulkarni,
2016). Some of the common hydrolysases and their detection method are
discussed in the following sections.

9.5.1 PECTINASE DETECTION

It is reported that agar medium was employed for detection of pectinase
produced from various endophytic strains such as Fusarium, Aspergillus
flavus, Alternaria (Sunitha et al., 2013); Acremonium terricola, Phoma
tropica (Bezerra et al., 2012); Penicillium chrysogenum (Fouda et al., 2015).
Extracellular pectinase are detected from endophytic species like Pseu-
domonas hibiscicola, Bacillus anthracis, and Pseudomonas entomophila
through agar diffusion method (Akinsanya et al., 2016). Agar diffusion
method is employed for detection of pectinase derived from Paenibacillus
polymyxa endophyte (Khan et al., 2017). It is suggested that extracellular
pectinases derived from fungal endophytes are detected through agar
medium and extracellular pectinase derived from bacterial endophytes are
detected through agar diffusion method.
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9.5.2 AMYLASE DETECTION

Most of the research studies can show extracellular amylases produced from
endophytes are detected through agar medium detection method (Maria et
al., 2005; Fouda et al., 2015; Kannan et al., 2015; Jurynelliz et al., 2016).
Some bacterial endophytes such as Chryseobacterium indologene, Bacillus
tequilensis, and P. entomophila are proficient to produce extracellular
amylase and their detection through agar diffusion method (Akinsanya et
al., 2016). Agar medium method is employed for detection of endophytic
Bacillus species derived amylase (Carrim et al., 2006; Joe et al., 2016).
Agar medium detection method is used for extracellular amylase produced
by endophytic fungal strains like Acremonium, Alternaria, Aspergillus, and
Fusarium species (Maria et al., 2005). Agar medium method can be efficient
toward extracellular amylase detection derived from fungal endophytes but
bacterial endophytes show more sensitivity toward agar diffusion method
for amylase detection (Khan et al., 2017). Extracellular amylase produced
by some endophytes such as Cladosporium, Rhizoctonia, Aspergillus, Chae-
tomium, and Curvularia species can be detected by implementing both agar
medium detection method and spectrophotometer (Patil et al., 2015a,b).

9.5.3 CELLULASE DETECTION

Various methods are employed for detection of extracellular cellulase of endo-
phytic origin. Endophytic strains are Talaromyces emersonii, Pestalotiopsis
disseminate, Paecilomyces variotii (Sunitha et al., 2013); C. falcatum, C.
crassipes, Lasiodiplodia theobromae (Amirita et al., 2012); Myrmecridium
schulzeri, Trichoderma piluliferum (Bezerra et al., 2015). Extracellular
cellulase production is detected by agar medium method. Extracellular
cellulases from bacterial endophytes like P. polymyxa and Bacillus species
are detected by agar diffusion method (Khan et al., 2017). It is claimed that
agar diffusion method can be employed for extracellular cellulase detection
produced by some bacterial endophytic strains such as B. anthracis, B.
tequilensis, and Bacillus aerophilus (Akinsanya et al., 2016). But, on the
other hand, it is reported that cellulase derived from bacterial endophytes of
some Bacillus and Acinetobacter species can be detected by agar medium
method (Joe et al., 2016). Cellulase produced extracellularly by some fungal
endophytes like Incertae sedis, Eurotiales, Chaelomiaceae, Nectriaceae, and
Sporomiaceace can be detected through employing spectrophotometer and
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cellulase derived from other fungal endophytes such as Penicillium citrinum,
Thielavia arenaria, Phoma medicaginis, and Fusarium proliferatum can be
detected from fluorescence spectrophotometer (Khan et al., 2016).

9.5.4 XYLANASE DETECTION

Extracellular xylanase produced from endophytes can be detected through
agar medium method (Bezerra et al., 2012). A study on extracellular
xylanase produced from different endophytes suggested their detection by
agar medium method (Bezerra et al., 2015). Some fungal endophytes like
Cochliobolus lunatus, Gibberella baccata, M. schulzeri, and Acremonium
curvulum can show potential to produce and release xylanase. Xylanases
derived from several species of fungal endophytes extracellularly are
detected through agar medium method only (Fouda et al., 2015). Xylanases
generated from some endophytic bacterial strains can be detected by agar
diffusion method (Akinsanya et al., 2016). Xylanase can be produced from
Pseudomonas, Macrococcus, and Bacillus bacterial endophytic strains. It is
clarified that xylanase produced from Bacillus endophytes can be detected
by agar diffusion method only (Khan et al., 2017).

9.5.5 LIPASE DETECTION

Extracellular lipases are reported to be detected by agar medium method
extracted from different species of endophytes (Maria et al., 2005; Carrim
et al., 2006; Amirita et al., 2012). Agar medium method is considered for
detection of extracellular lipase produced by various endophytes of fungal
origin, including P. variotii, Phomopsis longicolla, and Fusarium solani
(Sunitha et al., 2013). Agar medium method is preferred for detection of
extracellular lipase derived from various fungal endophytic strains like
Myrothecium verrucaria, T. piluliferum, Penicillium commune, Aspergillus
niger, and many more (Bezerra et al., 2015). Agar medium method is used to
detect the extracted extracellular lipase from different endophytic bacterial
strains of Bacillus clausii, Bacillus pumilus, and B. licheniformis species
(Kannan et al., 2015). Both agar medium and spectrophotometer methods
can be implemented for detection of lipase produced by diverse fungal endo-
phytes like Cladosporium, Rhizoctonia, Aspergillus, and Fusarium species
extracellularly (Patil et al., 2015a,b).
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9.5.6 PROTEASE DETECTION

Different fungal species of endophytes such as Umbelopsis isabellina, Hebe-
loma incarnatulum, and Laccaria bicolor are competent enough to produce
extracellular protease (Mayerhofer et al., 2015). Extracellular proteases
produced from endophytic species like Acremonium, Alternaria, Asper-
gillus, Fusarium, and Pestalotiopsis are detected by agar medium method
(Maria et al., 2005). It is altogether supported that agar medium method can
be used for detection of extracellular protease produced from endophytes
like Macrophomina phaseolina, Nigrospora sphaerica, F. solani (Ayob
and Simarani, 2016); Amanita muscaria, Boletus luridus, Cenococcum
geophilum (Nygren et al., 2007); Monodictys castaneae (Bezerra et al.,
2012); C. lunatus, A. niger (Bezerra et al., 2015); Actinomyces pyogenes,
Bacillus circulans (Carrim et al., 20006); Methylobacterium, Curtobacterium,
Mucilaginibacter (Chimwamurombe et al., 2016). Extracellular protease
produced from endophyte Colletotrichum gloeosporioides can be detected
using spectrophotometer (Escudero et al., 2016).

9.6 FACTORS AFFECTING ENZYME PRODUCTION

Several factors are involved in affective production of extracellular
hydrolases by endophytic microorganisms. Some endophytic strains such
as Bacillus, Pseudomonas, Saccharomyces cerevisiae, Aspergillus, and
Penicillium are capable of producing and releasing hydrolase enzymes like
amylase, protease, cellulose, and many more (Abd Rahman et al., 2005;
Treichel et al., 2010; Sharma et al., 2013; Sundarram and Murthy, 2014).
Several factors like pH, temp, etc. influence the growth of microorganisms
and enzyme production. It is must to investigate the role of these factors to
determine suitable extracellular hydrolase enzymes production.

9.6.1 TEMPERATURE

Temperature plays a critical role in production of extracellular hydrolase
enzymes from endophytes as temperature must remain optimum for the
growth of microorganism as well as for production of enzyme. The hydro-
lysis is highly dependent on the effect of temperature. Both temperature
ranges influences production and optimum temperature ranges can achieve
maximal production (Dhiman et al., 2008; Sharma et al., 2013; Sundarram
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and Murthy, 2014). Optimum growth temperature is reported in the range of
45—-46°C and the optimum temperature of amylase production can be 50°C,
in the case of extracellular amylase production by B. licheniformis and B.
subtilis (Sundarram and Murthy 2014). It is further revealed that enzyme
production can increase with increasing temperature till optimum tempera-
ture is achieved. However, after increasing temperature above optimum
value will definitely decrease the enzyme production. To achieve optimal
amylase production from endophytic fungal species, the temperature can
be optimized in the range of 50-55°C (Jensen and Olsen, 1992). Amylase
extracted from Penicillium and Aspergillus endophytes showed enhanced
activity near 30°C (Ramachandran et al., 2004; Thippeswamy et al., 20006).
Bacterial endophytes can achieve productive cellulase yield at temperatures
30—45°C (Abou-Taleb et al., 2009). Increased extracellular cellulase produc-
tion by Pseudomonas species is achieved at 35°C (Bakare et al., 2005).
Pectinase enzymes produced by S. cerevisiae, Pseudomonas, Phytophthora,
Aspergillus, lactobacillus, etc., are showing effect on their production through
alteration in temperature (Sharma et al., 2013). Temperature is capable of
regulating the synthesis and secretion of extracellular protease from micro-
organisms (Ray et al., 1992; Abd Rahman et al., 2005). Temperature can
change the physical properties of cell membrane, so influencing extracellular
hydrolases secretion from microbial cells (Abd Rahman et al., 2005). The
influence of temperature is assessed on lipase production by Pseudomonas
species (Cavalcanti et al., 2005).

9.6.2 CARBON SOURCES

The selection of appropriate carbon sources can prove advantageous for
enzyme production. It is presented that type of carbon source significantly
influences the extracellular hydrolases production (Abou-Taleb et al., 2009;
Sundarram and Murthy, 2014). It is inferred that carboxymethyl cellulose can
be the best influential carbon source than cellulose in the case of extracel-
lular cellulase enzyme production from endophytic bacterial strains (Nara-
simha et al., 2006; Niranjane et al., 2007). Cellulase production can be less
when carbon source utilized by endophytes is glucose (Muthuvelayudham
and Viruthagiri, 2006). It is presented that carboxymethyl cellulose can be
employed as a carbon source for enhanced cellulase production by Bacillus
strains (Abou-Taleb et al., 2009). It is stated that glucose, maltose, wheat
bran, sucrose, and banana waste can be employed as carbon source for extra-
cellular amylase production by endophytes like B. subtilis, B. licheniformis,
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Bacillus amyloliquefaciens, and A. niger (Sundarram and Murthy, 2014).
Glucose can be best suited as carbon source for enhanced amylases produc-
tion by Bacillus species. Microbial pectinase production can require banana
peel, wheat bran and sugarcane bagasse as carbon source to maintain
adequacy (Sharma et al., 2013). It is reported that common carbon sources
of microbial lipase production are triacylglycerols, fatty acids, hydrolysable
esters, tweens, bile salts, and glycerol (Sharma et al., 2001; Gupta et al.,
2004). It is claimed that lipidic carbon sources can definitely provide high
lipase yield (Treichel et al., 2010).

9.6.3 NITROGEN SOURCES

Nitrogen source implemented for the production of extracellular hydrolase
enzymes may be organic or inorganic (Cihangir and Sarikaya, 2004; Abd
Rahman et al., 2005; Treichel et al., 2010). Their data is clarified that extracel-
lular enzyme yield can be simulated through supplementation of organic and
inorganic nitrogen sources. Most commonly used inorganic nitrogen sources
include ammonium sulfate, ammonium chloride and ammonium hydrogen
phosphate. On the other hand, most commonly used organic source of nitrogen
is peptone, soybean meal, beef extract, urea, and yeast extract (Sundarram
and Murthy, 2014). Extracellular production of amylase by endophyte Asper-
gillus oryzae utilized sodium nitrate as inorganic nitrogen source and malt
as organic nitrogen source provided highest yield of enzyme (Goto et al.,
1998). The use of peptone and sodium nitrate as nitrogen sources can prove
serviceable for Aspergillus and Penicillium endophytic strains (Meller et al.,
2004; Kunamneni et al., 2005; Raul et al., 2014). Yeast extract as nitrogen
source can be proficient enough for enhancing the cellulase production by
Bacillus endophytes (Abou-Taleb et al., 2009). Organic nitrogen sources can
be competent enough than inorganic sources for optimizing the cellulase
production by B. subtilis endophytic species (Ray et al., 2007). Mixture of
corn steep liquor and ammonium nitrate is the most appropriate source of
nitrogen for microbial production of extracellular lipase (Yan and Yan, 2008).

9.6.4 pH

In order to procure maximal production of extracellular hydrolases from
endophytic microbes, it is crucial to optimize the pH of the reaction. Studies
convince that optimum pH can be pivotal for the stability of extracellular
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enzymes produced as enzymes are pH sensitive (Ray et al., 1992; Haki and
Rakshit, 2003; Chadha et al., 2003; Dhiman et al., 2008). The optimum pH
required for efficient production of amylase from 4. oryzae, Aspergillus ficuum,
and A. niger can be in the range of 5—6 (Carlsen et al., 1996; Mgller et al., 2004;
Sundarram and Murthy, 2014). Yield of extracellular amylases produced by S.
cerevisiae endophytic species can be elevated in the pH range of 5—7 (Knox et
al., 2004; Tanyildizi et al., 2005; Ashraf et al., 2005). Production of extracel-
lular lipase by microorganisms can be influenced through pH change (Kar et
al., 2008). It is investigated that pH control is having high influence on lipase
production by Acinetobacter species (Treichel et al., 2010). It is uncovered that
highest yield of extracellular protease released by Pseudomonas aeruginosa
species can be observed at pH 7 (Abd Rahman et al., 2005).

High yield of microbial acid protease can be achieved at pH 3—4 (Ray
et al., 1992); neutral proteases can be procured at pH 6.8—7.0 (Moormann
et al.,, 1993) and alkaline protease can be attained at pH 9—-10 (Jasvir et
al., 1999). Enzymatic processes and components transport across the cell
membrane can be altered through pH change (Moon and Parulekar, 1991,
Abd Rahman et al., 2005). Cellulase production by Bacillus species can be
increased by maintaining the pH at 7 (Abou-Taleb et al., 2009). It is stated that
maximum production of extracellular cellulase can be obtained from Bacillus
and Micrococcus species through optimizing the pH at 7 (Immanuel et al.,
2006; Ray et al., 2007; Abou-Taleb et al., 2009). Optimization of pH can be
always valuable for receiving augmented extracellular xylanase and pectinase
production from endophytes such as Pseudomonas, Aspergillus, Penicillium,
Bacillus, and Streptomyces species (Dhiman et al., 2008; Sharma et al., 2013).

9.6.5 INOCULUM SIZE

An indirect relationship can be developed based on inoculum size and extra-
cellular hydrolase enzyme yield from endophytes (Abd Rahman et al., 2005;
Abou-Taleb et al., 2009). Focus can be laid on optimization of inoculum size
for attaining maximal enzyme production. It is elucidated that 3% inoculum
size can gradually lead to higher extracellular cellulase yield from endo-
phytes. Cellulase enzyme production by Bacillus strains elevated up to 3%
inoculum size but decreased thereafter (Abou-Taleb et al., 2009; Ray et al.,
2007). Various inoculum sizes of Pseudomonas species are investigated for
protease production (Abd Rahman et al., 2005). It is indicated that inoculum
size of 4% can be used for enhanced extracellular protease yield. Various
inoculum sizes optimum for different microbial strains achieve desirable
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protease yields. It is suggested that 1% inoculum size for Bacillus species
(Mehrotra et al., 1999) and 5% inoculum size for B. licheniformis (Mabrouk
et al., 1999) attain improvised yields.

9.6.6 SHAKING RATE

It is claimed that culture-containing flasks need to be kept on rotary shaker
with required rpm to achieve proper aeration for maximizing extracellular
hydrolase enzymes production by endophytes (Abd Rahman et al., 2005;
Abou-Taleb et al., 2009; Treichel et al., 2010). Shaking condition can be
advantageous for higher cellulase yield than static condition in the case of
extracellular cellulase production by endophytic species of Bacillus strain
(Khan and Husaini, 2006). To achieve higher yield of cellulase from endo-
phytes like B. amyloliquefaciens, the shaking rate applied should be in the
range of 150-200 rpm (Abou-Taleb et al., 2009). On the other hand, it is
reported that shaking condition can lead to decrease the yield of extracellular
protease produced by Penicillium aeruginosa species (Abd Rahman et al.,
2005). Sometimes excess agitation and aeration can be the reason behind
drop in the production rate of extracellular enzymes (Pourrat et al., 1988).
However, B. licheniformis showed higher protease production with agitation
of 250-400 rpm (Mabrouk et al., 1999). Agitation of 150 rpm can show the
highest protease production by Bacillus species (Razak et al., 1997).

9.7 APPLICATIONS

Endophytes are unexplored source of novel natural products. Researchers
are focusing on various endophytic strains such as Aspergillus terreus,
Colletotrichum, Pestalotiopsis, Fusarium, and many more that produce a
large amount of hydrolase enzymes like protease, amylase, xylanase, etc.
(Ahmed et al., 2016; Naik et al., 2019). Extracellular enzymes, including
hydrolases, are used for many industrial applications (Fig. 9.2). Utility of
hydrolases in a particular industry depends on their chemical nature and
favorable working conditions (Mandal and Banerjee, 2019). As shown in
Table 10.1, different endophytic fungal and bacterial strains can be used
for extracellular hydrolases production. Cellulase shows potential for many
applications (Sudheep et al., 2017). Fungal endophytes are marvelous
in producing broad range of extracellular hydrolase enzymes. Different
extracellular hydrolases produced from endophytes and their applications
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are reported in various literatures. Hydrolase enzymes show their applica-
tions in baking, brewing, medicinal, agriculture, wine, animal feedstock,
and many more. Extracellular hydrolases can be used for the production
and development of medicines, cosmetics, and clinical reagents (Zhang and
Kim, 2010; Murray et al., 2013). Extracellular hydrolases such as proteases
can be used for production of digestive and anti-inflammatory drugs (Zhang
and Kim, 2010). Some researchers focused on biotechnological applications
of extracellular hydrolases in chemical, fuel, food, agriculture, paper, and
textile sectors (Raghukumar et al., 1994; Sette and Bonuglisantos, 2013).
Hydrolases potential in food and beverage sectors is explored (Velmurugan
and Lee, 2012). Endophytic extracellular hydrolases can show consistency,
easy handling, optimum environmental conditions, and no chemical catalyst
requirement (Sudheep et al., 2017). However, due to microbial nature of
endophytes, it becomes less tedious to genetically modify them for the opti-
mization of hydrolase enzyme production from a specified endophyte. Roles
of endophyte-derived extracellular hydrolase enzymes in different areas and
sectors are stated as follows (Table 10.2).

G
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FIGURE 9.2 Diagrammatic representation of application of extracellular hydrolases isolated
from endophytic microbes.
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TABLE 10.1 Extracellular Hydrolases Produced from Various Endophyte Species.

Hydrolase Enzyme Endophyte species References

Pectinase Fusarium Bezerra et al. (2012)
Aspergillus flavus Sunitha et al. (2013)
Alternaria Fouda et al. (2015)
Acremonium terricola Akinsanya et al. (2016)

Phoma tropica
Penicillium chrysogenum
Pseudomonas hibiscicola
Bacillus anthracis
Pseudomonas entomophila

Amylase Aspergillus Carrim et al. (2006)
Colletotrichum gloeosporioides Anmnirita et al. (2012)
Moycelia sterilia Sunitha et al. (2013)
Curvularia brachyspira Rabha et al. (2014)
Actinomyces pyogenes Kannan et al. (2015)
Bacillus pumilus Jurynelliz et al. (2016)

Cellulase Talaromyces emersonii Bezerra et al. (2012)
Colletotrichum falcatum Amirita et al. (2012)
Penicillium glandicola Sunitha et al. (2013)
Acinetobacter Akinsanya et al. (2016)
Enterobacter ludwigii Joe et al. (2016)

Lipase Paecilomyces variotii Carrim et al. (2006)
Lasiodiplodia theobromae Amirita et al. (2012)
Myrothecium verrucaria Sunitha et al. (2013)
Bacillus megaterium Bezerra et al. (2015)
Pseudomonas stutzeri

Protease Pochonia chlamydosporia Carrim et al. (2006)
P. tropica Nygren et al. (2007)
Tetraploa aristata Bezerra et al. (2012)
Amanita muscaria Chimwamurombe et al. (2016)
Boletus luridus Escudero et al. (2016)
Piloderma fallax
Corynebacterium renale
Methylobacterium

Xylanase Paenibacillus polymyxa Khan et al. (2017)
P. entomophila Bezerra et al. (2012)
Alternaria alternate Fouda et al. (2015)
A. terricola Akinsanya et al. (2016)

Phosphatases Chaelomiaceae Khan et al. (2016)
Nectriaceae

Phoma medicaginis
Thielavia arenaria
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TABLE 10.2 Some Other Industrial Applications of Extracellular Hydrolases Produced by
Endophytes.

Industry Enzyme Function
Cosmetics Protease, Removal of dead skin;
Lipase Skin care
Organic synthesis Lipase Synthesis of pharmaceuticals, polymers,
biodiesel, biosurfactants
Polymer Lipase Polycondensation, ring-opening polymerization
of lactones, carbonates
Animal feed Phytase, Hydrolyze phytic acid to release phosphorous;
Xylanase Enhanced digestibility of starch

9.7.1 FOOD AND BEVERAGE INDUSTRY

Enzymes produced from various endophytes can be employed in different
sectors of food and beverage industry. Extracellular hydrolase enzymes
such as lipase, lactase, xylanase, protease, pectinase, amylase, and cellulase
produced by endophytes can be systematically implemented for performing
various noteworthy functions in dairy industry, baking industry and beverage
industry (Yamasaki et al., 1964; El-Zalaki and Hamza, 1979; Taylor and
Richardson, 1979; Smart et al., 1985; Jin et al., 1998). Lipase produced from
A. niger can be used for enhancing cheese ripening and customizing flavor
of cheese (Neelakantan et al., 1999). The potential of catalase, xylanase, and
lipase generated by 4. niger and protease produced from Aspergillus species
is reported (Saxena et al., 2001). Catalases can be used for cheese quality
improvement in dairy industry. Xylanases and lipases can be recruited
for dough conditioning and stability and proteases to be implemented for
improvement of bread aroma in baking industries.

Pectinase, amylase, cellulase, and protease of endophytic origin are
documented in various studies for their role in beverage industries. Depecti-
nization involves pectinase, brewing is mainly done by amylase, cellulase is
capable for liquefaction of fruits, and protease is mainly focused to restrict
haze formation (Yamasaki et al., 1964; El-Zalaki and Hamza, 1979; Jin et al.,
1998; Singh et al., 2016). Xylanases can be used for improving nutritional
qualities of wheat, clarification of wines and juices, extraction of juice,
oils, spices, and pigments and enhancing the texture and volume of bread
(Sudheep et al., 2017). Frequent use of pectinase for decreasing astringency
and increasing pigmentation is suggested in the wine industry (Tucker and
Woods, 1991; Naik et al., 2019). Endophytic (4spergillus and Bacillus
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species) proteases can be used for clarification of protein drinks, alcoholic
beverages, fruit juices, and xanthan gum (Mandal and Banerjee, 2019). Two
fungal commercial proteases, Kojizyme and Flavourzyme, can be employed
in the fermentation of soy sauce and seasoning of fish, meat, casein and
gluten like proteinaceous foods. Pectinase enzymes isolated extracellularly
from Aspergillus, Rhizopus, Trichoderma, Pseudomonas, Penicillium, and
many more are directly involved in food industries for fruit ripening, tomato
pulp removal, and improvement of protein in baby food and extraction of oil
(De Gregorio et al., 2002). Role of various endophytic hydrolase enzymes
in some food sectors is categorized in Table 10.3. Cellulase, hemicellulase,
and pectinase enzymes are employed in coffee industry (Soccol et al., 2008).
The use of extracellular hydrolase enzymes such as amylases, cellulases,
pectinases, and proteases for fruit juice production is suggested by various
authors (Albersheim, 1966; Kashyap et al., 2001; Mantovani et al., 2005;
Semenova et al., 2006; Jalis et al., 2014). Glucanase, peptidase, protease,
esterase, lipase, and amylase are successfully implemented in flavor industry
(de Souza, 2010; Shahani et al., 1976). Protease and catalase are utilized
in egg processing (Singh et al., 2007). Cellulase, glucanase, pectinase, and
tannase are employed in tea industry (Pasha and Reddy, 2005). Catalase and
lipase can be employed for the production of butter and butter oils (Gupta
et al., 2003). Amylase, invertase, pectinase, and protease can prove useful in
confectionery industry (Kour et al., 2019). Extracellular hydrolase enzymes
produced from endophytes can be useful in brewing industry (Okamura et
al., 2001). Amylase, cellulase, glucanase, hemicellulase, lipase, protease,
xylanase, and pentosanase are most commonly used hydrolases in brewing
industry. Amylase, cellulase, protease, hemicellulase, and pentosanase are
mostly used extracellular enzymes of endophytic origin in making of biscuits
and breads (Taniwaki et al., 2001). Xylanases help in improving the yield of
edible dyes and mineral salts (Polizeli et al., 2005). Lipases can be utilized
for the production of chocolates, noodles, and bread (Undurraga et al., 2001;
Aravindan et al., 2007).

9.7.2 PAPER AND PULP INDUSTRY

Microbial enzymes are even known for their great role in improving perfor-
mance in paper and pulp industries. Cellulase derived from fungal endophytes
can be substantially used in various processes in paper and pulp industry
(Buchert et al., 1996; Wang et al., 2004). Cellulases can be employed in pulp
and paper industry for fibrillation, enhancing drainage, and decreasing vessel
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picking (Walter and Gallatin, 1962; Fuentes and Roberts, 1988; Uchimoto et
al., 1988). The use of xylanase and cellulose together for deinking in paper
and pulp industries is reported (Dhiman et al., 2008). Endophytic amylases
can reflect potential in paper and pulp industry due its efficacy in biological
hydrolysis of starch (Gessesse and Mamo, 1999). Xylanases produced by
endophytes can be employed for prebleaching the pulps in paper manufac-
ture (Sudheep et al., 2017). Xylanases are capable of showing competency
in accelerating the release of lignin from pulp and reducing the quantity of
chlorine needed for bleaching in paper and pulp industry (Wong and Saddler,
1993; Beg et al., 2001; Saxena et al., 2015). Pulp depitching can be achieved
through inculcation of microbial lipase (Irie et al., 1989).

TABLE 10.3 Application of Some Common Extracellular Hydrolase Enzymes Produced
by Endophytes in Different Sectors of Food Industries.

Sector Enzyme Function
Dairy Protease, Milk coagulation, debittering, enhancing cheese ripening;
Lipase, Faster cheese ripening, flavor customized cheese;
Lactase Lactose reduced milk, whey products
Baking Amylase, Flour adjustment, bread softness;
Xylanase, Dough conditioning;
Lipase Dough stability and conditioning
Beverage Pectinase, Depectinization;
Cellulase, Fruit liquefaction;
Amylase, Starch hydrolysis;
Protease Restrict haze formation

9.7.3 LEATHER AND TEXTILE INDUSTRY

Extracellular enzymes produced by endophytes can show potential in leather
and textile industries. Endophyte-derived extracellular hydrolase enzymes
like protease, pectinase, cellulase, xylanase, amylase, and lipase can perform
important functions in leather and textile industries to improve the quality of
the product (Alkorta et al., 1998; Pandey et al., 1999; de Souza et al., 2015;
Singh et al., 2016). Cellulase produced from endophytes can be implemented
effectively in textile industry (Gusakov et al., 2000). Cellulases act on cotton
yarns for indigo dye removal, prevent damage to garment, and reduce effluent
load (Kouretal., 2019). The role of cellulases and xylanases in textile industry
for fiber treatment processes is suggested (Archna et al., 2015). Lipases can
be used for desizing of denim and other cotton fabrics along with removal
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of lubricants (Handelsman et al., 1998; Hasan et al., 2006). Pectinases are
employed along with amylases, cellulases, and lipases for removing sizing
agents (Hoondal et al., 2002; Kour et al., 2019). Proteases can be useful for
extraction of dull and stiff gum layer of sericin from raw silk to achieve
softness and luster (Mandal and Banerjee, 2019; Kour et al., 2019). It is
uncovered that continuous treatment to silk and wool fibers with proteases
can provide distinctive finishes (Doshi and Shelke, 2001). Amylases can be
implemented for desizing process, that is, removal of starch from the fabrics
(Mojsov et al., 2018). Extracellular hydrolase enzyme use can improve
leather texture and quality (Ward et al., 2005; dos Santos Aguilar and Sato,
2018). A. niger and Aspergillus tamari endophytes producing extracellular
alkaline protease can be utilized for unhairing and bating processes in leather
industry (Anandan et al., 2007). Neutral protease produced from endophyte
A. flavus can be employed for dehairing and soaking processes in leather
industry (de Souza et al., 2015). The potential of extracellular lipase and
amylase enzymes in leather industry is reported (Singh et al., 2016). Lipase
can be utilized for degreasing process and amylase can perform fiber split-
ting function.

9.7.4 DETERGENT INDUSTRY

In detergent industry, there is a long history behind hydrolases usage. Nowa-
days, hydrolases can be seen in most of the detergents. Hydrolase enzymes
can remove protein, starch oil, and fats present on the fabric in the form
of stain (Hasan et al., 2010). Enzyme lipase isolated extracellularly from
endophytic strains like 4. oryzae and Trichosporon asahii are capable to
perform removal of oil stains (Gerhartz 1990; Kumar et al., 2009). Protease
produced from Trichoderma harzianum can show effective washing perfor-
mance (Savitha et al., 2011). Microbial protease can be implemented for
digestion of organic stains like grass, blood, egg, and human sweat (Hasan
et al., 2010; Kuhad et al., 2011). Amylase produced by Aspergillus species
can be enrolled for carbohydrate stain removal (de Souza 2010). Lipase
isolated from fungal endophytes can be effective against fat stain elimination
(Greenough et al., 1996). The role of 4. oryzae—derived protease is stated for
removal of protein stain (Vishwanatha et al., 2009). Cellulase enzyme can
be employed to perform enhanced color clarification (Kuhad et al., 2011).
Cutinase can be employed in making dish washing and laundry detergents
(Flipsen et al., 1998, Pio and Macedo, 2009).
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9.7.5 PHARMACEUTICAL INDUSTRY

Enzymes produced by endophytic microbes are gaining valuable appre-
ciation for their extensive use in pharmaceutical industry. In the field of
medicines, hydrolase enzymes produced by endophytes can prove useful in
many ways. Hydrolase enzymes like tannases can be employed for synthesis
of antibacterial drugs (Belmares et al., 2004). Tannases can be produced
extracellularly by some fungal endophytes such as Aspergillus, P. variotii,
and Penicillium species (Battestin and Macedo, 2007; Gonzalez et al., 2017).
The role of endophyte-derived extracellular lipase is uncovered for enrich-
ment of polyunsaturated fatty acids (PUFAs) of plant and animal origin,
like borage oil, menhaden oil, and tuna oil (Dong et al., 1999). Lipases can
resolve racemic mixtures to enhance drug production (Houde et al., 2004).
Lipase enzymes can help in production of anti-inflammatory drugs, anti-
cancer drugs, antiviral drugs, antihypertensive drugs, anti-Alzheimer drugs,
and vitamin A supplements (Kovac et al., 1996; Akimoto et al., 1999; Kour
et al., 2019). Immobilized lipases can be useful in nutraceuticals synthesis
(Aravindan et al., 2007). Extracellular protease produced by fungal endo-
phytes can show a variety of applications in pharmaceutical industry (Naik et
al., 2019). L-Asparaginase derived from endophytes such as Pseudomonas,
Acinetobacter, and many more can be utilized for production of antitumor
drugs. Collagenase produced by Clostridium species can be valuable for
making drugs to treat skin ulcers. Amylase and lipase produced by Bacillus
and Aspergillus species can prove proficient for making drugs to prevent
digestive disorders (Singh et al., 2016).

9.7.6 BIOLOGICAL WASTE MANAGEMENT

Wastes generated from various industries need to be effectively managed.
Nowadays, whole concern is toward efficacious management of waste
through biological means. Hydrolase enzymes can prove beneficial in terms
of biological waste management. It is reported in various studies that the
effective neutralization of toxic and harmful industrial wastes occurs with
the utilization of extracellular hydrolases produced by various endophytes
(Libra et al., 2003; Casa et al., 2003; Levin et al., 2005). Phanerochaete
chrysosporium derived ligninases, proteases, and glucanases are reported for
assisting waste degradation (Bumpus and Aust, 1987). Their involvement in
degradation of diverse organopollutants is highlighted.
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Amylase produced by B. licheniformis and Aspergillus species can be
effectively utilized for degradation of vegetable wastes. Lipase released by
A. oryzae and Candida tropicalis can generate potential for degradation of
crude oil hydrocarbons. Protease produced by Chrysosporium species can
help in successful bioremediation of keratinic wastes. Cutinase isolated from
Fusarium species can prove advantageous for degradation of plastics (Singh
etal., 2016; Kour et al., 2019).

9.8 CONCLUSION AND FUTURE PROSPECTS

Scientists are well aware about endophytes (bacteria and fungi) potential of
releasing extracellular hydrolase enzyme to hydrolyze variety of polymeric
compounds such as chitin, pectin, protein, and cellulose. Endophytes
demand special attention particularly toward their competency in producing
extracellular hydrolases. Endophytes generate extracellular hydrolases
when they colonize different plant tissues. The ability of endophytic
microorganisms to produce and release extracellular hydrolase enzymes can
prove helpful in numerous ways. It is beneficial to achieve endophyte—host
symbiosis and counteract emerging issues such as plant pathogen interaction
and tolerance against host defense mechanism. Endophyte derived from
broad variety of plants growing under different environmental conditions
seizes more propensities to yield higher quantities of extracellular hydrolases.
With advancement of technology, most sensitive and proficient methods are
required for enzyme detection and quantification. The factors like carbon and
nitrogen sources, pH, temperature, inoculum size, and shaking rate play very
crucial role in achieving desirable adequate extracellular hydrolase enzyme
production from different endophytic strains. It is essential to optimize these
factors as they indirectly regulate the growth and nutrition of the endophytes
for efficient enzyme yield. Microbial enzymes seem to be more proficient
than enzymes from other sources mostly due to their stable nature and broad
range of optimum conditions. Enzymes of microbial origin are gaining
interest in industrial applications due to their less toxic, economical, and
eco-friendly nature. Implementation of endophyte-derived hydrolases in
industries like leather, textile, and detergent can reduce the excessive use
of harsh chemicals which will ultimately lower the discharge of harmful
and toxic chemicals in the environment. Extracellular hydrolase enzymes
of endophytic origin can reflect significant potential in waste management.
Therefore, endophytes are an engrossing niche for prospecting new natural
products that can be used as enzymes with industrial applications.
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ABSTRACT

In recent times, due to various health benefits to humans and plants, bioactive
compounds in pharmaceuticals and naturopathy are in high demand. Bioactive
compounds are synthesized by microorganisms either alone or in association
with the plants. Microorganisms which are found inside the living tissues
of plants, known as endophytes, living in a symbiotic/mutualistic associa-
tion with the host plant though causing no instantaneous or visible adverse
effects produce an array of bioactive compounds. Endophytes are found
within almost all plants examined to date. Endophytes serve as a treasure for
naturally derived and environmentally sustainable products for agricultural,
medical, and industrial uses with the least negative environmental effects.
The vast biodiversity along with their ability to biosynthesize bioactive
metabolites has given the impetus for bioprospecting endophytic microbes
with vast biotechnological potential. The need for innovative, more effective
and more useful compounds has arisen to provide a better health care system
to humans. This chapter focuses on the biodiversity of endophytes producing
novel bioactive compounds.

10.1 INTRODUCTION

Since ages, plants have been a vital source of bioactive compounds against
various diseases. Off late, microorganisms living inside the plants are reported
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to produce compounds that have immense medicinal importance (Subbulak-
shmi et al., 2012). The plant growth-promoting compounds, pest and insect
repellents, plant pathogen inhibitors, inducers of stress tolerance, etc are
produced by microbes. Therefore, there is a great interest in bioprospection of
endophytic microbial organisms from different ecosystems. Endophytes are a
group of symbiotic microbes — often bacteria or fungi — that live in symbiotic
relationship within plants (Singh and Dubey, 2015). They are ubiquitous in
nature and involve a gamut of interactions with their host like mutualism,
antagonism, and in some rare cases parasitism as well (Nair and Padmavathy,
2014). These are known to be beneficial for the host plant, for instance, endo-
phytes enhance the plant potential to stand different types of stress conditions
and aid plants in fighting against diseases through the production of various
bioactive compounds (Joseph and Priya, 2011; Parthasarathi et al., 2012).

Historically medicinal plants hold paramount importance as being a cure
to different diseases globally. The formation of the bioactive compounds
formed by these medicinal plants differs greatly based on plant species
and their relationship with microbes. Medicinal plants play an important
role in human health mainly in developing nations and areas affected by
poverty. The natural habitats of wild medicinal plants, however, are under
threat from overuse and environmental and geopolitical instability (Zhang et
al., 2014). Even then, the ability of endophytes inside these bioprospective
medicinal plants remains unclear. Endophytes that occupy medicinal plants
demonstrate powerful biological activity like antimalarial, antioxidant,
anticancer, and antimicrobial activities (Xiao et al., 2014). It should be noted
that some endophytic microorganisms obtained from the medicinal plants
produce the same compounds as produced by their hosts. If any bioactive
product is specific to the endophytic microbe and is not produced by the host,
this will not only eliminate the requirement of slow-growing and probably
uncommon plants but also maintain the ever-decreasing biodiversity of the
earth (Mehanni and Safwat, 2009).

A lot of research is available related to the endophytic diversity and their
ability to produce different bioactive compounds. Endophytes are reported
from roots, stem, leaf, seeds, buds, fruits, as well as dead plant cells (Specian
et al., 2012; Stepniewska and Kuzniar, 2013). The presence of endophytic
microbes in a single species of plant varies greatly and relies on multiple
factors, like the host developmental stage, host species, environmental
conditions, and inoculum density (Dudeja and Giri, 2014; Saikkonen et al.,
2010). This chapter brings our attention to different types of endophytes
producing novel bioactive compounds. Such studies may result in a better
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understanding of endophytic microorganisms and address the need for
bioprospecting endophytes producing natural bioactive compounds.

10.2 ENDOPHYTIC BIODIVERSITY

It is believed that an individual plant could host a large number of micro-
organisms as epiphytes (microbial population that grows on the surface of
plant) (Afzal et al., 2019) or endophytes (microbial population that is found
within the plant tissues) (Andreote et al., 2014, Turner et al., 2013). The
existence of endophytes in the plant was first mentioned by De Bary in 1866;
he microscopically analyzed plant tissues and found the occurrence of micro-
bial cells within the plant tissues. De Bary primarily defined the endophytic
microorganisms as “any organism that grows inside plant tissues”, and this
explanation still persists with new studies (Wilson, 1995). However, Petrini
in 1991 gave the most appropriate definition of endophytic microorganisms,
which stated that any microorganism at any stage of its life history is found
residing within the plant tissues without inflicting any type of damage to the
plant host. Since then, countless efforts have been made to find out the origin
of endophytes in various species (Hallmann et al., 1997, Mitter et al., 2013).
Initially, the population of the seed-born microorganisms or rhizospheric
microbes was considered the main source of endophytic microorganisms
(Andreote et al., 2014).

Endophytes are the most abundant group of microorganisms discovered
in almost all plants on land. Endophytic microbes have been obtained from
a diverse group of plants ranging from large trees (Kaewkla and Franco,
2013), seagrasses (Florea et al., 2015), and also lichens (Ge et al., 2015;
Suryanarayanan et al., 2017). Endophytes are linked with plants in the
form of bacteria, fungi, mycoplasma, and actinomycetes within the plant
tissue (Azevedo et al., 2014). Biodiversity of endophytes is categorized
depending on the microorganism and includes primarily endophytic fungi,
endophytic bacteria, endophytic actinomycetes, endophytic mycoplasma,
and endophytic algae.

10.2.1 ENDOPHYTIC FUNGI

Endophytic fungi are an important group of microbial plant symbionts. They
are classified into vast groupings primarily based on their life history and
phyletic characters. The basic property for a fungi to be called an endophytic
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microbe is the presence of a hyphae in tissue at least for a part of the life cycle
(Bacon and White Jr, 2000). The rapid visualization of hyphae is performed
by acridine orange fluorescence microscopy. Since the identification through
the presence of hyphae alone is seldom possible, the said process is carried
out through distinct methods like DNA sequencing, immunofluorescence
detection, and comparison of the DNA sequences to homologous sequence
submitted in the Genbank. The relationship of fungal endophyte differs
mainly from mycorrhizae due to the lack of a localized interface of specialized
hyphae, nonpresence of coordinated growth of plant fungi, and the absence of
plant benefits from nutrient transfer.

The most extensively used anticancer drugs and antibiotics are produced
by endophytic fungi. Taxol, which is one of the best known and potential
anticancer drugs till date, is obtained from an endophytic fungi Taxomyces
andreanae (Stierle et al., 1993). Clavatol, sordaricin, jesterone, and javanicin,
obtained from different endophytic fungal species, are recognized to own
robust antifungal and antibacterial properties (Jalgaonwala et al., 2017).
Pestacin, obtained from Pestalotiopsis microspora, has enormous antioxidant
properties. Similarly, fungal endophytes are known to be the source of many
immunosuppressive, anticancer, antidiabetic, and insecticidal compounds.
Besides, some compounds providing thermal protection are also known to
have been produced by the fungal endophytes. Fungal endophytes are divided
into two ecological groups: Clavicipitaceous or grass or balansiaceous endo-
phytes and non-clavicipitaceous or non-balansiaceous endophytes.

10.2.1.1 CLAVICIPITACEOUS OR GRASS OR BALANSIACEOUS
ENDOPHYTES

Balansiaceous endophytes are the most extensively studied group owing to
their ecological as well as economic significance. These fungal endophytes
are found in grass species and grow systematically leading to vertical trans-
mission via the seed. These are from the genera Balansia, Epichloe, and their
anamorphs Ephelis and Neotyphodium. Grass endophytes are estimated to be
present in 20-30% of grass species that could play crucial ecological roles in
plant groups. It is suggested that these are systemic and often mutualistic for
cold season grasses specifically in family Pooideae. These endophytic fungi
manufacture a different group of bioactive compounds that are antiinsect
alkaloids (lolines and peramine) and toxic in nature (Schardl and Craven,
2003). The fungal partners here avail various nutritional benefits and in return
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endophytic fungus protect the plant from herbivores through the production
of toxic alkaloids.

10.2.1.2 NON-BALANSIACEOUS ENDOPHYTES OR NON-
CLAVICIPITACEOUS

Non-—clavicipitaceous endophytes are different based on their life cycle as
well as phylogenetics. Mostly they belong to the phylum Ascomycota and
can be found either intra- or intercellularly (Schulz et al., 2002). They are
not only obligate to a particular host but can also adapt to different hosts.
The non-balansiaceous endophytes are a widely diversified group and
cover a wide variety of fungi from the Ascomycetes and basidiomycetes.
The fungal endophytes of this group have a wide range of host and are
able of colonizing dicotyledons and monocotyledons. Some non-clavicip-
itaceous endophytes are specialized and are found inside particular organs
or cells, whereas various non-clavicipitaceous endophytic microbes are
not specific to a host and a few colonies are found within the host tissue
(Schulz et al., 1999).

Rodriguez et al. (2009) reclassified the endophytes; setting apart them
into four classes. Class I includes constitutive mutualists (balansiaceous
endophytes), Class II and III correspond to inducible mutualists, while Class
IV coincides with dark septate root-colonizing fungi. Fungal endophytes
are drawing the interest of researchers due to the covert advantages they
offer for the host, in many approaches (Amin, 2016; Hartley and Gange,
2009; Le et al., 2009). Fungal endophyte research has indeed outstripped
the preliminary phases. Table 10.1 shows fungal endophytes from different
medicinal plants producing various bioactive compounds. We can conclude
that fungal endophytes are a unique and significant microbial source for
the production of bioactive compounds and have drawn interest in their
theoretical analysis and potential uses from many researchers. Undoubt-
edly, the isolation of bioactive compounds from endophytic fungi holds a
potential promise.

10.2.2 ENDOPHYTIC BACTERIA

After fungi, the second-most investigated endophytic group are bacte-
rial endophytes. Bacterial endophytes are regarded as a subset of plant
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growth-promoting rhizobacteria generally known as rhizospheric bacteria
(Afzal et al., 2019). These are actually a specialized group of bacteria that
have developed the potential to penetrate their host plant (Reinhold-Hurek
and Hurek, 1998). They show all the significant factors found in rhizobac-
teria that are compatible with the promotion of host plant growth. (Afzal
et al., 2019). Endophytic bacteria are usually found in vascular tissue and
intercellular spaces of the plant.

Reportedly, many researchers have isolated endophytic bacteria from
a variety of plants, like rice, pea, and sweet corn cultivars (Cho et al.,
2007, Kumar et al., 2020; Vasilyeva et al., 2020). A database of all 16S
rDNA sequences currently allocated to endophytes was examined along
with uncultured and cultured microbes (Hardoim et al., 2015), and it was
observed that even though the sequences corresponds to a total of 23 different
Phyla of bacteria, four of them (Firmicutes, Actinobacteria, Bacteroidetes,
and Proteobacteria) account for 96% of the endophytic sequences of the
prokaryotes (Hardoim et al., 2015). More than 50% of the sequences
in the database are proteobacteria, and Gammaproteobacteria isolates
seem to be the most frequently found as endophytes within this phylum,
including genera like FEnterobacter, Serratia, Pantoea, Pseudomonas,
Stenotrophomonas, and Acinetobacter. Paenibacillus, Mycobacterum, and
Bacillus are all well identified amongst the endophytic microbes (Hardoim
et al., 2015). It is reported that y-proteobacteria is the most dominant and
diverse endophytic bacterial group in agricultural crops (Miliute etal., 2015).
These bacterial endophytes help in plant growth promotion, increased yield,
nitrogen fixation, phosphate solubilization, besides protection against plant
pathogens. Table 10.2 shows bioactive compounds produced by bacterial
endophytes isolated from various plants. In order to explore these rare and
promising bacterial endophytes with overall plant beneficial features, a
comprehensive approach based on both culture-independent and culture-
dependent techniques is required.

10.2.3 ENDOPHYTIC ACTINOMYCETES

Actinomycetes belong to the phylum Actinobacteria and are prokaryotic
microorganisms that form spores and own mycelium like fungus (Barka et al.,
2016; Chaudhary et al., 2013). There are several benefits to the association of
actinomycetes with plants, such as the production of extracellular enzymes,
antimicrobial compounds, siderophores, and phytohormones (Gangwar et



Endophyte Biology

194

(9102
‘Te 12 uepueyIueA

(S107) 'Te 10 sudkomy
(6002) 'Te 30 PnwYsaq

(L107) "Te 30 wefes
(6102) Te 0 wejremlly

(6107) T8 12 1AueSuey
(Z1027) 'Te 0 Sueyz

(S102) Te 10 oI

(0102) T 30 wels|
(0102) 'Te 10 BAOUERD

(‘18 30 tueLnLy)
(€661) T 10 3[101g

AJ101X0) [BIQW AABDY 20NPAY

UOIIRIPIWIOIAYJ

uiAe[jo3ig

uonoojoxd

pue yymoi3 uonowoid jued

[eLId)0RQNIUY
QUEBXO[ISBOIPO[IAD
pue proe dR[oUI]
LISIN LR

 UISEe[eyo0IL)

Ananoe [edunjnuy

sopndadodiy

PIO€ OLI0Q PUE J[LIUOGIED

surjournb-g¢-ourwe-g

auexe) pue [OXe],

“ds wmiqoznypy
pue “ds spuouiopnasy *ds snososouypg

“ds spuowoyyuvy “ds snjjrovg “ds spuowrourivpy

ADL-619M vpund spuowiopnasg
sa10ads $0J00Aw0dsE 1°809t8€ OA

“ds saproip.avooN

puv “dsprmooy ds pvipivoop “ds snooos0opoyy

“ds wnti23o0qAyov.ag < ds vjjanuvynsy
“ds .a10pqoyly ©ds wnria1ovqIALG
“ds sisdoipavoop “ds saoduoyda.g “ds
Wn142190qoo1p\ “ds vipapo0UOPNISF

I'TAN stueiofiuaydiy g

“ds vrvuia1y

$2p101.10ds020]3 WNYI1.4J012]10))
nUDUSYPM

WU PUD SUDANIDIP WNI]JIOIUD ]

smpuund snjjovg puv SuLIOfiuayd1] Snjjong

0$-DVYII “dssnjiopqiuang

“ds spuowopnasg pup -ds vjjouvmayg

911 S suanba.fir viodsoydoyusy

¥22qq9] vIZ1q]y
apydog

13uaja sdosnupy

“INOT SISUIUTYIUTYIOD
DUIDIDAT

vuti3asod v3uLIOp

sap1op1S WNIUo3.v]oJ

psuadsns viyias.L10,]

vjjauav1yIL1s0g

(sn.iopfipuv.3
uopo2fv]J)
Aamopf uoojing

(vpuanosajoyuvy)
DADSSD))

Sop102410D WNIDA23}

vpraof saydpodvyioN

cl
I
01

C
I

SIIUIYY

ANARdy/punoduwiod dandeorg

NAydopuy

JSOH ou S

*SO[NOJ[OJA 2A10ROIg SUronpoid sajAydopuq [euoyeg 70T A1dV.L



195

Endophytes: A Hunt for Important Bioactive Compounds

(8107) T8 19 Jeaysy
(9107) 'Te 3 yeSeyg
(6107) T8 10 ‘nrT ‘Suepy
(+007) 'Te 30 ®1Z
(8107) 'I& 32 pewreyoly
(£007) ‘T8 3 o[use)
(T107) T8 30 NOX

111IDMD]S DIOJUDJ

uoneyuowiSneoryg pue “ds .27oPqOoL2JUT ‘SUIIS2L0GAD WINLIDIIDGOIITN vosnf vojyooiday 12
oseurderedsy SuvIIGOYIZALI0 SVUOUIOPNIS  SISUDUIS-DSOL SNOSIGIE] 0z

[e119)0BqIUY wn1i2)p3au Snjjvg wn1qopuaq 61

uroAweuoIo)) (0112-NSN) “ds saodwordang “ds vaagsuopy 81

juagde jonuosorg snavydoayp snjjovg  SISUIIDAN DZIYAILOA]0) L1
suAumpeyes| 9960¢€ YN sdAwoidonsg  vijofipriad vajjiaa.r) 9]
uoneuIuIdgZ PIds pasueyuyg “ds wnypomag vorodp! vpavng SI

uonezijiqnios aeydsoyd

(S107) ‘T8 12 UBpP[RY pue uonowoid yImoIn) SNI202041p PUB ‘SNJJ1ODG ‘DA2UISDOIUDG  RIDD) "AD DL2f1uIA S1I1 !
(YS81¥LAN) suaronfonbijojdu
snjpong pue (¢S8IHLAM) Siuqns snjjiong jooH
(L107) 'Te 30 eAuelnog uroaypoydure) (9S6STTdY PUe SS6STId) "ds snjjovg  syignjoavyjupovuaidg €|
SUAIIY  ANARdY/punodwiod andeorg NAydopuy JSOH ou ‘S

(ponunuo)) Z'0T A1dV.L



196 Endophyte Biology

al., 2014). In the quest for novel bioactive natural compounds, endophytic
actinomycetes have gained attention because new drugs eliminate those
to which pathogenic strains have gradually gained resistance. The most
commonly identified endophytic actinomycete is Streptomyces, which
is mainly found in the leaves, stems, and roots of the plant (Golinska et
al., 2015). These microbes have been confirmed to establish and facilitate
plant growth and induce tolerance to biotic and abiotic stress (Segaran et
al., 2017). Actinomycetes as endophytes are popular for unique chemical
entities with medicinal significance (Gayathri and Muralikrishnan, 2013;
Singh and Dubey, 2015). There are many reports on the production of
antimicrobial compounds from different varieties of actinomycetes (Gos et
al., 2017). Compounds of biological interest like clethramycin, munumbicins
both A and B, kakadumycins, coronamycin, saadamycin, cedarmycin, and
naphthomycin (A and K) are reported from Streptomyces sp. (El-Gendy and
EL-Bondkly, 2010; Zhao et al., 2011). It is suggested that the endophytic
actinomycetes are a rich source of herbicidal metabolites (Singh et al.;
2018). Table 10.3 shows different endophytic actinomycetes from different
medicinal plants and Table 10.4 shows different bioactive compounds along
with activity endophytic actinomycetes exhibit.

10.2.4 ENDOPHYTIC MYCOPLASMA

Some Mycoplasma species (phylum Tenericutes) are also found as endo-
phytes. Among self-replicating bacteria, they are the smallest group having
a cell membrane, complete translational machinery, and genome containing
a minimum set of genes required for replication and growth. However, the
mycoplasma lacks a cell wall, unlike other prokaryotes. Some mycoplasma
species are reported to exist in symbiosis with few red algae, like Bryopsis
hypnoides, Bryopsis pennata, and also in Arcobacter (Hollants et al., 2011).
The occurrence of Mycoplasma species is strictly determined by environ-
mental factors, but there has been no authentic information regarding its
utilities (Gouda et al., 2016). Several endophytes that grow within algae
and seaweeds are now known (Flewelling et al., 2013). Endophytic micro-
organisms have been observed in Bryopsis, Chondrus ocellatus, Ulvellalep-
tochaete, etc. (Hollants et al., 2011; Gao et al., 2019; Sahoo et al., 2017;
Kamat et al., 2020). Table 10.5 shows different endophytes isolated from
from various algal species. One of the most significant sources of research
on natural products is the marine environment (de Felicio et al., 2015). Even



197

Endophytes: A Hunt for Important Bioactive Compounds

(L102) Te 12 Suenyg 1800F¥d WIX avuajisowunsd saoluiorda.isoly SoP1021UN] DUD[ISOUNUDS ] S
(1107) 199yseq pue Injey| [ F9CFS IV S1Suainoand sadduioyda.g SNaSOL SNYIUDADYID) p1
(2107) eALd 1IN ds panpououyoly rnagu snypuopidyd - €l
(Z102) ‘T8 19 nuo) “ds vaodsiqo.orpy DID]1913.494 2000DULIDAS 4l
(Z102) ‘Te 12 ojueAllng $2U230U10.4120A1]0 S22Au0)do.3§ pds1.1o v.iodsoul] 1
(#107) ‘Te 10 TuBLIBABYORIN “ds nuodsouowo.o1py “ds sisdoipivoon wnijofaru vajYoy 01
(S102) ‘I 10 LIBSSRg “ds a1a0duiouzoy vdppp! syignay 6
#102) Te 19 BYIRYSYY snappfoiodsi3uo] saoduioydag vAOlfisuap vifjomnny 8
(€102) TR NQ suaosappdo sisdoipivoouo]]y 1YODDUW DAIITUOT L
107010
‘ds nuodsn.paj0unyg ‘107070 “ds vipavoouopnasq ‘F0z0 1 "ds avainuiouon
(1102) e 32 u2YH LOPOEA PP [0K0IDIISOEA TOZOEA “10#0EQ “ds vodsououroidiyy viofusn3up snusvovyg 9
(6002) 'T& 10 uYD 1£€09§ WIX poudydopua vipivdouopnasd wnpAD]2 vij2qoT G
(#102) Te 10 ysexeid
“b107) B9 OH [9-TF 20424200 SNII020IYN | 6-SZT-NVAN SISuanoyzonyz saoduioydojg SU225210G.4D 0] ¥
CEOOINAI SIP1130 DIUOpL0D “[F9OINH SISUIP|DMZADMYDS
pAOdSOUOWODIN ‘QE6E [ OA] S1SUd1J1sv.4q sauvjdoudy “ds saodwoydang
(9102) ‘Te 12 nemeurg F101 DS Snajn.iavd saunjdo1yono)) ‘cOppS SISUaSUvYOUIY DIYDISD DJJ2IUD)) €
(L102) ‘Te 10 ep[mory] P6dV) 2D1DUIULID] DAOASOUOUWOLITIN DIDUOLONUL DIJDUIUA] T
ooy fo
(L102) T8RP 1T Z-#-S€O¢ "ds svjjaanuwyvN pue £-S€Op “ds vjjaruuvuipals,]  Sjuvjd [puIdIpaus 2A04SUD] I
LER1IEREIEN | NAydopuy JSOH ou°§

‘Sjue[ [RUIDIPIIA JURISJ I WOLJ Paje[os] sejokwoundy ondydopug €01 41dV.L



Endophyte Biology

UIXLISIQE ‘D) pue uIp1joi3Ayoxo

(9107) ‘T 32 Suodng [eozojoxdnuy “ds saodwoyda.yg IN SUIDAWOJY ‘UIXLIDIqR[AYIdW-0)-6T 9]
(0102)

Apjpuog-T14 pue ApueD-g onoiquuy gpeAepoy “ds saodwoydang uroAwepees S1

(9007) Te 10 Wy Tooueonuy €SSIN 1400D] °§ g pue v suikooe[es  p[

(S107) ‘Te 12 Souel{  JONQIYUI SISOYIUAS 9SO[N[[)) §21qp2s $224u0ydo.41§ V UIoixey |, €1

(€002) T 12 AoyseN [eLI)oBRqIIUY [RS[RNUY “ds vunpvwounoy suAwIuBURIpURY) 71

(0107) Te¥R 1T 120UBONUY SD ds saodwoyda.ig 1D uroAwofyeq-[AyPpawd-+¢ 1

(0107) ‘Te 10 Po3eN-[opqV  SuISudABOS [edIpE.I OIX0}0IKD) “ds snoooovuriag SQUIZOOBULIO( 01

(S102) Te 19 DjezZeWRL 1o0ued gyeysoxd-nuy  84D-CEGIN “ds saoduioydag sno[noIqMIIIUY 6

(S107) ‘T8 12 UaISSEA SNo[NoIOqMI-NUY 9-9-SIN urens saoduioydayg uroAwouodaiy, 9

121 VSdg "ds saodwoydang
‘snpdxoq.mwooutiay) s204uoydaig

198

(L102) ‘Te 10 Lesseq [e1qOIOTWIIUY Sn20pA1J0 S20410)da.43S 9]0ZBUOIN]] ‘9[0ZBUO0I0}OY ‘O[0ZBUOIIIN L
(S107) 1B I'T ownnuy €OY99INIA “ds saoduioyda.g aurppAoeIuY 9
(LL61) 'Te 12 opryseSIH Iooueonuy €00S1-D "ON "ds pipivooy UI0)IWESUY S
(L107) T8 32 ySuig IooUBD-IIUY “ds snpjopquuisAy uroayjoydwe) ¥
(1102) Te 30 1yseres| 120UBONUY w1dn] vaodsououtoonpy D urproeurdn-y ¢
aurjoqres-q-14300e-1 pue (yd-1
-014-T)-0[942 ‘f oprwreueIadiq ‘(JAL-1
(L107) "Te 10 50D [erqoIoIuInuY [ 6HEINDT Huod uniqooiuoay 014-T)-0]040 ‘apAyap|eqred-¢-o[opul C
PIoB JI[AX0QIBd-¢-0]0pU] PUE ‘pIoe
(S107) e 10 LS [erqoIorunuy 6STIINDT 'ds p4ods1qoiotpy  d1eoe-¢-0[0pu] dpAYap[eqIes -¢-dopu] I
LERLIEREIEN | A1andy 92anog punodurod dAndEOIg OU °S

'sa10Awoundy onkydopuy Aq panqiyxy ANAndy pue spunodwo)) aanoeorg 40T AT19dV.L



199

Endophytes: A Hunt for Important Bioactive Compounds

(9102) ‘Tee I

(€102)
‘[B 30 ‘uosuyo[ ‘Sur[omay

(0002) Te 30 0300
(0107) 'Te 30 emeywnZ]
(¥007) T8 30 BPNSL
(€107) Tew UY

(2007) 'Te 30 Twes)

(0207) Te 10 uesereg
(0207) "Te 1 Ayjereseylie

(0207) 'Te 10 Jewey

08H-NH UNUISauLaYyd Wnijjonuag

“ds wnypomag

619-1IND "ds winrivsn,y

131D0€0180ads "ds snjisiadsy

6S0-N WnuLg1o wnijjonua g

Q11-Nd wnuadosiyo g

YZIN-SdNO wniodsopAunjyd wniivsn,g

“ds wnyuopod3uzg pue “ds wnipoag “ds snjjisiadsy

wnua3osAayd wnijjo1uag

¥ IDA “ds snypidiadsy ¢ 1Dd autiofido.af

H ‘€' 1Dd 231 ' ‘T’ 1Dd 251U snjj152dsy ‘1 10d
$2p10110ds020]3 Winyo1.43012]10) (D)1 [DY SM3un ‘y
‘b 1OV 2uLiofidv.if uojdxodAry ‘¢' 10V "ds vriodiuua.co g
‘TIDV sm3un 'y ‘[ DY Sm3un snjj13.1odsy

S11U2] D]]21PD]2042)d

syp.aids snon,y

“ds vajpiau.IAy

“ds wnssv3.ng
S1130.4f DIYOLIOUNOY
wnp1)ipd wnssp3ang

sffv syjadodin))

BUIUUDIUE °) PUB DOUDUIOAISD.]I] DUIPDJ
wnuvydpip wnnup.ia)) ‘vssatduiod vydiowoiayusy
‘vpydoyyy vidnojap.ary ‘siuLiofisnus vaudAgy
‘Du0joyd1p PIOAIOIY DISNUIA DIUdUADE] ‘DIVIOSDS
vajn ‘vivijed vdiann)) ‘13y3In WNSSP3IDS

pultuuajuv EQQ&QEQ&NEN\D

‘ds pydiowoopusy

“ds pydioworany)) “ds vyd.iowo.ropusy

01

<t v O &>~ 0 &

I

SAAURIJY

Aydopuy

JSOH ou-§

98]V L1941 woy paureiqQ saikydopug  §*0T ATAV.L



200 Endophyte Biology

though the macroalgae and fungal association have been described for their
ecological significance, there is a lack of research on algal endophytes.
Future investigations of algal endophytes in the natural environment are
necessary to understand the algal endobiosis.

10.3 SCREENING AND ISOLATION OF ENDOPHYTES WITH
BIOACTIVE POTENTIAL

Initially with little knowledge about the endophytes, they were thought
of as pathogen-inducing abrasion in the host cell. Various methods were
adopted for examining endophytes and their bioactive potential, beginning
from the bioassays through which screening of biological molecules was
done resulting in the identification, purification, and characterization of the
molecules. The fluorescence in situ hybridization-confocal laser scanning
microscopy and cultivation-independent assays have confirmed the presence
of endophytes in plants (Berg et al., 2014; Mitter et al., 2013). Screening
of endophytes using molecular markers and genome mining can determine
the desired strains from a large isolated endophytic diversity. Cultivation-
dependent and cultivation-independent techniques (metagenomic analysis)
can be used to study the diversity of endophytic microbes. Cultivation-based
techniques are used for the testing and recovery of endophytic isolates,
whereas screening for variations within the general endophytic groups is
done by cultivation-independent techniques (Menpara and Chanda, 2013).
Microbial or plant growth media, like Rose Bengal agar, Nutrient agar, Potato
dextrose agar, Sabouraud dextrose agar, Tryptic soya agar, and any carbon-
or nitrogen-containing media, can be used for the isolation of endophytes.
The most common technique used for isolating endophytes is isolation
from surface-sterilized plant tissue. Genotype, physiological status, growth
level, sampling season, habitat, and tissue type are some of the important
parameters affecting endophyte colonization in any species of the plant
(Gaiero et al., 2013; Golinska et al., 2015). Every endophyte isolated must
be grown in suitable conditions for the isolation of the bioactive compounds
by extraction with various organic solvents. The extracts obtained were then
further processed using different bioassays for different activities (Aly et
al., 2010; Garyali et al., 2013; Roopa et al., 2015). Numerous databases like
Human Metabolome Database (Wishart et al., 2008), the METLIN database
(Smith et al., 2005), and the Madison Metabolomics Consortium Database
(Cui et al., 2008) are used for comparing chemical structure with available
spectroscopic data in the database.
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10.4 ENDOPHYTES PRODUCING DIFFERENT BIOACTIVE
COMPOUNDS

The primary resource of bioactive compounds are natural products and
the most important bioactive compounds in the world are obtained from
microorganisms (Bérdy, 2012). The endophytic microorganisms of various
medicinal plants produce several therapeutically active compounds. Many
reports are indicating that endophytes isolated from a single plant can produce
different bioactive metabolites serving as a splendid source with application
in industry, medicine, and agriculture (Strobel and Daisy, 2003; Jalgaonwala
et al., 2017; Omojate et al., 2014; Shukla et al., 2014). Isolation of secondary
metabolites from endophytic microorganisms is affected by many factors
like the period in which the sample was collected, geographical location, and
the climate (Shukla et al., 2014). The production of bioactive compounds by
endophytic microorganisms have been linked with the host evolution, which
also includes higher plants genetic information, permitting microbes to adapt
best to the host and do several tasks, like protection from diverse sorts of
pathogens, herbivore, and insects (Strobel, 2003). There is a huge scope for the
isolation of novel bioactive compounds from endophytes. Several classes of
bioactive compounds such as antibacterial, antifungal, antiviral, insecticides,
plant growth-promoting compounds, and plant protective agents have been
reported to be produced by endophytes. Some important classes of bioactive
compounds obtained from medicinal plants are tabulated in Table 10.6.

Several biologically active polyphenolics, terpenoids, and flavonoids
have been described from endophytes. Various studies determined that
terpenoids are used clinically with great curative effects and have important
biological activities. The xylarenic acid and xylarenones A and B, three new
sesquiterpenoid obtained from the endophytic fungus Xylaria sp. NCY2
isolated from Torreya jackii CHUN were evaluated in vitro for antimicrobial
and antitumor assays (Hu et al., 2008). Phomanolide obtained from the
Phoma sp., an endophytic fungus obtained from Aconitum vilmorinianum
roots, exhibits antiviral activities against influenza virus A (Liu et al., 2019).
Paclitaxel obtained from 7. andreanae, an endophytic fungus, isolated from
the Taxus brevifolia bark, a diterpene derivative, shows therapeutic positive
effect on various types of cancers like rectal, breast, ovarian, colon, lung, and
bladder cancer, also on rheumatoid arthritis by affecting mitosis (Stierle et al.,
1993). Terpenoids are described as a complex group of natural compounds
with a wide variety of biological activities and an enormous potential for the
production of drugs. Thus the study of active and novel terpenoids isolated
from endophytes is significant.
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TABLE 10.6 Shows Different Bioactive Compound Classes Obtained from Medicinal Plants.

Class

Example

Alkyl salicylic acids
Alkaloids
Carboxylic acids
Lignans

Terpenes and terpenoids

Flavonoids and flavonols
Benzofurans
Cytochalasins
Polysaccharides
Polyphenols
Anthraquinones
Xanthenes

Steroids

Antimicrobials

Salaceyin A and B

Taxol, camptothecin, vincristine, nodulisporic acid
Cinnamic acid

Podophyllotoxin

Subglutinol A and B, gibberellic acid, xylarenic acid,
phomoarcherin A, B and C

Kaempferol

Pestacin, isopestacin

Cytochalasin H, J, and E

Mycelial polysaccharide

Curcumin
1,4-Dihydroxyanthraquinone, emodin
Ergoflavin

Beta-sitosterol

Cryptocandin, nocardithiocin, javanicin

Alkaloids are quite important molecules, not only just for chemical
purposes, but also for their numerous biological properties, like anticancer,
antiviral, and antifungal activities. Camptothecin, a potent antineoplastic agent,
has been reported from the endophytes Fusarium solani, Bacillus subtilis
KY 741853 and Entrophospora infrequens (Ran et al., 2017; Soujanya et al.,
2017; Puri et al., 2005). Fusarium oxysporum isolated from Catharanthus
roseus produces vinblastine and vincristine, well-known anticancer alkaloids
(Kumar et al., 2013). A natural anthraquinone derivative isolated from endo-
phytic fungus, Polyporales sp. isolated from Rheum emodi, causes apoptosis
in human lung cancer cells (Dar et al., 2017). Ergoflavin, a Xanthene, was
obtained from Mimusops elengi. It is a dimeric xanthene linked at position-2
having an anticancer activity (Deshmukh et al., 2009). Secalonic acid D, a
mycotoxin belonging to ergochrome class, is known to have potent anticancer
activities and was isolated from the mangrove endophytic fungus (Zhang et
al., 2009). Three novel derivatives of xanthone, isolated from endophytic
fungus Aspergillus sydowii are 13-O-acetylsydowinin B, sydoxanthone A,
and sydoxanthone B have moderate immunosuppressive activities (Song et
al., 2013).
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Wang et al. (2019) have reported a Curtachalasin from endophytic
fungus Xylaria cf. curta that helps in resistance reversal activity against
Fluconazole-Resistant Candida albicans. An antiviral compound called
Altertoxins, produced by endophyte Alternaria tenuissima QUE1Se isolated
from Quercus emoryi, is effective against HIV-1 virus (Bashyal et al., 2014).
Brefeldin A, produced by Penicillium sp. FKI-7127, a fungal endophyte, acts
as a novel antiviral agent against dengue viruses (Raekiansyah et al., 2017).
Podophyllotoxin, a potential natural anticancer compound obtained from
endophytic fungi F. solani P1 has significant biological and commercial
implications (Nadeem et al., 2012). The endophytes related to medicinal
plants might provide a broader understanding of plant endophytic evolution
and the interaction of symbiotic and mutualistic interactions. The process
that allows these microorganisms to communicate with their host plant
provides the isolation of several biotechnologically important compounds.
Many issues are still not clear, like the combination of plant and endophyte
metabolic pathways responsible for bioactivity, the variability of genetic
regulation for the synthesis of secondary metabolites between the host plant
and the endophyte. To resolve these aspects, the biochemistry and physi-
ology of endophytic microbes must be understood in terms of their role in
the development of secondary metabolites. There is obviously a need for
further research on the advancement of new technologies and methodologies
for their use in the medical, pharmaceutical, and agricultural sectors.

10.5 CONCLUSION

Endophytes are a largely unexplored group capasble of synthesizing bioac-
tive natural compounds having a broad range of biological activities and a
huge degree of structural complexity. Bioactive compounds of endophytic
origin have exhibit huge potential and application in different fields like
agriculture, industry, and medicine. With the help of biotechnology, like
microbial fermentation process, genetic engineering, and metabolic engi-
neering, we can better manipulate and understand endophytes. Endophytes
have received more attention with the passage of time as they can produce
bioactive compounds similar to their host plant. The latest developments,
ongoing studies, and previous success related to endophytic microorganisms
are sufficient to attract the scientific community’s attention towards this new
field and to exploit its potential therapeutic uses in medical, pharmaceutical,
food, and cosmetics fields.
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ABSTRACT

Cannabis sativa is a potent pharmaceutically important medicinal plant that
produces approximately 500 compounds and around 113 cannabinoids. In
the Indian traditional medicine system, C. sativa has been used as a hypnotic,
sedative, hallucinogenic, analgesic, and anti-inflammatory agent. Various
microbial communities are associated with this plant contributing to its growth,
resistance against pathogens, mineral nutrient uptake and production of plant
secondary metabolites. Researchers are paying attention to investigating the
major role of mutual partnership between plants and microbes to increase
the production of metabolites. Therefore, there is a need to explore the clear
role of endophytes in the plant. This chapter aims to summarize the relation
between endophytic microbial communities and host Cannabis sativa.
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11.1 INTRODUCTION

A group of microorganisms that aid in providing numerous benefits to their
host plants while residing within them in a mutualistic association without
any noticeable symptom of infection are known as endophytes (Botella
and Diez, 2011; Scott et al., 2018). Both fungal and bacterial strains are the
dominant microbial communities in alliance with plants, the importance of
which can be elucidated by their capability to provide physical and chemical
defense responses to the host (Kusari et al., 2014a) through induction of
host’s tolerance to various environmental stress and diseases (Porras-
Alfaro and Bayman, 2011; Kusari et al., 2013), by balancing the ecosystem
(Hamilton et al., 2012), by production of diverse range of biologically
active secondary metabolites (Debbab et al., 2012), etc. A comparable plant
possessing similar multifunctional properties with a number of advantageous
and beneficial endophytes is Cannabis sativa, which originated from Central
Asia and domesticated for over 5000 years now (Booth and Bohlmann,
2019). It belongs to the family Cannabaceae (Fig. 11.1) with well-known
ethnobotanical and medicinal properties. A few critical factors influencing
the growth of C. sativa include soil fertility, light intensity, temperature,
photoperiod, humidity, phytohormones, and microbiome (Winston et al.,
2014; Jalali et al., 2019; Eichhorn Bilodeau et al., 2019).

Kingdom Plantae
Division Magnoliophyta
Class Magnoliopsida
Order Rosales

Family Cannabaceae
Genus Cannabis
Species Cannabis sativa

FIGURE 11.1 Morphology and biosystematics of Cannabis sativa.

The diversity and role of C. sativa-associated endophytes have not been
studied previously to a large extent. There is an abundance of microbes
associated with the plant but the most common ones include bacterial genera,
such as Bacillus, Pseudomonas, Pantoea, and Staphylococcus, and fungal
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genera, such as Alternaria, Aureobasidium, Cochliobolus, Aspergillus,
and Penicillium (Gautam et al., 2013; Scott et al., 2018). The plant is also
widely acknowledged for the occupancy of various nitrogenous compounds,
terpenes, flavonoids, etc. among which Cannabinoids are unique to this genus
with active drug ingredients (Gautam et al., 2013). There are approximately
more than 560 phytochemicals been identified from Cannabis representing
variant chemical classes (Gould, 2015; Radwan et al., 2017), such as fatty
acids, steroids, and amino acids represent the primary metabolites, while
stilbenoids, terpenoids, flavonoids, alkaloids, lignans, and cannabinoids
belong to secondary metabolites (Flores-Sanchez and Verpoorte, 2008; Andre
et al., 2016). Cannabinoids accumulate as cannabinoid acids in Cannabis
plant and get nonenzymatically decarboxylized into their neutral forms
during storage. Most of the metabolites are present in Cannabis resin with
A9-tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA)
as the predominant cannabinoids. Others include cannabinol (CBN),
cannabidiol (CBD), cannabichromene (CBC), and cannabigerol (CBG):
(Taghinasab and Jabaji, 2020). The terpenes myrcene, P-caryophyllene,
and a-humulene are commonly present in most of the strains of Cannabis.
Some other terpenes such as a-pinene, linalool, limonene, bisabolol, and
(E)-B-farnesene are also found in the resin and isoprenoid moiety of the
cannabinoid structure. These originate from the mevalonic acid pathway in
the cytosol and the methylerythritol phosphate pathway in plastids through
the isoprenoid biosynthetic system (Booth and Bohlmann, 2019). The
common members of C. sativa include marijuana (drug type) with 1.0-20%
of A9-tetrahydrocannabinol (THC), intermediate type with 0.3—1.0% of
THC, and fiber-rich hemp with less than 0.3% of THC. These varieties are
cultivated for medicinal purposes, fiber, seed, oil, etc. (Guo et al., 2017).
They provide resistance against insects and parasites, which is assured by
the bioactive secondary metabolites secreted by them (Booth et al., 2017).
There is a recent growth in the hemp cultivation due to effective use as a
source of green pesticides active against ectoparasites (Tabari et al., 2020).
The traditional use of Cannabis phytocannabinoids for the treatment of
headache, menstrual irregularities, insomnia, panting, gout, cough, etc. has
been observed in the Chinese medicine system, while the Indian traditional
medicine portrays the plant to be useful as nervous system stimulant, digestion
stimulant, analgesic, diuretic, aphrodisiac, antiviral, antiparasitic, sedative,
and is good for skin (Nuutinen, 2018). All these beneficiaries have paved
the path toward the development of various Cannabis-based medicines such
as Dronabinol (Marinol®, Solvay Pharmaceuticals, Belgium), Sativex (GW
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Pharmaceuticals, UK), and Nabilone (Cesamet®, Valeant Pharmaceuticals
International, USA). Cannabis is a depot of compounds that serve various
purposes with respect to its legality for medicinal, recreational, and other
usages depending country-wise (Gutierrez and Hohmann, 2011).

11.2 ROLE OF MICROBES IN METABOLITE PRODUCTION FROM
CANNABIS SATIVA

C. sativa has a partnership with microbial communities both inside and
outside its structure contributing toward the betterment of plant’s life cycle
by providing nutrients, defense, protection, fitness, etc. However, the main
factors that affect agricultural plant microbiota are the plant species and
genotype itself, followed by environmental factors, developmental stages,
etc. (Nunes da Rocha et al., 2009). But the complex relation between
Cannabis and microbial families has not been unfolded to its maximum yet
(Liste and Prutz, 2006; Taghinasab and Jabaji, 2020). Therefore, the role of
endophytes (Fig. 11.2) as cannabinoid yielders and contributors toward other
ecological services must be explored.

Protection
against
Pathogens

Plant growth and

development/
Adaptation

Enhance
secondary
metabolites
production

FIGURE 11.2 Role of endophytes in Cannabis sativa.
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There is an abundance of secondary metabolites present in C. sativa,
which are specifically produced as an adaptation to defense or stress
response, thereby improving plant growth (Gongalves et al., 2019). Pres-
ently, these metabolites are prominent for their diverse use in human
medicine making under pharmaceutical industries (Deshmukh et al., 2018).
Agricultural practices of C. sativa can be improved to a higher extent due to
the microbial partnership benefitting the plant (Winston et al., 2014). Both
fungal and bacterial endophytic flora is found in leaf, petiole, seed, bud, and
root of the C. sativa (Tables 11.1 and 11.2). Some fungal genera contributing
toward the plant fitness and metabolite production includes Cochliobolus,
Aureobasidium, Phoma, Rhizopus, Colletotrichum, Cladosporium, Alter-
naria, Aureobasidium, Cochliobolus, Aspergillus, and Penicillium and few
bacterial genera are Pseudomonadaceae, Chryseobacterium, Oxalobacte-
raceae, Xanthomonadaceae, Sphingobacteriales, Bacillus, Acinetobacter,
Pantoea, Staphylococcus, Pseudomonas, and Enterobacter (Gautam et al.,
2013; Afzal et al., 2015; Scott et al., 2018; Taghinasab and Jabaji, 2020).
All these Cannabis-associated microbial communities help to yield a high
amount of hemp and marijuana, promote infection and disease resistance,
as well as modulate secondary metabolite production. Among the microbial
communities, genera in relation to the roots and their surroundings are
designated as rhizospheric microbes that act as the first line of defense in
the host plant against root pathogens. Hence, they majorly contribute to the
activation of secondary metabolite biosynthetic gene clusters for enhancing
levels of defense metabolites (Berg et al., 2014; Carrion et al., 2019). Both
gram-positive and gram-negative endophytic bacteria are responsible for
suppressing phytopathogens (Lugtenberg and Kamilova, 2009). Some
important phytochemical combinations such as quercetin and flavonoids are
worth making Cannabis a potent antioxidant plant (McPartland and Russo,
2001). Some bacterial endophytes such as Bacillus megaterium, Breviba-
cillus borstelensis, and other Bacillus sp. defend plant against pathogens and
prevent them from developing resistance to bioactive metabolites secreted by
plant/endophytes through a quorum quenching strategy, which disrupts the
quorum sensing signals in the cells of target organism (Kusari et al., 2014b).
There are fungal species such as Curvularia sp., which enhance abiotic stress
tolerance by providing thermal protection to host (Redman et al., 2002).
The arbuscular mycorrhizal fungi such as Diversispora sp., Funneliformis
mosseae, and Glomus caledonium help the host in tolerating contaminated
soil with sewage sludge and phosphogypsum enabling the plant to respond
accurately for biomass production (Zielonka et al., 2019).
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11.3 ENDOPHYTES OF CANNABIS SATIVA
11.3.1 BACTERIAL

Different bacterial communities get associated with C. sativa, which mostly
belong to a category of y-proteobacteria and a-proteobacteria. These endo-
phytes get connected with different tissues/parts of the plant from root to
shoot, including seeds. The presence of endophytes varies in different parts
of the plant (Table 11.1). It has been observed that the same bacteria can
associate in a number of ways to different parts of the plant as commonly seen
in genera of Pseudomonas, which forms the relationship with leaf, petiole,
and seed of the plant (Taghinasab and Jabaji, 2020) (Table 11.1).

TABLE 11.1 Few Bacterial Endophytes in Association with Cannabis sativa.

S.no.  Tissue/Part Bacteria References

1. Leaf Pseudomonas fulva Taghinasab and Jabaji (2020)
Bacillus licheniformis Taghinasab and Jabaji (2020)
Bacillus subtilis Taghinasab and Jabaji (2020)
Bacillus pumilus Taghinasab and Jabaji (2020)
Bacillus megaterium Taghinasab and Jabaji (2020)
Achromobacter Igbal et al. (2018)
Alcaligenes Igbal et al. (2018)
Acinetobacter pittii Igbal et al. (2018)

Acinetobacter gyllenbergii Igbal et al. (2018)
Acinetobacter nosocomialis ~ Iqbal et al. (2018)

Acinetobacter parvus Igbal et al. (2018)

2. Petiole Pantoea Taghinasab and Jabaji (2020)
Staphylococcus Taghinasab and Jabaji (2020)
Pseudomonas putida Taghinasab and Jabaji (2020)
Pseudomonas fluorescens Taghinasab and Jabaji (2020)
Paenibacillus tundrae Igbal et al. (2018)
Paracoccus marcusii Igbal et al. (2018)
Planomicrobium chinense Afzal et al. (2015)
Streptomyces eurocidicus Afzal et al. (2015)
Agrobacterium Taghinasab and Jabaji (2020)
Brevibacterium Scott et al. (2018)
Curtobacterium McPartland (2000)
Nocardioides albus Afzal et al. (2015)

Nocardioides kongjuensis Afzal et al. (2015)
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TABLE 11.1 (Continued)

S.no.  Tissue/Part Bacteria References

3. Seed Enterobacter Taghinasab and Jabaji (2020)
Herbaspirillum seropedicae ~ McPartland (2000)
Exiguobacterium indicum Igbal et al. (2018)
Pseudomonas orientalis Taghinasab and Jabaji (2020)
P, putida Taghinasab and Jabaji (2020)
P. fluorescens Taghinasab and Jabaji (2020)

4. Root Acinetobacter Taghinasab and Jabaji (2020)
Azospirillum brasilense McPartland (2000)
Gluconacetobacter McPartland (2000)
diazotrophicus
Chryseobacterium Taghinasab and Jabaji (2020)
Enterobacter asburiae Afzal et al. (2015)
Enterobacter casseliflavus Afzal et al. (2015)
Microbacterium Taghinasab and Jabaji (2020)
Rhizobiales Taghinasab and Jabaji (2020)
Cedecea Scott et al. (2018)
Erwinia Scott et al. (2018)

5. Bud Mycobacterium Taghinasab and Jabaji (2020)
Acinetobacter Scott et al. (2018)
Paenibacillus Scott et al. (2018)

Xanthomonas gardneri
Stenotrophomonas

Serratia marcescens

Afzal et al. (2015)
Scott et al. (2018)
Igbal et al. (2018)

11.3.2 FUNGAL

Alike bacterial endophytes, fungal endophytes are also associated with
different tissues/parts of the plant (Table 11.2). The major fungal endophytes
belong to the Ascomycetes fungal class, while Basidiomycetes class such as
Irpex and Schizophyllum commune has also been observed (Taghinasab and
Jabaji, 2020). The dominant fungal endophytes are related to leaf followed
by petiole of the plant.

11.4 ENDOPHYTIC BENEFITS TO CANNABIS SATIVA

Endophytic microorganisms, including bacterial and fungal genera associated
with plants, promise diverse potentials of providing fitness benefit to C. sativa.
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TABLE 11.2 Few Fungal Endophytes in Association with Cannabis sativa.

S.no Tissue/Part

Fungal endophytes

References

1. Leaf
2. Twig
3. Stem
4. Petiole

Aspergillus
Penicillium

Phoma

Rhizopus
Colletotrichum
Cladosporium
Curvularia
Cochliobolus
Pezizomycetes
Sordariomycetes
Cryptococcus
Dothideomycetes
Chaetomium globosum
Sebacina vermifera
Piriformospora
Bipolaris

Porostereum spadiceum
Penicillium citrinum
Gibberella fujikuroi
Neurospora crassa
Aureobasidium
Penicillium rubidurum
C. globosum
Paecilomyces lilacinus
Rhizopus stolonifer
Alternaria alternate
Cladosporium
Cryptococcus
Sclerotinia sclerotiorum
Botrytis cinerea
Rhizoctonia
Trichoderma virens

Colletotrichum gloeosporioides

Stachybotrys
Helminthosporium solani
Fusarium solani
Fusarium graminearum

Alternaria

Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Kusari et al. (2013)

Lubna et al. (2019)

Lubna et al. (2019)

Lubna et al. (2019)

Lubna et al. (2019)

Lubna et al. (2019)

Lubna et al. (2019)

Lubna et al. (2019)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Taghinasab and Jabaji (2020)
Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Scott et al. (2018)

Kusari et al. (2013)
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TABLE 11.2  (Continued)

S.no Tissue/Part Fungal endophytes References
5. AM (Arbuscular  Diversispora Taghinasab and Jabaji (2020)
mycorrhizal) Funneliformis mosseae Taghinasab and Jabaji (2020)
Funneliformis geosporum Taghinasab and Jabaji (2020)
Glomus caledonium Taghinasab and Jabaji (2020)
Glomus occultum Taghinasab and Jabaji (2020)
6. Seed Aureobasidium Taghinasab and Jabaji (2020)
7. Bud Penicillium copticola Taghinasab and Jabaji (2020)
P, lilacinus Kusari et al. (2013)
Paecilomyces sumatrense Kusari et al. (2013)
Paecilomyces meleagrinum Kusari et al. (2013)
Aspergillus versicolor Kusari et al. (2013)

11.4.1 ENHANCES SECONDARY METABOLITES PRODUCTION

Ample evidences reveal that endophytes have a high potential of triggering
plant responses resulting in the production of secondary metabolites in the
host (Fig. 11.3) (Pandey et al., 2016). These secondary metabolites are said
to mimic the action of the plant’s metabolites or generate the host plant
compounds that activate signaling pathways targeting the transformation
of secondary plant metabolites (Kusari et al., 2017). Plant microbiomes
persuade the production of plant hormones and regulators such as abscisic
acid, ethephon, cycocel, salicylic acid, y-aminobutyric acid (GABA),
mevinolin, and gibberellins, which further enhance the productivity and
functionality of Cannabis secondary metabolites (Mansouri and Salari,
2014; Jalali et al., 2019). The cannabinoids, including THC, CBN, and
CBD, express their potentials during Cannabis stress responses (Mansouri
et al., 2013). Cannabinoids are predominantly produced and accumulated in
glandular trichomes, which are the hair-like epidermal projections heavily
concentrated in the flowers of Cannabis plants (Grof, 2018).

11.4.2 BOOSTS PLANT TOLERANCE

In association with endophytes of both bacteria and fungi, the tolerance level
of plant gets boosted several folds to bear various adverse environmental or
pathological conditions. Different mechanisms operate to withstand these
changes, which are as follows:
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i) Abundant increase in nitrogen fixation: Nitrogen metabolism is
suitably increased, which can be utilized for the formation of various
proteins and phyto-compounds in plant.

ii)) Siderophore formation: The plant root is enriched mainly with iron
through chelating process, which may further be required for various
physiological metabolisms of the plant.

iii) Mineral Solubilization: An increase in phosphorus and calcium
solubilization occurs, which is a necessity for physiological and
biochemical processes of plant, resulting in the profound enhance-
ment of the tolerance level of plant (Berg and Smalla, 2009; Compant

etal., 2019).
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FIGURE 11.3 Secondary metabolites of Cannabis sativa.

11.4.3 ENHANCES PHYTOHORMONE PRODUCTION

There are various evidences that state the increased phytohormone concen-
tration in plant via relation to endophytes. The production of auxin (IAA),
Gibberellic acid, cytokinin, and abscisic acid majorly speeds up due to endo-
phytic association (Koberl et al., 2013). Gibberellic acid when applied at a
concentration of 100 pM enhances the amount of THC and CBD in the plant
tissue. One reasonable hypothesis for this action is that the application of
Gibberellic acid adds to the regulation of 1-aminocyclopropane-1-carboxylic
acid, ramping the level of ethylene, thus leading to increased THC and CBD
content (Mansouri et al., 2011).
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11.4.4 PROMOTES GROWTH VIA MULTISPECIES CONSORTIUM

Various consortium formed by multiple bacterial species positively extrapo-
late the plant growth such as Gluconacetobacter diazotrophicus, Azospirillum
brasilense, Burkholderia ambifaria, and Herbaspirillum seropedicae, which
extremely raises the hemp biomass and height. Consortium not only enhances
plant growth but remarkably increases the accumulation of secondary
metabolite level, most often seen in CBD, THC, and terpene contents (Botta
et al., 2013).

11.4.5 OLERANCE TO HEAVY METALS

In association with AM fungal endophytes, the plant increases tolerance
against different heavy metals like Cd, Ni, and Cr, reducing the intoxication
(Citterio et al., 2005).

11.4.6 DEFENSE SYSTEM AGAINST PATHOGENS

Plant microbiomes linked with hemp and marijuana display antagonistic
activity against the invading pathogens (Scott et al., 2018; Afzal et al.,
2015). In dual confrontation assays conducted by Scott et al. (2018), the
hemp-linked strains of Pseudomonas fulva (BTC6-3 and BTCS8-1) and
Pseudomonas orientalis (BTG8-5 and BT14-4) displayed antifungal action
against Botrytis. Pseudomonas species employ a number of strategies for
acting antifungal species, such as

* Release HCN

* Release cellulose, lipopeptides

* Release diffusible antibiotics like PCA, DPAG, pyocyanine, pyoluteorin
* Release volatile compound alike HCN (Haas and Keel, 2003).

All these characters make Pseudomonas species act like an effective
biocontrol agent. Other Cannabis endophytes such as Paecilomyces lilacinus
A3, Penicillium sp. T6, and Penicillium copticola L3 effectively hold back
the growth of Cannabis pathogens such as Botrytis cinerea and Trichothe-
cium roseum (Kusari et al., 2013).
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11.4.7 QUENCH QUORUM SENSING STRATEGY

The bacterial endophytes of Bacillus seem to employ astonishing machinery
to provide defense in plant. It targets the quorum signaling in pathogen
microbe, which is the primary mechanism for cell-to-cell communication and
determines the target site in the host cell. Common bacterial endophytes that
target quorum signaling are B. megaterium B4, B. borstelensis B8, Bacillus
sp. B11, and Bacillus sp. B3 (Kusari et al., 2014). In a nutshell, these studies
unwind the potentials of endophytes for being promising biocontrol agents.
These are an ideal substitute for the chemical-based fertilizers and, hence,
maintain low pesticide residue levels in the Cannabis plant (Nate, 2019).

11.5 CONCLUSION

In the present scenario, biochemical and pharmacological characteristics
of C. sativa have been acknowledged in various fields of medicine making
as an economically valuable crop. The endophytic association in C. sativa
has been determined, which shows a mutualistic relationship providing a
prominent advantage to the plant in terms of increased stress tolerance,
plant growth, increased yield, abundant biomass, and positive response in
the secondary metabolite profile of the plant, thus, forming the basis for
maximum biochemical and pharmacological properties by the activation of
numerous phyto-compounds. However, only basic and preliminary knowl-
edge regarding the endophyte mechanism is known till date; therefore,
an elaborated aspect of various molecular and biochemical studies can be
furthermore a beneficial task.
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ABSTRACT

Global population is increasing exponentially, however resources grow
arithmetically. The world’s population is expected to reach 9.7 billion by
2050. This projection increases the concerns related to feeding and managing
the natural resources. In view of enhancing the productivity and fulfilling
the basic nutritional demands of rising population, efficient and sustainable
agricultural techniques must be employed. On a large scale, agricultural
production is dependent on chemical fertilizers and pesticides to ameliorate
the nutrient acquisition of plants and to control the pests and pathogens.
However, these intensive agricultural techniques are environmentally
hazardous, costly and unsustainable. Therefore, search for eco-friendly and
sustainable alternatives is essential to meet the pursuit of global food security:
Plant microbiomes can be such alternatives as they play a major role in plant
growth promotion without exhibiting detrimental effects on the environment.
Endophytic microbiomes are regarded as more important as their effects on
plant improvement are direct and efficient on account of their residence inside
the plant itself. Endophytes directly enhances the photosynthetic efficiency
of host plants, improves plant growth and development by phytohormone
biosynthesis, nitrogen fixation, siderophore production, phosphate, zinc and
potassium solubilization. In addition, they indirectly promote plant growth
by augmenting their tolerance to biotic factors, like, pathogens, pests and
nematodes along with conferring resistance to various abiotic factors including
drought, salinity, temperature extremes, reactive oxygen species and soil
contaminants. By using these multi-lucrative microbes as bioinoculants, crop
production can be intensified manifold in a sustainable manner.
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12.1 INTRODUCTION

Agriculture is the world’s largest economic sector involved in crop produc-
tion on a large scale (Rai et al., 2014). However, it has been facing various
challenges in terms of maintaining soil fertility as well as decreasing stress
on crops. To increase the soil fertility and productivity, chemical fertilizers
are being applied (Majeed, 2018). In addition, crop productivity faces many
challenges in terms of pathogens, pests, and nematodes (Rai et al., 2014). This
problem leads to the excessive application of pesticides, namely, fungicides,
insecticides, and nematicides. Unfortunately, these agricultural practices pose
a major threat to soil and water ecology as well as to human health (Laabs et
al.,2000; Foley etal., 2005; Aktar et al., 2009). Moreover, these agrochemicals
can also adversely affect both the rhizospheric and endospheric communities
(Stuart et al., 2010; Nettles et al., 2016; Stuart et al., 2018). Besides, abiotic
stress factors, like water stress, temperature stress, salinity, and heavy metals,
also adversely affect the crops in diverse ways (Wagqas et al., 2017; Zafar et
al., 2018; Yadav et al., 2019; Zorb et al., 2018). Therefore, so as to minimize
the harmful effects of the conventional methods of agriculture, innovative
approaches based on microbial inoculation have recently gained interest.

Plant-microbe interactions are highly diverse in nature and fundamental
for maintaining the ecological stability on earth. Endophytes are the endo-
symbiotic microorganisms, including bacteria, fungi, and actinomycetes,
which reside within the plant tissues without exhibiting overt disease
symptoms (Bacon and White, 2000). These endophytes, after colonizing the
host tissues, are known to be indulged in complex metabolic interactions
and further enhance the fitness of their host while acquiring food and shelter
in return (Aly et al., 2013; Wani et al., 2015). However, this association is
highly dynamic and regarded as endophytic continuum, which ranges from
mutualism to pathogenism (Saikkonen et al., 1998; Schulz and Boyle, 2005).
Although endophytic microbes are thought to be associated and evolved with
the plants since their establishment on the earth, their recognition was highly
delayed (Arora and Ramawat, 2017).

Endophytes play an important role in the functioning of agroecosys-
tems. The modulation of plant growth and development is the reflection of
coevolutionary significance of these microbes with their host plants (Zhao
et al., 2010). Plant—endophyte associations influence the plant growth and
effectively improve the agricultural traits, nutrient cycling, and soil quality
(Karthik et al., 2016; Puri et al., 2016). Further, these symbionts are the essen-
tial components of ecosystem, which play an immense role in decomposition
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and energy flow (Doran and Zeiss, 2000). In addition, certain endophytes
have been observed to bestow protection against various biotic and abiotic
stress factors (Baltruschat et al., 2008; Hubbard et al., 2014). To endure stable
association, endophytes elicit host plant metabolism that promotes the plant
growth and help in their survival in diverse environmental conditions (Das
and Varma, 2009). Apart from enhancing photosynthetic ability, phytohor-
mone production, and nutrient acquisition, these symbionts have evolved
multiple strategies to cope with biotic and abiotic stresses by reprogramming
physiological responses (Wang et al., 2020a). Endophytes, therefore, offer a
novel and eco-friendly approach for expanding agriculture with multiple plant
growth-promoting (PGP) benefits. They are expected to play a crucial role in
integrated pest management in the future (Dey and Pal, 2020). Endophytic
inoculants offer the best alternative to intensive agriculture techniques and
hence can be used to achieve sustainable agriculture.

The advantages conferred by the endophytes to the plants can be direct
or indirect.

12.2 DIRECT ADVANTAGES

In direct advantages, the endophytes are involved directly in the growth and
development of plants, such as elevation of photosynthetic capability, produc-
tion of certain phytohormones, and nutrient acquisition (Fig. 12.1). Some of
the endophytes conferring advantages directly to the plants are mentioned in
Tables 12.1 and 12.2. The ability of these symbionts to provide direct benefits
has immense importance in agriculture as these processes are fundamental to
the plant growth and development. Certain advantages directly bestowed by
endophytic microbes to the plants are briefly discussed below.

12.2.1 ELEVATION OF PHOTOSYNTHETIC EFFICIENCY

Photosynthetic efficiency can be determined mostly by two parameters—
chlorophyll content and photochemical efficiency (Weatherby and Carter,
2013). While chlorophyll content signifies the efficacy of light-harvesting
complexes, photochemical efficiency depicts the efficacy of electron transport
during photochemical reactions between photosystem-II and photosystem-I.
Both the parameters have been observed to get enhanced in plants after
endophytic colonization (Xia et al., 2016). In addition, dark reaction of
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photosynthesis has also been observed to be significantly improved by
endophytic interactions (Rho and Kim, 2017). The role of various microbes
in improving photosynthetic efficiency has been established in diverse
studies. For instance, inoculation of bacterial endophytes, Bacillus pumilus,
Chryseobacterium indologene, and Acinetobacter johnsonii, intensified the
photosynthetic efficiency in Beta vulgaris by increasing their chlorophyll
content(Shietal.,2010). Further, endophyte-free plants of B. vulgaris exhibited
saturation at lower irradiance than endophyte-inoculated plants. It has also
been observed that the genes involved in photosynthesis are upregulated in
crop plants when their roots are inoculated with 7richoderma species (Harman
et al., 2019). Similarly, a pathogenic fungus Blumeria graminis is known to
adversely depress the photosynthetic parameters in Achnatherum inebrians.
However, in this plant, association of Epichloe endophyte has been observed
to decrease the disease index and significantly improve the photosynthesis
by increasing the intercellular carbon dioxide, chlorophyll content, and net
photosynthetic rate (Xia et al., 2016). In addition to disease protection, this
endophyte has also been observed to improve carbon assimilation efficiency
and photosystem-II phytochemistry in Dactylis glomerata (Rozpadek et
al., 2015). Moreover, quantities of LHCI, LHCII, and chlorophyll-b have
been observed to enhance in Epichloe-infected plants, enhancing their light
capturing ability and hence photosynthesis (Rozpadek et al., 2015).

lewsyvﬂ\a’wgevw Nitrogenase engyme ler?ohormovw biosynthetic
metal)ob,to,y engymey BUsloaIcal nith fiation
l Auxing, Gibberelling,
Cytokining, Abscisic acid
nhance chlorophyll
Eowu’mt LHCy = Nitrogen /
acquisition
O’W m\.
acquisition
P}MPWLOWWW Poﬁumma«nd/wa
solubiligation
Acid phosphatases, Phyauw Ironchelation \
C-P Lyases; Phosphonatuses, ’
ovganic acidy Siderophore production Engymes and metabolites

FIGURE 12.1 Schematic representation of various advantages conferred by endophytes
which directly promote plant growth and development. (LHCs: Light harvesting complexes.)
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Similarly, chlorophyll-a, chlorophyll-b, and total chlorophyll content
of drought-stressed paddy plants increased after their inoculation with
endophytic fungi in comparison to the noninfected ones (Syamsia et
al., 2018). Endophytic fungi Aspergillus fumigatus TS1 and Fusarium
proliferatum BRL1 isolated from Oxalis corniculata have been analyzed for
PGP activities of mutant rice Waito-C. Interestingly, it was observed that
the endophyte-associated plants exhibited high root/shoot length, biomass
production, and chlorophyll content apart from other PGP potencies (Bilal
et al., 2018a). Similarly, photosynthesis was observed to improve in Zizania
latifolia after their inoculation with endophytic fungus Ustilago esculenta
(Yan et al., 2013). In this study, the infected plants exhibited lower light
compensation point but elevated light saturation point and quantum yield.
In addition, rate of carboxylation and regeneration of Rubisco and RuBP
have also been observed to be enhanced (Yan et al., 2013). Interestingly, in
C3 plants, endophytes have been reported to have their role in enhancing
photosynthetic efficacy at high CO, concentrations. In most of these plants,
higher concentrations of atmospheric CO, downregulate the photosynthesis
(Makino and Mae, 1999). However, in endophyte-inoculated rice seedlings,
this effect has been observed to be reversed. This has been attributed to the
elevated photosynthetic electron transport and mesophyll conductance rates
in endophytic plants in comparison to nonendophytic plants under high CO,
concentrations (Rho et al., 2019).

12.2.2 PHYTOHORMONE PRODUCTION

Phytohormones are small organic signal molecules, which act at very low
concentrations for normal plant growth and development (Davies, 1995).
They belong to diverse chemical groups; however, the major classes include
auxins, gibberellins, cytokinins, abscisic acid (ABA), ethylene, and brassi-
nosteroids (Han et al., 2018). Interestingly, besides plants, the endophytic
microbes have also been reported to synthesize some of these chemicals and
further promote the host plant growth and development (Wagqas et al., 2015;
Alietal., 2017).

A. Auxins

Auxins or indole-3-acetic acid (IAA) represents one of the major hormones,
which help in stem elongation, promotion of root growth, photosynthesis,
resistance to diverse stressful conditions, cell division stimulation, and
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differentiation (Duca et al., 2014; Tivendale et al., 2014). Numerous studies
have revealed that endophytes are capable of producing IAA (Hallmann et
al., 1997). For example, an endophytic bacterium Bacillus subtilis isolated
from Solanum lycopersicum is able to produce IAA (Khan et al., 2016). In
soybean and corn, 39.6% of endophytic bacterial isolates produced IAA
(Yu et al., 2016). In rice, endophytic bacteria, including Flavobacterium
and Pseudomonas, showed the potential of synthesizing [AA along with
siderophore production and phosphate solubilization (Walitang et al., 2017).
Moreover, Klebsiella, Enterobacter, and Herbaspirillum endophytic to sweet
potato have also been shown to produce IAA (Dhungana and Itoh, 2019).
Similarly, many other crop plants harbor IAA-producing bacteria (Fuentes-
Ramirez et al., 1993; Phetcharat and Duangpaeng, 2012; Khan et al., 2016).
In addition to bacteria, there are reports on fungal endophytes producing
IAA. For example, 16 endophytic fungal isolates associated with aromatic
rice exhibited significant IAA-synthesizing potential (Syamsia et al., 2015).
Similarly, endophyte Colletotrichum fructicola associated with Coffea
arabica was found to stimulate the plant growth by biosynthesizing IAA
(Numponsak et al., 2018). Fungal endophytes of cucumber also produced
IAA under abiotic stress, hence augmenting their host’s health in adverse
conditions (Khan et al., 2012).

B. Gibberellins

Gibberellin or gibberellic acid (GA) is another phytohormone crucial for
cell elongation, seed germination, floral initiation, and fruiting (Albermann
et al., 2013). Endophytic fungi are identified as potent growth mediators of
crops (Khan et al., 2012). A few studies have been carried out on the GA
production by endophytic bacteria, and it is not a well-known trait among
them (Bastian et al., 1998; Khan et al., 2014). Tomato plants have been
observed to show significant increase in growth attributes, like shoot elonga-
tion, chlorophyll content, and overall dry weight on account of gibberellin
and IAA production by endophytic bacterium Sphingomonas sp. (Khan et
al., 2014). Certain endophytes are known to promote plant growth through
phytohormone biosynthesis under various abiotic stress factors. For instance,
a GA-synthesizing endophytic fungus Porostereum spadiceum revives the
growth of soybean inhabiting saline environment (Hamayun et al., 2017).
Similarly, 4. fumigatus TS1 and F proliferatum BRLI1 isolated from O.
corniculata have been shown to possess the ability to produce gibberellins
and mediate endogenous plant hormone production (Bilal et al., 2018a).
Similarly, certain endophytic fungi promote the host plant growth under
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multiple abiotic stress factors via production of gibberellins and IAA (Waqas
etal., 2012).

C. Cytokinins and ABA

Cytokinin is an essential regulator of cell cycle in plants. It also influences
seed dormancy, leaf senescence, and apical dominance (Kieber, 2002). These
are mostly synthesized in the roots and are translocated to other parts of the
plant via xylem (Greene, 1980). Approximately, 200 natural and synthetic
cytokinins are currently known. Endophytic bacteria belonging to the
genera Bacillus, Pseudomonas, Serratia, Flavobacterium, and Micrococcus
of various legume crops have been shown to biosynthesize cytokinins
(UmaMaheswari et al., 2013). Production of cytokinin-like compounds
has also been reported in Pseudomonas resinovorans and Paenibacillus
polymyxa, evaluated by cucumber cotyledon greening bioassay (Bhore et
al., 2010). Similarly, ABA, also known as stress hormone, is not directly
associated with plant growth promotion. However, it indirectly influences
crop productivity by combating abiotic stress factors. For example, a bacterial
endophyte Bacillus amyloliquefaciens RWL-1 was found to mitigate salinity
stress by synthesizing ABA (Shahzad et al., 2017). Similarly, endophytic
species of Azospirillum promoted plant growth and increased water stress
tolerance in maize (Cohen et al., 2009). These PGP bacteria have also been
reported to synthesize IAA and gibberellins along with ABA.

12.2.3 ENDOPHYTES AS BIOFERTILIZERS

Plant nutrients represent one of the important constituents for growth
and development and play a key role in sustainable agriculture (Yadav et
al., 2017a). In the past decade, in order to minimize the harsh impact of
agrochemicals, microbes are being used to enhance the nutrient uptake and
maintain the health of soil ecosystem (Vyas et al., 2017). Biofertilizers are
defined as the microbes, which enhance the availability of nutrients to the
crop plants (Yadav, 2018). Nowadays, the use of PGP endophytic consortia
as bioinoculants along with a low dose of chemical fertilizers is practiced
(Kumar et al., 2017a). These microbes have gained attention due to their
eco-friendly and economical nature (Sahoo et al., 2018). Endophytes have
the advantage to penetrate and colonize the internal plant tissues, thereby
establishing an intimate and fruitful association with the host. Plant growth
improvement via diverse processes is the outcome of this optimistic



Endophytes: A Big Boon to Agriculture 239

association (Saravanakumar and Samiyappan, 2007). Apart from enhancing
the nutrient uptake, endophytes also maintain the soil microbial dynamics,
thereby playing a role in rejuvenating the plant microbiomes (Kumar et
al., 2017b). Owing to the negative impacts imposed by the use of chemical
fertilizers, endophytic inoculants can be employed as biofertilizers to
increase the soil fertility and improve plant growth.

12.2.4 BIOLOGICAL NITROGEN FIXATION

Nitrogen is an essential constituent of enzymes, proteins, nucleic acids,
and chlorophyll, the principal photosynthetic pigment (Laghari et al.,
2016). Among different sources, atmosphere represents the main reservoir
of nitrogen. It is found in the form of dinitrogen (N,), which is inert and
hence unavailable to the plants (Aczel, 2019). Dinitrogen has to be fixed
or reduced into usable forms, such as, nitrates (NO, ) and ammonium ions
(NH;) to make them feasible for uptake by the plants (Gupta et al., 2012).
Biological nitrogen fixation offers a proficient alternative to these agronomic
chemicals. The ability of fixing atmospheric nitrogen is attributed to those
microbes that possess nitrogenase, the key enzyme complex for biological
nitrogen fixation. Many bacteria possess this capability and are classically
termed diazotrophs. Endophytic diazotrophic bacteria have also been
worked out, which mostly belong to the genera Pseudomonas, Arthrobacter,
Azospirillum, Bacillus, Herbaspirillum, Azotobacter, Gluconacetobacter,
Serratia, Enterobacter, Azoarcus, and Klebsiella (Wei et al., 2014; White
Jr et al,, 2014; Verma et al.,, 2014). For example, Gluconacetobacter
diazotrophicus endophytic to sugarcane was found to fix nitrogen in vitro
(Suman et al., 2005, 2008). Similarly, in rice, Azospirillum, Herbaspirillum,
Burkholderia, and Rhizobium leguminosarum bv. trifolii constitute the main
endophytic diazotrophs (Elbeltagy et al., 2001; Govindarajan et al., 2008;
Estrada et al., 2013; Aon et al., 2015).

On the other hand, fungal endophytes have not been reported to fix
the atmospheric dinitrogen due to the absence of dinitrogenase enzyme
complex. However, nitrogen acquisition properties have effectively been
attributed to many of them. For example, the endophytic fungus Phomopsis
liquidambari assists the host Oryza sativa in acquiring soil nitrogen (Yang et
al., 2015). After inoculating this symbiont, nitrate and ammonium content of
the rhizospheric soil of infected plants have been observed to get enhanced
under diminished nitrogen conditions in comparison to noninfected plants.
Furthermore, nitrification rate was also enhanced in these plants. In another
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study, P. liquidambari was found to enhance the nodulation and nitrogen
fixation in Arachis hypogea (Xie et al., 2019). Detailed investigation
revealed the upregulated expression of genes related to phenol and flavonoid
synthesis, which increases the chemotaxis and nodulation-related processes
of Bradyrhizobium (a diazotrophic bacterium).

12.2.5 PHOSPHATE SOLUBILIZATION

Phosphorus (P) is a crucial macronutrient for plant growth and development
and is involved in diverse processes, including photosynthesis, mineral
uptake, cell division, biological oxidation, and protein synthesis (Illmer and
Schinner, 1999). It also promotes root development and early flowering.
The concentration of bioavailable P in soil is extremely low as the bigger
fraction of it exists as insoluble minerals salts, rocks, or organic compounds
(Sharma et al., 2013). Most of the P has poor mobility as it forms complexes
with calcium, iron, or aluminum and thus is not able to support plant growth
(Chhabra et al., 2013; Ramanuj and Shelat, 2018).

Both bacterial and fungal endophytes are able to convert the insoluble P
into soluble and accessible forms. This is accomplished mostly by releasing
organic acids, such as acetate, citrate, oxalate, tartarate, lactate, gluconate,
ketogluconate, glycolate, and succinate (Khan et al., 2009; Stella and Halimi,
2015; Yadav et al., 2015). However, endophytes are also reported to solubilize
the organic-bound phosphates via introduction of certain enzymes, namely,
nonspecific acid phosphatases, phytases, C-P lyases, and phosphonatases
(Illmer et al., 1995; Ngwene et al., 2016; Adhikari and Pandey, 2019).
Phosphate solubilization is a prevalent attribute in endophytic bacteria. The
majority of the endophytic bacteria colonizing agricultural crops, including
rice, maize, wheat, peanut, and legumes, showed phosphate solubilization
in plate assay (Puente et al., 2009; Verma et al., 2014, 2015). For example,
endophytic B. subtilis, Bacillus megaterium, Pseudomonas putida, Pantoea
ananatis, and Brevibacillus agri isolated from O. sativa solubilized phos-
phate from tricalcium phosphate, iron phosphate, and aluminum phosphate
(Borah et al., 2017). Similarly, endophyte Burkholderia sp. has been reported
to solubilize iron phosphate, rock phosphate, aluminum phosphate, and
tricalcium phosphate (Baghel et al., 2020). Interestingly, certain species of
Bacillus were found more efficient phosphate solubilizers in maize (de Abreu
et al., 2017). Survey of literature also reveals the role of endophytes in stress-
exposed plants, which showed enhanced phosphate-solubilizing potential and
plant growth, thereby helping them in their survival (Forchetti et al., 2007).



Endophytes: A Big Boon to Agriculture 241

For example, Acinetobacter sp. and Bacillus sp. endophytic to Phyllanthus
amarus solubilized phosphate under salt stress (Joe et al., 2016).

Endophytic fungi also bear the potential to solubilize the phosphates,
thereby augmenting the nutrient acquisition of host plants. For example,
significant phosphate solubilization activity has been attributed to an endo-
phytic fungus Fusarium verticillioides (Radhakrishnan et al., 2015). Many
dark septate endophytic fungi (DSE) are also able to solubilize calcium,
iron, and aluminum phosphates (Spagnoletti et al., 2017). However, the
endophytic fungi colonizing the roots of Taxus wallichiana exhibited the
production of phosphatase and phytase enzymes, correlating the potential
of phosphate solubilization to these enzymes (Adhikari and Pandey, 2019).
Similarly, the production of many organic acids, like malic acid, succinic
acid, oxalic acid, lactic acid, and citric acid, has also been well established in
many fungal isolates, which are known to degrade the phosphate complexes.

12.2.6 POTASSIUM AND ZINC SOLUBILIZATION

Potassium is an essential macronutrient for normal growth and development
of plants (Marschner, 1986). It increases the rate of photosynthesis via carbon
assimilation and enhances carbon mobility and resistance against diseases
(Sangakkara et al., 2000; Rehm and Schmitt, 2002). Although soil contains
a large amount of potassium, yet most of it is unavailable for plant uptake
(Etesami et al., 2017). Approximately 90-98% of soil potassium is present
as feldspar, mica, biotite, illite, muscovite, and orthoclase (Sparks, 1987;
Andrist-Rangel et al., 2010). Similarly, zinc is an important micronutrient
and acts as a cofactor of over 300 enzymes and proteins involved in photo-
synthesis, respiration, cell cycle, nucleic acid metabolism, and translation
(Marschner, 1986). Many endophytic bacteria are able to solubilize K and
Zn. K solubilizing endophytic bacteria mostly belong to Bacillus edaphicus,
Bacillus circulans, Bacillus mucilaginosus, Acidithiobacillus ferrooxidans,
Burkholderia sp., Alcaligenes spp., and Paenibacillus spp. (Yuan et al., 2015;
Suman et al., 2016; Baghel et al., 2020; Kushwaha et al., 2020). However,
zinc solubilization is carried out by many bacterial endophytes, including
Achromobacter, Arthrobacter, Pseudomonas, Pantoea, Bacillus, Bordetella,
Staphylococcus, Exiguobacterium, Flavobacterium, Kocuria, Klebsiella,
and Providencia (Sharma et al., 2014; Kamran et al., 2017; Singh et al., 2018;
Ullah et al., 2020). For instance, three endophytic bacterial genera, namely,
Enterobacter cloacae, B. pumilus, and Pseudomonas sp., from sugarcane-
solubilized potassium and zinc in a plate assay (Pirhadi et al., 2016). Further,
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inoculation of E. cloacae into the pot containing wheat seedlings exhibited
enhanced K uptake. In Phoenix dactylifera, 19 out of 85 endophytic bacterial
strains solubilized zinc from zinc oxide (Yaish et al., 2015).

In addition, endophytic fungi also bear the potential of solubilizing the
abovementioned elements from their corresponding minerals. For example,
Nath et al. (2015) reported the potential of Aspergillus niger, Aspergillus
terreus, and Penicillium sclerotiorum in solubilizing K and Zn. Similarly,
Glomus intraradices BEG72, Glomus mossae, and Trichoderma atroviride
MUCL 45632 have been found to assist in the acquisition of K and Zn by
Triticum durum apart from acquiring other essential nutrients (Colla et al.,
2015). Besides, certain DSE have also been reported to solubilize K (Vergara
etal., 2017).

12.2.7 SIDEROPHORE PRODUCTION

Iron is an essential micronutrient involved in DNA synthesis, photosynthesis,
and respiration (Rout and Gyana, 2015). It plays a crucial role in metabolic
processes by acting as a cofactor of various enzymes (Balk and Schaedler,
2014). Inspite of being the fourth most abundant element in the earth’s crust,
iron remains largely unavailable for both the plants and microbes due to its
occurrence as ferric ion (Fe**), which is insoluble at physiological pH (Bou-
Abdallah, 2010; Saha et al., 2016). Therefore, many microorganisms have
adapted a strategy to acquire iron by releasing siderophores. The latter are
low molecular weight, high-affinity iron-chelating secondary metabolites
which arrest ferric ions from diverse environments to solubilize them for
efficacious uptake (Lacava et al., 2008).

Numerous endophytes have the ability to synthesize siderophores that
enhance the availability of iron to their host plants. This in turn proves
beneficial to the host plants in that they deprive the phytopathogens of iron
and inhibit their growth (Whipps, 2001; Suman et al., 2016). Therefore,
siderophore-producing endophytes not only exhibit the direct PGP activities
but also provide the competitive advantage to their host plants (Ribeiro
and Simdes, 2019). Many endophytic bacteria, including Streptomyces,
Methylobacterium, and Pseudomonas, from agricultural crops were found
active in siderophore production (Rungin et al., 2012; Lacava and Azevedo,
2013; Walitang et al., 2017). Similarly, as many as 14 endophytic bacteria
isolated from Cicer arietinum and Pisum sativum have been shown to produce
siderophores, especially of hydroxamate and carboxylate type (Maheshwari
etal., 2019).
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Siderophore production and their subsequent growth-promoting attributes
have also been reported from the fungal endophytes, particularly of hydroxa-
mate type (Bartholdy et al., 2001; Kajula et al., 2010). For example, endo-
phytic fungi belonging to genera Acremonium, Aspergillus, Colletotrichum,
Fusarium, Penicillium, Arthrinium, Phaeotheca isolated from different crop
plants are mainly reported to produce siderophores (Ohra et al., 1995; Shi et
al., 2017; Chowdapa et al., 2020). Similarly, a study revealed siderophore
production, antimicrobial and anti-oxidant activity of fungal endophytes
recovered from Pinus sylvestris and Rhododendron tomentosum (Kajula et
al., 2010). Intriguingly, only those endophytes that showed antimicrobial
properties exhibited siderophore-producing ability. However, few reports
suggest that siderophores of endophytic fungi have lower affinity to sequester
iron in comparison to bacterial siderophores (Whipps, 2001; Loper and
Henkels, 1999).

12.3 INDIRECT ADVANTAGES

Although biotic and abiotic stress tolerance of plants do not represent direct
growth enhancement, yet they indirectly affect their growth and develop-
ment (Fig. 12.2). On account of being sedentary creatures, plants have to
cope with an array of unfavorable conditions to adapt to a particular habitat.
Biotic stressors involve pathogens, pests, and nematodes, which can cause
heavy losses in agriculture. However, abiotic stress factors include drought,
salinity, temperature extremes, oxidative stress, and heavy metal stress.
Abiotic stresses represent the critical growth-limiting stressors affecting the
survival of plants in changing or extreme environmental conditions. Inter-
estingly, endophytes are known to augment their host plants in tolerating
both these stressors by secreting diverse bioactive metabolites. Some of the
indirect known benefits conferred by endophytes are mentioned below.

12.3.1 BIOTIC STRESS TOLERANCE

Every year, agriculture faces huge loss due to pathogens, pests, and nematodes,
which signify a considerable trammel on global food security. Plant health
is an integral part of sustainable agriculture. However, chemical pesticides
employed for the eradication of these entities pose diverse environmental
problems (Aktar et al., 2009). Therefore, search for the alternative to these
chemicals has become imperative. Endophytes are widely known for their
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antimicrobial, anti-insecticidal, and antinematicidal properties (Selim et
al., 2011; Sudha et al., 2016; Abraham et al., 2015; Khan et al., 2019). It
is believed that endophytes have evolved different mechanisms to adapt
themselves inside the plant tissues and make themselves safe from the external
harmful organisms. Therefore, in order to compete with these organisms,
they produce various toxic bioactive secondary metabolites (Hallmann and
Sikora, 1996). These metabolites belong to diverse chemical groups ranging
from alkaloids to glycosides (Mousa and Raizada, 2013; Patil et al., 2016).
The endophytic metabolites may either be similar to the ones produced by
the corresponding host or altogether different from them (Kusari et al., 2008;
Kusari and Spiteller, 2012). By producing all the antagonistic metabolites,
endophytes enhance the defensive properties of their hosts.

HCN, Anunonia, Solute accuwmulation, Eod diatemetabold
toxic metabolites Osmotic adjustment Wl [M“Pm WM
\ proteins; cold shock proteins
Water absovption and retention
Antimicrobial, /
Insecticidal, Protein and membrane
Nematicidal activity ity

e g
tolerance
/ SWnW;\ Degradati
educti KONy egranosony,
f ; m&f;e& t foxfbrmm \’/olard%atwwof
/ ACC degradation N\
g:lfwmd;lwlten@ymo o t ) mad‘wwofwgymby

FIGURE 12.2 Schematic representation of endophytes in bestowing biotic and abiotic
stress tolerance to host plants. (ROS: Reactive oxygen species; ACC: 1-aminocyclopropane-
1-carboxylic acid.)

A) Pathogens

Endophytes have been reported to act as biocontrol agents against many
bacterial and fungal pathogens that cause diseases in plants. For instance,
endophytes of different cereals are found to exhibit antifungal activity
against Gaeumannomyces graminis, the causal agent of many diseases
in wheat (Coombs et al., 2004). Similarly, B. subtilis acts as promising
antagonist of Xanthomonas oryzae, causal agent of leaf blight of rice
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(Nagendran et al., 2013). A maize endophyte Pseudomonas aeruginosa
served as an efficient biocontrol agent against six phytopathogens, namely,
Sclerotium rolfsii, Rhizoctonia solani, Pythium aphanidermatum, Fusarium
oxysporum, Macrophomina phaseolina, and Alternaria sp. (Sandhya et al.,
2017). Further, 10 endophytic fungal isolates of wheat showed antagonism
against Phytophthora infestans and F. oxysporum f.sp. albedinis (Sadrati et
al., 2013). Similarly, Epicoccum nigrum, an important endophytic fungus of
sugarcane inhibited various phytopathogens, such as Ceratocystis paradoxa,
F verticillioides, and Xanthomonas albilineans (Favaro et al., 2012). On the
other hand, endophytic Pseudomonas aurantiaca exhibits strong antifungal
activity against Colletotrichum falcatum, the causal organism of red rot of
sugarcane (Mehnaz et al., 2014). A plethora of endophytic microbes possess
the similar activities and, therefore, can effectively be used as inoculants for
biocontrol agents of agricultural crops.

B) Pests

Apart from pathogens, insects are one of the potent destroyers of crop
plants and can account for huge losses either directly or indirectly by
acting as vectors of numerous infectious agents (Culliney, 2014; Heck,
2018). Although insecticides are being used to control these losses, yet
their use has not been appreciated due to the range of environmental
hazards they cause (Mahmood et al., 2016). Another disadvantage of
using these chemicals is that many insects have developed resistance to
the frequently used insecticides. However, novel metabolites produced
by the endophytes are expected to overcome these drawbacks. Numerous
endophytes have been worked out against many pests. For example,
various endophytic isolates associated with A. inebrians (Drunken Horse
grass) showed more than 90% of mortality rates in Aphis gossypii (Shi
et al., 2013). Similarly, Spodoptera litura, a polyphagous pest showing
resistance to known insecticides, was killed by an endophytic fungus
Cladosporium uredinicola (Thakur et al., 2013).

C) Nematodes

Phytoparasitic nematodes are ubiquitous in nature and an expensive burden
on agriculture. This burden can be relieved by employing endophytes
as biocontrol agents. Endophytic isolates from several plants have been
observed to exhibit nematicidal activities against various nematodes, such
as Caenorhabditis elegans, Bursaphelenchus xylophilus, and Meloidogyne
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incognita (Zheng et al., 2008; Ponpandian et al., 2019). Nematicidal activity
of endophytic microbes is attributed to certain enzymes and metabolites
secreted by them. For example, Chaetomium globosum produced chaetoglo-
bosin A, B and flavipin effective against Meloidogyne javanica (Khan et al.,
2019). Similarly, endophytic bacterium Bacillus cereus exhibited significant
biocontrol against M. incognita. This activity was ascribed to enzymes like
chitosanase, alkaline serine protease, and neutral protease (Hu et al., 2017).

12.3.2 ABIOTIC STRESS TOLERANCE

Plants have evolved several strategies to perceive stress signals and accord-
ingly respond to them at varied degrees. During these stressed conditions,
interactive regulatory mechanisms mediated by signaling molecules or
cofactors are involved (Dombrowski, 2003). Temperature extremes, drought,
salt stress, nutrient stress, and heavy metal stress represent the major abiotic
stress factors that downgrade the plant survival (Chaves and Oliveira, 2004).
Endophytes have been observed to promote plant growth by conferring toler-
ance to these stresses (Eid et al., 2019). Abiotic stress tolerance conferred by
plant—endophyte interactions either involve the activation of stress response
after being exposed to stress or secretion of antistress metabolites by endo-
phytic symbionts (Redman et al., 1999; Schulz et al., 2002). The main abiotic
stress factors are described below.

A) Drought

Drought is the most critical limiting factor for plant growth and development
in agriculture. However, endophytic associations are reported to enhance
the drought tolerance of crops manifold (Ullah et al., 2019). For example,
Curvularia-inoculated rice seedlings were found to grow for a longer period
without water in comparison to endophyte-free plants (Redman et al.,
2011). In addition, the seed yield of endophyte colonized plants was also
observed to be increased. The mechanisms underlying this capability include
accumulation and translocation of assimilates, osmotic adjustments, and
maintenance of cell wall elasticity (Nieves-Cordones et al., 2019). In plants,
enzymes particularly, H*-ATPase and H*-PPase, confer drought tolerance.
It was observed that root endophytic bacteria colonizing Capsicum annuum
enhanced vacuolar H'-PPase (H'-pumping pyrophosphatase) activity,
thereby helping the host to grow under water-limiting conditions (Vigani



Endophytes: A Big Boon to Agriculture 247

et al., 2018). Also, Cladosporium cladosporioides and an unidentified
fungal endophyte improved water stress tolerance in Nicotiana benthamiana
(Dastogeer et al., 2018). Recently, Morsy et al. (2020) tested various endo-
phytes in conferring tolerance to abiotic stress conditions. Interestingly, they
found that a fungal endophyte Ampelomyces sp. effectively mitigated the
drought tolerance in tomato plants. Besides, Azospirillum lipoferum secretes
ABA, which is found to reduce the water stress in maize (Cohen et al., 2009).
Similarly, Azospirillum-inoculated plants showed enhanced biomass, soluble
sugar, soluble protein, antioxidant potential, proline content, and the elevated
expression of drought-responsive genes.

B) Salinity

Salinity is the major abiotic stress factor in plants as around 20% of the
world’s cultivated lands are saline (Glick et al., 2007; Shrivastava and
Kumar, 2015). Higher salt concentrations in soil cause ion imbalances,
which hurdles water absorption by plants (Sheldon et al., 2004). However,
many endophytes have been reported to promote plant growth under high
salt conditions. While checking endophyte-soybean interactions, Khan et al.
(2011) observed that endophytic fungus Penicillium minioluteum effectively
promoted plant growth by enhancing biomass, chlorophyll content, and shoot
elongation. Interestingly, low endogenous ABA and high salicylic acid (SA)
contents were detected in endophyte-infected plants in response to salinity
stress. Recently, Fusarium sp., an endophyte of salt-adapted Pokkali rice,
was found to confer drought tolerance to salt-sensitive rice variety IR-64
by promoting its growth under high salinity conditions (Sampangi-Ramaiah
et al., 2020). Similarly, Penicillium sp. significantly enhanced the tolerance
of tomato plants to salinity when placed under 300 mM salt concentration
in comparison to nonendophytic plants (Morsy et al., 2020). Salinity is
observed to affect crop yield in majority of plants via biosynthesis of
ethylene, which has a negative effect on root growth (Feng and Barker, 1992).
However, various studies unveiled that the level of ethylene can be reduced
by some endophytes that secrete 1-aminocyclopropane-1-carboxylic acid
(ACC) deaminase (Afridi et al., 2019). This enzyme breaks the immediate
precursor of ethylene in its biosynthetic pathway. Various endophytes, like
Enterobacter, Azospirillum, Bacillus, Serratia, Burkholderia, Acinetobacter,
Pseudomonas, Achromobacter, Ralstonia, Alcaligenes, Rhizobium, and
Agrobacterium, are known to produce ACC deaminase (Zhang et al., 2011;
Xu et al., 2014; Verma et al., 2015).



248 Endophyte Biology

C) Temperature

Temperature extremes (low and high) represent another stress factor
detrimental for plant growth and survival. High temperature impairs plant
growth, photosynthesis and reproduction by protein denaturation, alteration
of enzyme activity, and generation of reactive oxygen species (ROS) (Ihsan
et al., 2019). Endophytes help the plants inhabiting xeric environments
by stabilizing heat shock proteins and secretion of anti-oxidant enzymes,
such as catalases (CATs) and peroxidases (PODs) (Ismail et al., 2018; Khan
et al., 2020). For example, Aspergillus japonicus EuR-26 mitigated the
thermal stress in soybean and sunflower by negotiating various potencies
of CAT, ascorbic acid oxidase, and ABA (Ismail et al., 2018). Similarly,
B. cereus SA1 conferred thermotolerance to soybean by modulating the
phytohormone production (increased ABA and decreased SA), anti-oxidant
enzyme secretion [superoxide dismutase (SOD) and ascorbic acid POD]
and further enhanced the quantity of heat shock proteins (Khan et al., 2020).

In addition, an endophytic fungus Thermomyces sp. was isolated from
the roots of a hot desert-adapted plant Cullen plicata (Ali et al., 2018). This
symbiont was then evaluated for conferring heat-stress tolerance in cucumber
plants grown in field during summer in Egypt. Surprisingly, it was observed to
eliminate the adverse effects of heat stress by elevating the amount of several
anti-oxidant enzymes, sugars, soluble proteins, saponins, and flavonoids.
Moreover, water use efficiency, photosynthesis rate, and root elongation
were found to improve in endophyte-inoculated plants in comparison
to the untreated ones (Ali et al., 2018). Similarly, low temperature affects
photosynthesis, respiration, and yield of plants (Hendrickson et al., 2004). It
slows down the cell growth and stiffens the cell membrane by changing its
fluidity (Kumar et al., 2018). Liquid inside the cells begins to freeze and form
crystals that may pierce the plasma membrane and kill the cells (Pearce, 2001).
Interestingly, this does not happen to most of the plants harboring endophytes
growing in natural habitats, which help them to survive under such adverse
conditions (Barka et al., 2006; Yadav et al., 2017b). It has been observed that
endophytes improve cold tolerance by modulating photosynthetic activity and
carbohydrate metabolism that results in the deposition of cold stress—related
metabolites, such as, starch, trehalose, phenolics, proline, and polyols (Barka
et al., 2006; Fernandez et al., 2012). Other strategies include production of
antifreeze proteins and cold-active enzymes (Hashim et al., 2013; Yadav et
al., 2017b; Furhan, 2020). A bacterial endophyte Burkholderia phytofirmans
PsJN has been reported to confer cold stress tolerance to grapevine (Barka et
al., 2006). Further, it enhanced the physiological activity and biomass of the
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host plant manifold. Similarly, fungal endophytes have also been reported
to help plants to adapt well to extreme cold climates. This can be observed
by the fact that many plants harboring endophytes grow well in Arctics and
Antarctica. For example, Cadophora, Geomyces, Fusarium, Gyoerffyella,
Aspergillus, Davidiella, Entrophospora, Microdochium, Mycocentrospora,
and Phaeospaeria isolated from the leaves of an Antarctic plant Colobanthus
quitensis have been indicated in helping the host plant in adapting to such
extreme conditions (Rosa et al., 2010). Similarly endophytes Cryptococcus,
Mycopappus, Melampsora, Rhizosphaera, Phaeosphaeria, Mrakia, Venturia,
Leptosphaeria, and Tetracladium have been reported to confer cold stress
tolerance to various Arctic plants (Zhang and Yao, 2015).

D) Oxidative stress

Oxidative stress of the plants in response to environmental stress factors
involves the production of ROS, such as superoxide anions, hydroxyl
radicals, and hydrogen peroxide (Lata et al., 2018). ROS production can bring
oxidative damage to lipids, proteins, and nucleic acids. However, it has been
observed that colonization of endophytic bacteria upregulates the expression
of ROS-degrading genes, such as gene-coding SOD and glutathione reductase
(GR) (Lata et al., 2018). In an experiment, Brassica rapa infected with
endophytic Piriformospora indica was treated with polyethylene glycol to
mimic drought stress. Surprisingly, an upregulation of anti-oxidant enzymes,
namely, CATs, PODs, and SODs was observed in this plant within 24 hours
(Sun et al., 2010). Similarly, an endophytic bacterium Sphingomonas SaMR12
was isolated from Sedum alfredii (Wang et al., 2020b). In order to evaluate its
PGP activities, SaMR 12 was inoculated in nonhost plant Brassica juncea. It
was observed that, apart from various advantages endowed by this endophyte,
it also relieved the oxidative stress in B. juncea. It was accomplished by
decreasing the concentration of hydrogen peroxide (H202) and improving
the activities of SOD, CAT, POD, and GR. In this way, endophytes help the
plants to overcome various abiotic stresses and further improve their growth.

E) Phytoremediation

Phytoremediation involves the process of using plants and associated
microbes to reduce the toxic contaminants in the environment (Prasad, 2004;
Dinckinson et al., 2009). Many contaminants, including heavy metals, halo-
genated hydrocarbons, and polycyclic aromatic hydrocarbons, are phytotoxic.
Majority of the plants are incapable of degrading these chemicals. However,
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certain endophytes have shown the ability to degrade many toxic chemicals
and, therefore, play a crucial role in phytoremediation of contaminated soils
(Newman and Reynolds, 2005). For this, they have been observed to employ
their metabolites, enzymes, siderophores, organic acids, etc. (Soleimani et
al., 2010; Yousaf et al., 2010). Endophytes enhance the phytoremediation
by improving phytostabilization, phytodegradation, phytovolatilization, and
phytoextraction (Germaine et al., 2009; Chen et al., 2010; Weyens et al.,
2010; Zhang et al., 2011).

A number of studies have been carried out on both bacterial and fungal
endophytes for assessing their role in phytoremediation. For instance, Bacillus
thuringiensis isolated from Pinus roots was found to enhance the heavy metal
accumulation and growth promotion of Alnus firma. It was found efficient
in removing heavy metals, namely, As, Ni, Pb, Zn, and Cu. In addition, this
symbiont also possessed A A production, phosphate solubilization, siderophore
production, and ACC deaminase potential (Babu et al., 2013). Similarly,
Methylobacterium oryzae and Burkholderia sp. endophytic to rice showed
reduced Ni and Cd toxicity in tomato plants in controlled conditions (Madhaiyan
et al., 2007). An endophytic bacterial consortium has been observed to enhance
the arsenic phytoremediation in Solanum nigrum (Mukherjee et al., 2018).

Similarly, Mucor strains endophytic to Brassica campestris and Brassica
napus accomplished phytoremediation against multiple pollutants, including
Cr®, Mn*, Co*, Cd, and Pb (Deng et al., 2013; Zahoor et al., 2017). P
liguidambari, endophytic to O. sativa and A. hypogea, has been observed to
improve the host tolerance to phenanthrene and phenoloic acids (Chen et al.,
2013; Xie et al., 2015; Fu et al., 2018). Certain endophytes act synergistically
to improve the plant growth as well as ecophysiological responses of plants to
stress conditions. For example, in zinc and aluminum stressed Glycine max, two
fungal endophytes Paecilomyces formosus LHL10 and Sphingomonas sp. LK11
were observed to confer higher plant growth (biomass, root/shoot length, and
chlorophyll content) in comparison to the noninoculated ones (Bilal et al., 2018b).
In this way, these symbionts help the host plants to decrease phytotoxicity and
thereby their adaptation to polluted environment (Chen et al., 2010; Zhang et
al., 2011; He et al., 2020). Hence, they should be employed as bioinoculants in
agricultural crops to improve their survival in contaminated soils.

12.4 CONCLUSION AND FUTURE PERSPECTIVES

Endophytes offer an engrossing environment-friendly resource. Employing
them as inoculants can reduce our dependency on chemical fertilizers and
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pesticides which otherwise pose various threats to different ecosystems.
Upon direct inoculation into the seeds or aerial parts, they can ameliorate
the crop productivity of target hosts with less competition as compared to
rhizospheric or phyllospheric microbes. They provide an economical and
sustainable alternative to traditionally practiced agricultural techniques.
By using them in agriculture, basic nutritional demands of over-increasing
population, especially those of developing countries can be met without
causing pollution and other health hazards. On account of furnishing
multiple direct and indirect PGP benefits in an eco-friendly approach, endo-
phytic symbionts represent efficient bioinoculants for attaining sustainable
agriculture.

In addition, they can be potent source of novel metabolites which
may display bounteous PGP activities. Specifically, the endophytic
microbes colonizing the plants inhabiting extreme environmental condi-
tions can be screened for novel and desired PGP traits. Crop varieties
with phytopathogen-resistant endophytes can be designed to counter the
huge losses caused by these pathogenic counterparts every year. Further,
genetic engineering of these microbes with specific and maximum growth
promotion-related genes should be executed. It would be easier to engi-
neer the microbes in comparison to that of plants. Additionally, by using
engineered or nonengineered endophytes, ethical-related issues to geneti-
cally modified crops can be eliminated. Intriguingly, the consideration of
endophyte-like biological tools would be beneficial in attaining sustain-
able development goals proposed by United Nations as a universal call to
eradicate poverty, hunger and protect the environment which is supposed
to be achieved by 2030.
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ABSTRACT

Solid-state fermentation (SSF) has made credible advances in biotechno-
logical industries for their potential applications especially for bioactive
metabolites and pharmaceutical products. After the detailed understanding
of biochemical manipulations particularly in the field of fermenter
modeling and designs, SSF have been successfully continued for the scale-
up and commercialization of desired products. In the present scenario, the
large-scale production of bio molecules produced by natural products is
the need of the hour. Henceforth, SSF showed intensive application in the
field of biotechnology for the large scale production of pharmacologically
active molecules along with extensive stability of the desired product at
economical level. In this chapter, we highlighted various technological
interventions of the solid-state fermentation (SSF) for the enhanced
production of endophytic bioactive secondary metabolites and various
optimizing strategies that are mandatory in the coming times for their
growth and development.
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13.1 INTRODUCTION

Endophytes are those microorganisms that are in mutual association with
developing plant tissues in a synergistic fashion. This synergistic fashion
defends the plant against foreign agents and helps the endophytes to uptake
essential nutrients and provides them with living environment. The endo-
phyte term was coined by Anton de Barry in the year 1866 to differentiate
the aerophytes persisting on the plants surface. Endophyte comprises rich
a variety of taxon, which includes fungi, bacteria, archae, and protists,
and are considered as symbiotic organisms. The prehistoric remains of
the plants prove that terrestrial plants were in association with endophytes
more than 400 million years ago. Plants based on their evolutionary prop-
erties changed their habitat, which led to nutrient deficiency, alteration in
temperature, and water accessibility (Fig. 13.1). Due to these properties,
microbes present in the plants become resistant against harsh conditions
(Arora and Ramawat, 2017).

FIGURE 13.1 Evolution of endophytes.

The endophytes reside inside the growing plant tissues for a short time or
throughout their cycle (Greenfield et al., 2015). The isolation of endophytes is
performed by the surface sterilization of living tissue of the plant by causing
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no damage to the plant (Rashid et al., 2012). The surface sterilization of
the explant is an important step, as it is necessary to remove any epiphytes/
aerophytes or any microorganisms present on the plant surface (Kjer et al.,
2010). Most commonly used sterilants are sodium hypochlorite and ethanol.
The duration of the exposure of explants to sterilant varies according to the
living plant tissue, responsiveness, life span, and density, as it should be
able to sterilize the surface and not damage the plant tissue (Shah et al.,
2019). There is huge diversity of endophytes in nature, and it is reported that
more than 1 million fungal endophytes and over 200 bacterial groups from
16 phyla exist in nature. The vital endophytes belong to three phyla that
include Proteobacteria, Actinobacteria, Firmicutes, and involves association
with Gluconobacter, Enterobacter, Bacillus, Pseudomonas, and Serratia
(Rajamanikyam et al., 2017).

There is a huge demand for novel compounds in market to impart support
and reassurance against various needs arisen by humans in various sectors
including health, agriculture, medicine, food, etc. Various products extracted
from different sources like bacteria, fungi, yeast, etc. showed bioactive
potential and are known as secondary metabolites that can be used as
potential drugs or antibiotics to treat against various infections or diseases in
humans. For example, Cryptocin, produced by Cryptosporiopsis quercina,
shows activity against various pathogenic fungi. Various volatile antibiotics
produced by Cinnamomum zeylanicum (Pena et al., 2019), anticancer agents
such as Paclitaxel produced by Taxomyces andreanae (Naik, 2019), torreyanic
acid produced by Pestalotiopsis microspora allied with Taxus taxifolia tree
(Rana et al., 2019), anti-insecticide like nodulisporic acid produced by an
endophyte isolated from Bontia daphnoides (Chhipa and Deshmukh, 2019),
anti-diabetic such as L-783,281 compound produced by Pseudomassaria sp.
(Khan et al., 2019), immunosuppressive agents such as subglutinol A and
B produced by Fusarium subglutinans (Gautam and Avasthi, 2019). There
are many endophytes isolated from plants of different regions of the world
that possesses variety of bioactive compounds and are used for treatment
of multiple ailments. Artocarpus used as medication against malarial fever,
diarrhea, infection of tapeworm, healing of wounds, syphilis. Vateria indica
used as medication against piles, throat infection, diarrhea, boils, bronchitis,
inflammation, and pain in joints (Ruma et al., 2011). Cellulolytic enzymes
are extracted from Trichoderma reesei, Aspergillus niger, and Penicillium sp.
(Syed et al., 2013). The production of extracellular lipase enzyme by Colleto-
trichum gloeosporioides (Kumar et al., 2011), the production of glutaminase
free L-asparaginase by Alternaria sp. (Moharram et al., 2016), production of
piperine by C. gloeosporioides (Chithra et al., 2014), production of amylase
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enzyme by Preussia minima (Mishra et al., 2019). In this chapter, we will
discuss the large-scale production of bioactive compounds by endophytes by
various fermentation techniques and parameters related to the operation and
regulation of solid-state fermentation (SSF).

13.2 MICROBIAL FERMENTATION

Fermentation processes is a technique that involves solid and liquid material
transformed into useful product with the use of various microorganisms
(Ashok et al., 2017). There are two types of fermentation processes involved
for large-scale production in industries such as submerged fermentation
(SmF) and SSF. SmF is a process that involves the multiplication of
microorganisms in broth culture consisting essential nutrients for their
growth. SSF is a process that involves the growth of microorganisms and
development of product without water but involves a moist surface on which
microorganism grows. SSF is better as compared to SmF as it leads higher
production of products, has low capital costs, low cost of horticultural and
industrial residual matter treated as substrates, less water requirement, and
less amount used in sterilization. The major issue of SSF lies in the uniformity
of the culture and conduction of heat, which could be avoided with the help
of certain modifications in the bioreactors (Martins et al., 2011).

The SSF involves microbial fermentation in the absence or near absence
of free water providing a natural environment to the selected microorganisms,
especially fungi. The production of biomolecules using culture substrate in
solid form of wheat bran, rice husk is SSF. In SSF, the microorganisms are
inoculated on flat bed solid substrates with controlled temperatures. The
water supply in solid fermentation is controlled unlike in liquid state where
continuous stirring is required for aeration. The SSF supports mycelial
growth in fungi by providing natural habitat like conditions. During the
initiation of growth, fungus utilizes nonsoluble compounds from the substrate
and solid culture to meet its essential nutrient requirements. Later during
growth fungus produces enzymes to meet its growth requirements and in
turn giving us the desired metabolites as by product. The process of SSF can
be regulated in batch, fed-batch, and continuous mechanisms. The necessary
condition needed to be taken care during the planning of the bioreactor is the
response of the material or the microorganisms to the different forces caused
by stirring. For example, if the agitation speed is increased from 10 to 50
rpm, the mycelium of the fungi can be damaged due to the shear forces inside
the bioreactor. The periodic stirring for long interval of time of fixed action
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can also damage the mycelium of fungi. The other aspect is the microbial
degradation of the material, leading to the deformation of the substrate bed
dragging aside from the surface of the bioreactor, which emerges out in the
inescapable air in between the surface and bed. This could be dodged by the
high surface area of the solid material not invaded by any microorganism
(Raghavarao et al., 2003).

Fermentation strategies are required for the production of biomolecules
that are commonly known metabolites extracted from the microorganisms
that help in the scaling up of the large biomolecules including antibiotics,
detergents, enzymes, and many other useful products (Perez et al., 2019).
The design of bioreactor/fermenters needs to overcome certain parameters
such as mass and heat transfer, ease of diffusion, and extraction of secondary
metabolite. There are various types of bioreactors considered for the solid
and liquid state fermentation processes like: tray bioreactor, rotating-drum
bioreactor, packed-bed bioreactor, trickle-bed bioreactor, bubble column
bioreactor, airlift bioreactor, stirred aerated bed bioreactor, rocking drum
bioreactor, and gas—solid fluidized-bed bioreactor (Mitchell and Krieger, 2019;
Huerta-Ochoa et al., 2019) (Fig. 13.2). Earlier reports have laid impact on tray
and drum bioreactors, now packed-bed bioreactor is also considered as it is
superior to others and comfortable in use. There are some characteristics of
solid-state fermenter, which involve that the substrate should be economical,
static, noncorrosive. There should be no occurrence of contamination to
avoid coincidental threats due to deterioration of the biological material.
The management for the supervision of the practical framework needs to be
productive. The consistency of the organic material needs to be maintained.
The design of the bioreactor has to be clarified for the purification and recovery
of product (Krishania et al., 2018). There are various parameters needed to
increase the productivity of SSF, which include the selection and optimization
of operation, agitation, aeration, oxygen transfer, and density of inoculum,
size of particle, composition of media, pH, temperature, moisture content,
humidity, sterilization, extraction process, and downstream processing
(Rudakiya, 2019). It is necessary to check all the parameters that provide
satisfying results for the large-scale production.

13.3 CLASSIFICATION OF BIOREACTOR DESIGNS USED IN
MICROBIAL FERMENTATION

The main objectives of designing bioreactors are adequate heat removal,
maintenance of sufficient water activities, and high oxygen concentration
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within the interparticle voids (Manan and Webb, 2018). Bioreactors can be
categorized into four main groups based on the type of aeration and mixing/
agitation (Mitchell et al., 2006; Robinson and Nigam, 2003):

* Group I: No forced aeration, without mixing

* Group II: Forced aeration, without mixing

* Group III: No forced aeration, with continuous or intermittent mixing
* Group IV: Forced aeration, with continuous or intermittent mixing
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FIGURE 13.2 Bioreactor types for large-scale production.

Group I bioreactors

Tray bioreactors: These are the simplest of all types of bioreactors used in
SSF process. The construction material could be wooden or stainless steel.
The trays are stacked over each other with a suitable gap between them. The
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fermentation is carried in a chamber with controlled environment, where
trays are placed, to maintain the temperature by circulating cold or warm
air and relative humidity by subjecting saturated air inside the chamber. The
thickness of the substrate spread on the trays varies from 5 to 15 cm. It is
very easy to scale up the tray fermentation process by increasing the number
of trays and not the thickness of the substrate. There are some limitations to
the use of tray bioreactors as they require a large operation area and are labor
intensive. Separate sterilization is also required for the substrate in the tray
fermenters.

Group Il bioreactors

Packed-bed bioreactors: A typical example of packed-bed reactor is column
bioreactor. The column bioreactor is made up of cylindrical glass or plastic
columns. The diameters are variable and the length of the bioreactor depends
on the scale of the operation. The water bath, used for humidifying the air,
generates steam that can be used for the in situ sterilization of the reactor.
The sterile air is passed through the bottom of the column through a sieve
that supports the substrate (Durand, 2003). A few kilograms of dry solid
medium can be processed by the packed-bed bioreactors. The water bath
can be used to control the temperature by placing the column inside it or by
circulating the water in a double-walled or jacketed column. The application
of column bioreactors is mostly at laboratory scale for producing enzymes,
organic acids, biologically active secondary metabolites, spores, etc.

The packed-bed bioreactors should be designed in such a way that they
allow mass and heat transfer, and there should be a provision to regulate the
pressure drop by using larger catalyst particles. Most of the heat is removed
by convection and water evaporation as a result of which the bed dries out,
and there is a need to add water. The agitation is required to distribute the
added water evenly (Ranjbar and Hejazi, 2019; Sangsurasak and Mitchell,
1998). Another concept was introduced to reduce the need for strong aeration,
which included the use of perforated trays with heat exchangers introduced
directly beneath them. A similar strategy was demonstrated for Zymotis
bioreactor used on a lab scale but with vertical heat exchangers (Roussos et
al., 1993). The first bioreactor was patented and used by a German company
(Prophyta) for the production of biopesticides in sterile condition, which was
based on this principle (nee’Nigam and Pandey, 2009). The metabolic heat
is eliminated by conduction in this bioreactor. An Indian company, Biocon,
patented a similar bioreactor named as Plafractor™ (Durand, 2003).
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Group III bioreactors

Rotating drum bioreactors: No forced aeration is used and mixing is done
intermittently, which may be in continuous or semicontinuous mode that
prevents the overheating issue generated by microbial activity. Itis a horizontal
drum, semifilled with a bed of substrate (Nava et al., 2011). The intermittent
mixing results in uniform growth and causes less damage to fungal mycelium,
but continuous mixing increases the damage to the fungal mycelium due to
the generation of shear stress. To limit the height of the substrate layer, the
intermittently rotating drum, between two agitations/rotations, operates like a
tray reactor (Manan and Webb, 2017; Prabhakar et al., 2005).

Group 1V bioreactors

Fluidized-bed bioreactors: They are typically constructed from a vertical
chamber with a perforated plate at the bottom where forced aeration can be
applied from the bottom at a sufficient speed to fluidize the solid substrate
particles and cause mixing. The fluidized-bed bioreactor consists of an
agitator (clump breaker) that breaks the agglomerates/clumps formed and
settle at the bottom of reactor (Sindhu et al., 2015; Manan and Webb, 2017).
This type of bioreactor shows good mixing behavior for every state of
matter, that is, solid, liquid, and gas (Mitchell et al., 2010). The properties of
substrate used in gas—solid fluidized-bed bioreactors have a greater impact
on the effectiveness of the bioreactor. For example, the large clumps formed
by the sticky substrate cannot be fluidized (Ali and Zulkali, 2011; Foong et
al., 2009a, 2009b). The difference in the size of the particles of the substrate
also affects its fluidization (Jang and Yang, 2008). The temperature control
is not an issue with these bioreactors.

Spouted-bed bioreactors: It is a variant of fluidized-bed bioreactor and
the air is blown upward through the central axis of solid bed, as a result of
which only part of the bed is fluidized at a particular time. The designing
of this type of bioreactor allows the process to work in continuous cycles
(Manan and Webb, 2018). Unlike fluidized-bed bioreactors, the substrates
with sticky nature, irregular sizes, and texture can be treated in spouted-bed
bioreactors (Ali et al., 2019). The problems face by tray and packed-bed
bioreactors can be overcome by spouted-bed bioreactors.

Rocking drum bioreactors: Rocking drum bioreactors consist of three
concentric drums: an inner, middle, and an outer drum. The outer drum is
solid cylinder, inner and middle drums are perforated, and in between these
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two drums, there is a substrate bed that is packed loosely. The mixing of the
substrate bed is done by rotation of the two outer cylinders in relation with
the inner cylinder. The air enters through the central cylinder, passes through
the substrate bed, and then passes between the outer perforated cylinder and
the outer solid cylinder (Arora et al., 2018).

According to the mode of action, there are two major types of bioreactors—
small-scale laboratory and pilot-scale bioreactor.

* Small-scale laboratory: It includes Petri dishes, beakers, flasks, bottles,
roller bottles. In these reactors, the addition of material should be weighed
in grams. It is an easy mode of action as it doesn’t requires involuntary
agitation and aeration. In this system, only temperature of the surround-
ings of bioreactor needs to be maintained. It involves various aspects
like pH, temperature, size of inoculum, and incubation time.

+ Pilot-scale bioreactor: It is a complex method as it involves huge
amount of substrate. The regulation should be adequate enough to
meet the desired conditions that will enhance growth and secondary
metabolite production. The two important limiting factors are moisture
and temperature of the substrate bed. For the enhanced production,
these factors need to be maintained in the large-scale industrial
process. The challenging issue in this bioreactor is to adjust its limiting
factors manually, as it requires analysis and administration to be done
at the same time. If the regulation takes place without control, there
would alterations in temperature in the substrate bed that could lead
to low production, contamination, and loss of experiment (Krishania
etal., 2018).

13.4 OPERATION AND REGULATION OF BIOREACTORS

The main goal of regulation of the bioreactor is maintaining temperature
and water content of the solid bed for the optimum growth and production.
The factors responsible for the designing of the bioreactor are temperature,
flow rate, humidity, and agitation. The change in temperature and flow rate
of air/water is feasible through the heat exchangers and jackets around the
walls. For the addition of water, nutrients and buffer appropriate amount of
measurement need to be done timely (Raghavarao et al., 2003). In the scale-
up process, heat, mass transfer, and the energy generated in the working of
the SSF is planned accordingly. The essential criteria’s on which the solid-
state bioreactor works for the scaling up are listed below.
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» Agitation

* Transfer of oxygen and aeration
» Temperature of the solid bed

» Moisture content of solid bed

* Humidity of the fermenters

The easiest way to associate the aeration and moisture content in solid
bed is by moving the humidified air. This process as far as maintaining the
temperature and moisture content of solid bed benefits the microorganisms
for aerobic respiration (Raghavarao et al., 2003).

13.5 FACTORS INFLUENCING THE EFFICIENCY OF SOLID-STATE
FERMENTERS

There are various factors that influence the efficiency of solid-state fermenters,
which can be broadly divided into three major categories:

A. Biological factors
B. Physiochemical factors
C. Mechanical factors

A. Biological factors

The selection of microorganism for SSF plays crucial role in fermentation
process, which is required for the fulfillment of the growth requirements
and for the production of desired products (Krishna, 2005). The filamentous
fungi have been proved as important microorganism in SSF because of their
mycelial growth and neutral physiological capabilities (Manan and Webb,
2018). In most of the fermentation processes, the inoculum age, cultivation
medium, and the physiological state of the microorganisms have much
importance. A significant loss in the yield of secondary metabolites occurs
because of the incorrect physiological state of the inoculum (Crafack et al.,
2014). It is suggested that an increase in the inoculum quantity can decrease
the substrate utilization time (Nigam and Singh, 1994; Adi et al., 2019).

B. Physiochemical factors

The solid substrate is another major component in SSF. Along with supplying
nutrients such as carbon and nitrogen, the solid substrate also provides physical
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support to the growing microorganisms (Rodriguez, 2008; Marzo et al., 2019).
The selection of substrate also depends on the water holding capacity of the
fermented substrate to maintain the moisture content (Liith and Eiben, 2003).
Furthermore, to replicate the typical SSF conditions, defined media and various
inert carriers such as vermiculite, perlite, polyurethane foam, polystyrene, etc.
can be employed. A few advantages of using inert carriers include enhance-
ment in the homogenous aerobic conditions, better water activity control,
improved mass and heat transfer control, better temperature control, and easy
product recovery (Xu et al., 2011; Ganaie et al., 2017; Subbalaxmi and Murty,
2016; Rudakiya, 2019).

The moisture content is one of the major attributes in SSF. The water
activity (@, )—water requirement of microbes for their microbial activity—
determines the amount of free water available in the substrate and the type
of microorganism suitable for an SSF process. The a  value for bacteria,
yeast, and filamentous fungi is 0.9, 0.8, and 0.6-0.7, respectively (Ahmad
and Munaim, 2019). Microorganisms, capable of growing at lower values
of a , are more suitable for SSF process (Valta et al., 2019). The moisture
content of the microorganisms plays a crucial role whether its bacteria or
fungi, both requires different moisture content. In case of fungi, it requires
low moisture content of about 40-60%, whereas in bacteria, it requires high
moisture content of 60—85%. The ideal moisture content in an SSF requires
appropriate nutrient level, oxygen and carbon dioxide dispersion during the
fermentation process. If there is high moisture content, it will reduce the
permeability and deformity in particles structure and create obstruction in
oxygen dispersal. On the other hand, low moisture content could restrain the
solubility of nutrient affecting the growth of microorganism (Darabzadeh et
al., 2019). If there is increase in temperature, the growth of microorganism
also increases but sometimes increase in temperature will have negative
impact on the growth of microorganism. In certain cases, rise in temperature
leads to increase in yield production of an enzyme (Sala et al., 2019). It
is very difficult to measure and maintain pH in SSF because of very low
water content and absence of other methods for pH measurement (Behera
and Ray, 2016). Usually, microbes growing over a wide range of pH are
recommended in SSF.

The microbial activity generates a lot of heat that gets accumulated in
the system leading to the problem of increase in temperature, and it becomes
difficult to handle the process (Liith and Eiben, 2003). The heat generated
during the process should be removed to avoid overheating that hinders the
growth of microorganisms and affects the formation of products (Pandey et
al., 2001). In large-scale systems, overheating processes leads to great loss in
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the moisture content that can be neutralized by blowing air inside the system
and to release the excess heat through gas outlets (Castro et al., 2015).
Adequate supply of oxygen and lower carbon dioxide levels are required
for efficient SSF process. This can be done by proper aeration of the system.
The quality of air and its flow rate are important points to be considered. The
temperature and moisture gradients of the solid substrate are controlled by
the rate of acration (Umsza-Guez et al., 2011; Garcia-Galindo et al., 2019).
The surface-area-to-volume ratio of the solid substrate is affected by the
particle size (Chakraborty et al., 2019). Suitable particle size is observed
as important parameter for mycelial growth, porosity, size of voids between
particles and the oxygen and nutrient requirements (Reisman, 2019; Holker
et al., 2004; Pessoa et al., 2019).

C. Mechanical factors

The agitation has the same function as that of aeration. It might also improve
the homogeneity of the process (Nava et al., 2011; von Meien et al., 2004;
Huanes, 2019). Another positive aspect of agitation is the even distribution
of airflow. However, it has some negative aspects as well. The shear forces
due to continuous agitation can destroy the cells as in the case of filamentous
fungi (Manan and Webb, 2018; Suryanarayan, 2003). Therefore, slower or
intermittent agitation is employed to avoid any serious damage.

13.6 PARAMETERS INVOLVED IN THE FERMENTATION PROCESS

There are certain parameters required for the optimization of the SSF process
at a large-scale level listed below:

1. pH: The range of pH varies from 5 to 7 in the broth culture for the
study of various pH levels to optimize the effect of pH. The pH in the
media was maintained by adding 0.1 N HCI or 0.1 N NaOH. Steril-
ization was done at 121°C at 15 psi for 20 minutes. The inoculation
of the culture was done with the 5—7 days old strain of culture. The
biomass production of the fungal culture was estimated as the dry
weight.

2. Basal media: For the large-scale production, Potato Dextrose Broth
is used as basal media. The medium is sterilized and inoculated
with 5-7 days old culture and kept at room temperature. The fungal
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production treated as a biomass and the by-product is taken out after
2 days by separating it from the media with filter paper, pretreated
and washed out with water. It is further dried in an oven at 550°C,
and the dry weight is calculated out for biomass. The liquid-liquid
extraction is done by ethyl acetate and the separation of the extract
is done by separating funnel and dried. The metabolite production is
calculated out from the extract.

3. Culture media: For the applicable growth of media, the strain culture
was added in various types of media like Czapek Dox Broth, Potato
Dextrose Broth, Nutrient Broth, Tryptic Soya Broth, and Sabouraud
Broth. The inoculation with the strain culture was done with 5-7
days old culture and kept at room temperature. The biomass produc-
tion and the secondary metabolite production were estimated by its
dry weight. The bioactive compound was measured by densitometry
thin layer chromatography.

4. Carbon source: To analyze the carbon source of endophytes, addi-
tion of 1% of starch, glucose, fructose, maltose, sucrose in the media.
Every flask has different carbon source with an inoculation of 5-7
days old culture. The biomass production and secondary metabolite
production were estimated as the dry weight. The bioactive compound
was measured by densitometry thin layer chromatography.

5. Nitrogen source: To analyze the nitrogen source of endophytes, 1%
peptone, ammonium chloride, sodium nitrate, and beef and yeast
extract are added in the media. Every flask has different nitrogen
source with an inoculation of 5-7 days old culture. The biomass
production and secondary metabolite production were estimated as
the dry weight. The bioactive compound was measured by densitom-
etry thin layer chromatography.

6. Sodium chloride concentration: To analyze the outcome of salinity
on the growth of secondary metabolite and production of culture
strain with different concentrations of about 3—7 g/L with respect to
other parameters. The fungal and secondary metabolite production
is calculated by its dry weight, and the bioactive compound was
measured by densitometry thin layer chromatography.

7. Incubation temperature: To analyze the appropriate temperature for
the growth and production of secondary metabolite, the temperature
should lie between 25°C and 30°C and room temperature is chosen
for the basal media. The sterilization is done at 121°C at 15 psi for
20 minutes, and inoculation is done with culture strain within the



278 Endophyte Biology

required temperature. The fungal and secondary metabolite produc-
tion was estimated by its dry weight. The bioactive compound was
measured by densitometry thin layer chromatography.

13.7 APPLICATIONS OF SSF

The isolation and screening of microorganisms are the important steps for
the scaling up of the secondary metabolites. The isolation of the bioactive
metabolites is processed by chemical processes that involve use of organic
solvents such as ethyl acetate, methanol, etc. The metabolites are extracted
out from the liquid growth culture of microorganisms. There are certain
parameters that enhance the growth of microorganisms that include nitrogen
source, carbon source, nutrients, and pH. SSF is more favored as compared
to the SmF due to high production rate, high yield, quality of the product,
operation rate is lower as cheap materials can be utilized as substrates. It
is a cost-effective process as it involves less amount of water usage, which
helps in the reduction of size of bioreactor, downstream processing, less
involvement of stirring, and decreased cost for sterilization (Chakravarty
and Gaur, 2018).

There are different types of microorganisms used in the SSF, which
include bacteria, fungi, and yeasts. The common genera of yeasts that are
found in the SSF process are Candida and Saccharomyces, whereas for the
genera of fungi are Penicillium, Rhizopus, and Penicillium, which can be
used to extract out bioactive compounds (Table 13.1). The familiar genera
of bacteria used are Streptomyces and Bacillus (Table 13.2). There are many
reports on filamentous fungi used in the SSF for the production of heat sensi-
tive enzymes at an industrial-scale level. The selection of the plant material
from which the microorganisms are isolated and used as a substrate plays
an important role in the production of the desired product (Abu Yazid et al.,
2017). The various applications of the SSF process are as follows.

* Production of enzymes: Bacteria, yeasts, and fungi are most
commonly used for the enzyme production, and the environment is
also suitable for their production in the SSF. Cellulase production
can be done from T reesei, Thermoascus aurantiacus, A. niger,
Penicillium sp., Trichoderma viride, Candida tropicalis, Trametes
hirsute, Aspergillus fumigatus, Trichoderma harzianum, Trichoderma
asperellum, Phanerochaete chrysosporium, Aspergillus nidulans.
Amylase production can be done from Bacillus sp., Thermomyces
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sp., A. fumigatus, and Bacillus subtilis. Protease production can be
done from A. niger, Pseudomonas aeruginosa, Aspergillus awamori,
Aspergillus oryzae, Bacillus sp., A. fumigatuss, Bacillus cereus, C.
tropicalis, Thermus sp., Thermoactinomyces sp. Lipase produc-
tion can be done from P. aeruginosa, A. niger. Many other types of
enzymes can be produced from the microorganisms such as xylanase,
laccase, inulinase, and keratinase.

* Production of detergents: Microorganisms are the sources that are
able to produce detergents such as surfactin, sophorolipids, pepti-
dolipids, thamnolipids act as bioactive compounds. Pleurotus djamor
can produce surfactin and rhamnolipids, many other like Bacillus
amyloliquefaciens, B. subtilis can be utilized for the surfactin produc-
tion. P. aeruginosa used for the thamnolipids production.

* Production of biopesticides: SSF process is more apt for the biopes-
ticide production as the spores are resistant and stable in stress condi-
tions. Commonly fungi and bacteria are used such as Coniothyrium
minitans against the parasite, Sclerotinia sclerotiorum, Beauveria
bassiana against larvae of Musca domestica.

* Production of bioethanol: Yeast and fungi are commonly used for
the bioethanol production such as Saccharomyces cerevisiae, A.
niger, Aspergillus variabilis, T. reesei, Clostridium phytofermentans,
and Zymomonas mobilis (Abu Yazid et al., 2017) (Fig. 13.3).

13.8 CONCLUSION

Based on the recent studies, SSF has shown remarkable advancement for
resolving various issues related to biotechnological applications. It has
been observed that various approaches are implied for the accurate effect
of fermenters including bioreactor modeling and designs, automated and
upgraded controlling systems, physical and chemical parameters, etc.
Moreover, it is also revealed that there are various factors that need to be
taken into account such as aeration, oxygen transfer, agitation, temperature,
moisture content, and humidity for the stable and cost-effective outcome of
the processes. Therefore, for the large-scale production of important biomol-
ecules various optimization parameters are required to be maintained for
desired product formation such as pH, temperature, nitrogen source, carbon
source, media composition, agitation speed, incubation time, etc. It is also
observed that the SSF is preferred over SmF because of its low capital cost,
less water requirement, small size of fermenters, low cost of horticultural
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and industrial residual matter, less mixing. To conclude, SSF is suggested to
be the best and most feasible strategy for the scale-up of bioactive secondary
metabolites that are generated from microbial sources.
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ABSTRACT

Orchids depend on mycorrhizal fungi for nutrition, especially during early
developmental stages. Some orchid species are specific in their interactions,
while others have a variety of fungal associations. Orchid mycorrhiza belongs
to at least five major taxonomic groups such as Glomeromycota, Basidiomy-
cota, Ascomycota, Agaricomycetes and Sordariomycetes fungi. The terrestrial
orchids are more dependent on orchid mycorrhizal fungi (OMF) interactions
for the nutritional requirement in comparison to epiphytic orchids because
their protocorms become photosynthetic at early life stages. Various omics
approaches are employed to understand the complexity of OMF interaction,
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which indicate that fungus augments orchid development through regula-
tion of various transcription factors (DMI, NSP, WRKY, GRAS, SWEET,
CCaMK, ENODL, TPP etc.), involved in plant growth and development. In
addition to this, tissue culture studies involving symbiotic seed germination
and further development in the presence of the specific mycorrhizal partner,
promotes seed germination and robustness of the seedlings. The studies on
orchid mycorrhizal associations provide a conceptual framework to under-
stand the mechanisms of selection of fungal partner, establishment of the
symbiotic association, nutritional aspects, and ecological adaptations. The
present chapter provides an outline on possible physiological, molecular and
ecological approaches involved in the study of OMF interactions.

14.1 INTRODUCTION

It is believed that almost all land plants are, to some extent, engaged in
symbiotic relationships with mycorrhizal fungi (Dickie et al., 2015). These
mutually beneficial interactions act as important drivers of global plant
biogeographical patterns (Delavaux et al., 2019). The interactions are
constantly evolving where the mycorrhizal fungi have gradually widened
their biotrophic capabilities to take advantage of their hosts for food and
protection while the hosts have developed strategies to accommodate the
fungal associates (Genre et al., 2020). Such relationship is quite crucial in
Orchidaceae, where right from the germination of seed to the establishment
seedlings, all the processes are positively correlated with successful mycor-
rhizal associations under natural conditions.

Orchids are well known worldwide for their unique and long-lasting
flowers, and immense therapeutic properties. Presently, there are more than
28,000 species recorded across the globe (Govaerts et al., 2020). Opting
chiefly for an epiphytic life mode, and the presence of velamen tissue in
roots, and labellum (lip), gynostegium (column), and compound pollens in
flowers, are some of the important characteristic features, which make them
different from other plants. They represent the pinnacle of plant evolution
but still depend upon suitable fungi and pollinators to complete their life
cycle. Orchid seeds are the smallest in plant kingdom and are produced in
large numbers. These seeds lack necessary nutritional reserves to sustain
its own germination, and this inability forms the basis of various orchid—
mycorrhizal interactions (Rasmussen and Rasmussen, 2009). The fungus aids
in germination of these microscopic, nonendospermic seeds by providing
the requisite nutrients. This association is so important that the abundance
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and distribution of mycorrhizal fungi act as a key factor affecting orchid
population dynamics (McCormick et al., 2019). According to McCormick
and Jacquemyn (2014), orchid mycorrhizal fungi (OMF) not only drive the
local abundance and dynamics of individual orchid populations but also
influence the coexistence and the regional distribution of various orchid
species.

Association of fungi with orchid roots was first observed by Reissek
(1847), and Frank (1885) proposed the term mycorrhiza, for this association.
Wabhrlich (1886) and Janse (1897) later confirmed the occurrence of mycor-
rhizal fungi in orchids. Further research carried out by Bernard (1903, 1904)
and Burgeff (1936, 1943, 1959) demonstrated that orchid seeds cannot
germinate without these fungal association. Orchids remain associated with
fungal mycelia at least at some stage of their life cycle, but the requirement is
critical during the early stages of their development when ambient nutritional
resources are scarce (Harley, 1963; Jacquemyn et al., 2012).

14.2 MYCORRHIZAL ASSOCIATION VARIES WITH ORCHID LIFE
MODE

Myecorrhizal association is more prominent in terrestrial orchids (Rasmussen,
1995; Sathiyadash et al., 2020; Phillips et al., 2020) as the mycorrhizae aid in
survival of ground growing taxa under comparatively harsher conditions by
making them better adapted to their habitats (Burgeff, 1959; Rasmussen, 1995;
Swarts and Dixon, 2009; Smith et al., 2010). The leafless mycoheterotrophs,
which prefer to grow in moist and humus-rich habitats, possess comparatively
stronger mycorrhizal obligation, which is usually lifelong (Vij and Sharma,
1983; McKendrick et al., 2000; Smith and Read, 2008; Martos et al., 2009;
Merckx, 2013). Such orchids involve a wider variety of mycorrhizal fungi
belonging to Glomeromycota, Basidiomycota, and Ascomycota, as well
as some saprobic taxa of Agaricomycetes (like Hydropus, Gymnopus,
Marasmiellus) and Sordariomycetes fungi (like Clonostachys, Resinicium),
and also exhibit higher degree of specificity with respect to their association
(Furman and Trappe, 1971; Richardson et al., 1993; Taylor and Bruns, 1997;
McKendrick et al., 2000; Taylor et al., 2002; Tsujita et al., 2009; Dearnaley
et al., 2012). According to Merckx (2013), the retention of an entirely
mycoheterotrophic state, where the plant remains totally dependent on the
fungus even at maturity, has also evolved sporadically across Orchidaceae.
Interestingly, under certain circumstances, the orchid seedlings also get carbon
nutrition via ectomycorrhizal fungi which connect them with the roots of some
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neighboring autotrophic plants (Zelmer and Currah, 1995; Taylor and Burns,
1997; McKendrick et al., 2000; Selosse and Roy, 2009; Rasmussen et al.,
2015) thereby making them behave as epiparasites (exploitative association)
on the later (Taylor and Burns, 1997; Cullings et al., 1996; Bidartondo and
Bruns, 2001; Ogura-Tsujita et al., 2009).

In epiphytic orchids, on the other hand, the mycorrhizal dependency is
rather less as their protocorms become photosynthetic at early life stages
(Hadley, 1982; Vij and Sharma, 1983; Arditti, 1992; Dearnaley, 2007;
Manoharachary and Tilak, 2015). These orchids can partially meet their
mineral nutrition from dust, organic debris, and stemflow along the host
bark (Arditti, 1992; Zettler et al., 2011; Rasmussen et al., 2015) and, there-
fore, generally have facultative mycorrhizal associations (Goh et al., 1992;
Richardson et al., 1993; Rasmussen, 2002; Benzing, 2004; Motomura et al.,
2008; Zotz and Winkler, 2013). Comparatively lesser occurrence of pelotons
in many adult epiphytic orchids has led some researchers to question their
importance for plant nutrition, especially during their adulthood (Bayman et
al., 2002). According to Rasmussen et al. (2015) and Phillips et al. (2020),
our understanding about the mycorrhizal ecology of tropical epiphytic and
lithophytic orchids is quite limited. Interestingly, habitat-driven mycor-
rhizal associations have also been indicated by Oja et al. (2015) and Ruibal
et al. (2017) while investigating Neottia ovata and Chiloglottis populations
growing in varied substrates and locations.

14.3 ORCHID MYCORRHIZAL FUNGI (OMF) HELP THE HOST IN
MANIFOLD WAYS

Lack of chlorophyll and failure to utilize the available nutrient reserves make
orchid seeds completely dependent upon their fungal associates for nutrition
(Rasmussen and Rasmussen, 2009). OMF augment carbohydrate nutrition
by breaking down the complex organic compounds in the soil/ substrate and
facilitates their subsequent release in the orchid host (Rasmussen, 1995; Smith
and Read, 1997; Dearnaley, 2007; Mehra et al., 2016). This includes carbon
(Smith, 1967; Alexander and Hadley, 1985; Trudell et al., 2003; Cameron et
al., 2006, 2008; Bougoure et al., 2010; Rasmussen et al., 2015; Mehra et al.,
2016), phosphorus (Alexander et al., 1984; Smith and Read, 1997; Cameron
et al., 2007; Nurfadilah et al., 2013; Zhao et al., 2014), nitrogen (Burgeft,
1936; Barrosso et al., 1986; Rasmussen, 1995; Smith and Read, 1997; Trudell
et al., 2003; Cameron et al., 2006; Bougoure et al., 2010; Nurfadilah et al.,
2013; Ding et al., 2014; Zhao et al., 2014; Rasmussen et al., 2015), water
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(Yoder et al., 2000; Rasmussen and Whingham, 2002; Chang, 2007; Ding
et al., 2014), and vitamins (Harvais and Pekkala, 1975; Barroso et al., 1986;
Rasmussen, 1995; Rasmussen, 2002; Selosse, 2014). This supplementation
is mainly facilitated by lysis of the fungal hyphae that form pelotons inside
host tissue (Fochi et al., 2017; Phillips et al., 2020). Vitamins produced by
the mycorrhizal fungus are reported to augment not only seed germination
but also subsequent seedling growth (Burgeff, 1959; Hadley and Ong, 1978;
Arditti et al., 1990; Rasmussen and Rasmussen, 2009) and aid in breaking
down of pectin, cellulose, lignin, and metal phosphates (Perombelon and
Hadley, 1965; Hadley, 1969; Jacobs et al., 2002; Nurfadilah et al., 2013;
Manoharachary and Tilak, 2015). According to Gebauer et al. (2016), some
photosynthetic orchids remain partial mycoheterotrophs and retain an ability
to acquire nutrition from fungal partner even during adulthood. It is also
worth mentioning that the endophytic fungi, which generally live peacefully
within the hosts, may also behave as facultative pathogen under certain
circumstances (Aly et al., 2010).

The fungal partner associated with any orchid also thrives in a hetero-
trophic mode. There are evidences to support that orchids may contribute
carbon to the fungal associate (Cameron et al., 2006, 2008; Ogura-Tsujita
et al., 2009; Nurfadilah et al., 2013; Liebel et al., 2015; Fochi et al., 2017;
Phillips et al., 2020). The orchid mycorrhizaec (OM) represent unusual
symbioses; it is believed that during initial colonization process in the
young, nonphotosynthetic orchid host, the fungus provides both organic and
inorganic nutrition to the plant but receive nothing in return. However, it has
been observed in some adult photosynthetic terrestrial orchids that there is
some export of sugars from plants to the fungus also (Cameron et al., 2006),
suggesting thereby that association is symbiotic. OMF are therefore thought
to represent a true mutualism in both the early and mature stages of plant
growth and development. However, the carbon dependence of fungus on
orchid is not obligatory and it can grow independently and is not necessarily
codistributed with the orchid host (Phillips et al., 2020).

14.4 HOST PREFERENCES OF THE MYCORRHIZAL FUNGUS

According to Sathiyadash et al. (2020), there are enough evidences to believe
that OMF are not host-specific, but there are also indications to suggest a
possible existence of a specific physiological compatibility in orchid—fungal
relationship. This specificity is also augmented with reports on better seed
germination when inoculated with mycorrhizal fungal isolated from the
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parent plant or from individuals belonging to the same species (Bernard,
1904; Burgeft, 1936; Clements, 1988; Smreciu and Currah, 1989; Masuhara
and Katsuya, 1994; Phillips etal., 2011; Zhao et al., 2014; Herreraetal., 2016;
Bhatti et al., 2016, 2017). On the other hand, there are reports suggesting that
the fungal requirement is not very much specific and the seeds are capable of
germination with fungi isolated even from other orchid species (Arditti et al.,
1990; Johnson, 1994; Rasmussen, 2002; Taylor et al., 2002; Vij et al., 2002;
Shefterson et al., 2007; Dearnaley, 2007; Roche et al., 2010; Salifah et al.,
2011; Zi et al., 2014; Rasmussen et al., 2015).

14.5 ESTABLISHMENT OF MYCORRHIZAL ASSOCIATION

Orchid seeds are penetrated by the fungus through their general surface,
embryonic rhizoids or from the micropylar end (Rasmussen, 2002; Sazak
and Ozdener, 2006; Salifah et al., 2011; Hossain et al., 2013a; Chen et al.,
2014; Kohler et al., 2015; Bhatti et al., 2016). In the case of seedlings, the
fungal penetration may be through root hairs (Burgeft, 1936; Peterson and
Farquhar, 1994; Senthilkumar, 2001; Muthukumar et al., 2011; Sathiyadash
et al., 2012), or directly through root epiblema cells (Burges, 1939), or even
through both of these structures (Vij and Sharma, 1983; Vij et al., 1985;
Kaliamoorthy, 2007; Sathiyadash et al., 2012; Eswaranpillai et al., 2015).
After initial penetration, the fungus usually reaches the cortical region
through thin-walled passage cells of exodermis (Esnault et al., 1994) where
it forms pelotons, intracellular coils, or hyphal aggregates (Peterson and
Farquhar, 1994; Balachandar et al., 2019). Cortical cells, therefore, represent
the sites of fungal digestion (Vij and Sharma, 1983). Disappearance of starch
grains during fungal digestion and their reappearance immediately after the
completion of process has been reported in this root zone (Rasmussen, 1995;
Sathiyadash et al., 2012; Manoharachary and Tilak, 2015). The digestion
process is triggered by the release of enzymes (peroxidases and phospha-
tases) resulting from increased ionic concentration of the cell sap, or due
to the presence of some fungistatic compounds (Vij and Sharma, 1983;
Kumar and Krishnamurthy, 1999), and is completed in a controlled manner
(Rasmussen and Whingham, 2002). The formation and digestion of pelotons
occurs throughout the year. Such a type of repeated cycles of peloton forma-
tion and digestion represents tolypophagus type of fungal digestion (Burgeff,
1959; Hadley, 1982; Rasmussen and Whingham, 2002; Sathiyadash et al.,
2012). Rasmussen (1995) observed another kind of digestion (phytophagous)
in mycoheterotrophic orchids where the hyphal tips get lysed immediately
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while entering the cortical cells of the host. This facilitates the release of
hyphal cell contents, including soluble carbohydrates, essential ions, and
water into the host cells (Smith, 1966; Alexander et al., 1984; Alexander and
Hadley, 1985; Manoharachary and Tilak, 2015; Mehra et al., 2016).

It has been reported that roots experience maximum colonization by the
fungus, but the fungus is also found associated with protocorms (Hayakawa
et al., 1999; Zettler et al., 2005; Zi et al., 2014; Khamchatra et al., 2016),
rhizomes (Harley, 1959; Yagame et al., 2008; Sudheep and Sridhar, 2012),
tubers, corms, pseudobulbs (Harley, 1959; Rasmussen, 2002; Kaliamoorthy,
2007; Tondello et al., 2012), and even leaves (Arnold and Lutzoni, 2007).
Moreover, the degree of fungal spread in root cortical cells varies with
respect to habit, habitat, and life cycle stages of orchids as well as season of
the year (Arditti, 1992; Goh et al., 1992; Rasmussen, 2002; Cameron et al.,
2006, 2008; Bertolini et al., 2014).

Orchids are known to form mycorrhizal associations with phylogeneti-
cally and ecologically diverse fungi. They mainly belong to Basidiomycetes
(Ceratobasidium, Ceratorhiza, Epulorhiza, Mycena, Rhizoctonia, Sebacina,
Thanatephorus, Tulasnella, etc.) and Ascomycetes (Alternaria, Bionectria,
Cladosporium, Cochliobolus, Fusarium, Trichoderma, Xylaria, etc.) (Warcup
and Talbot, 1966; Williams, 1985; Rasmussen, 2002; Chen et al., 2011;
Hossainetal., 2013a,b; Maetal., 2015; Bhatti et al., 2016; Ruibal etal., 2017).
Rhizoctonia-like fungi (Ceratobasidiaceae, Tulasnellaceae) are quite common
both in epiphytic and ground growing orchids (Zettler et al., 2011). Species
belonging to genera Armillaria, Corticium, Fomes, Hypochnus, Marasmius,
and Xerotus have also been reported to develop mycorrhizal associations with
orchids (Currah and Sherburne, 1992).

14.6 ISOLATION AND CHARACTERIZATION OF MYCORRHIZAL
FUNGUS

Scientists have generally employed root sections of varied thickness (up to
2.0 cm) for isolating mycorrhizal fungi in orchids (Bernard, 1903; Curtis,
1939; Sazak and Ozdener, 2006; Siddiquee et al., 2010; Hossain et al.,
2013b; Ding et al., 2014; Zhao et al., 2014; Ma et al., 2015; Bhatti et al.,
2016). However, a few root cortical cells having fungal colonization or
even a single peloton have also been used for this purpose (Currah et al.,
1987; Kristiansen et al., 2001; Athipunyakom et al., 2004; Chen et al., 2011;
Khamchatra et al., 2016). Root sections/pelotons are cultured on different
artificial media such as potato dextrose agar (PDA), cornmeal agar (CMA),
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oatmeal agar (OMA), and water agar under in vitro conditions (Currah et
al., 1987; Ding et al., 2014; Zhao et al., 2014). Recently, Zettler and Corey
(2018) summarized various methods to isolate and identify peloton-forming
fungi in the Rhizoctonia complex.

The identification of mycorrhizal fungi has always been challenging
because many species lack distinguishing morphological characters. This
problem is even more acute in the case of many OMF that mostly belong
to the phylum Basidiomycota. Earlier, the isolated fungi were studied using
morphological characteristics only (Warcup and Talbot, 1967; Rasmussen,
1995; Hossain et al., 2013a; Ding et al., 2014; Zhao et al., 2014; Ma et al.,
2015). But the rapid advancement of various biotechnological tools has helped
overcoming the bottlenecks associated with the traditional identification
methods; it is now largely done by using modern molecular techniques
(Taylor and Bruns, 1997; Kristiansen et al., 2001; Shefferson et al., 2007;
Tao et al., 2008; Sawmya et al., 2013; Ding et al., 2014; Zhao et al., 2014;
Ma et al., 2015; Sathiyadash et al., 2020). Sequencing the internal transcribed
spacer (ITS) regions of ribosomal RNA gene is one of such methods which
has proved useful in delimiting even various strains belonging to same species
(Taylor and Burns, 1997; Kristiansen et al., 2001; Rasmussen, 2002; Ding et
al., 2014; Pereira et al., 2015a,b).

14.7 MOLECULAR BASIS OF ORCHID MYCORRHIZAL ASSOCIATION

The mycorrhizal fungi provide carbohydrates and other nutrients until hetero-
trophic protocorms (nonphotosynthetic) develop into photosynthetic seedlings
(Dearnaley et al., 2016). The above strategy is termed mycoheterotrophy or OM
(Suetsugu et al., 2017). These are different from the arbuscular mycorrhizae
(AM) in the mechanism of nutrient exchange. In AM, the carbon exchange is
unidirectional, while in OM, there is bidirectional flow of carbon between plants
and fungus and flow of nitrogen or phosphorus from fungus to plants. The fungus
stimulates orchid development through upregulation of cell cycle proteins,
purine recycling, ribosome biogenesis, energy metabolism, and secretion in
the plant (Valadares et al., 2014). Earlier studies for determination of the fungal
symbionts mainly involved morphological identification and analysis of in vitro
isolated strains. The molecular mechanism of OM is the least understood among
mycorrhizal symbiotic associations (Zhao et al., 2014). Since the pioneering
works by Bernard (1899), a number of researches for understanding the diversity
and specificity of OMF have been undertaken but the expression and interaction
of genes during the orchid mycorrhizal associations remains unclear.
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In order to understand the dynamics of gene expression in OM relation-
ships, genomic, transcriptomic, and proteomic studies have been done to
unravel the key molecular events during the plant—fungus interactions (Li
et al., 2012; Perotto et al., 2014; Valadares et al., 2014; Zhao et al., 2014).
During this exploration of the molecular basis of the symbiotic association in
orchids, a number of genes have been reported to be involved in the percep-
tion and transduction of microbial signals during root colonization and
nutrient exchange. These genes have been referred to as common symbiosis
genes (CSGs). Some of the common CSG genes reported in orchids are
nodulin-like genes, calcium-dependent protein kinase (CDPKs) genes,
GRAS family transcription factor NSPI, auxin efflux facilitator gene, PINI
and SWEET gene family (sugar transporters) (Zhao et al., 2013; Perotto et al.,
2014; Suetsugu et al., 2017; Miura et al., 2018). In a terrestrial orchid Bletilla
striata, the highest expression of CSGs genes is reported in root cells (Miura
et al., 2018). In this study, the role of a calcium- and calmodulin-dependent
protein kinase gene (BsCCaMK) in AM symbiosis has been studied by
cross-complementation assay with Lotus japonicas ccamk-3 mutant with
BsCCaMK and indicates its role in calcium mediated signaling during
orchid—fungal interactions. The CCaMK gene is very important gene and
plays a vital role in actinorhizal symbiosis and is also studied in Oryza sativa,
where it rescued defective nodulation phenotype of ccamk mutant, which
lead to the formation of a mature nodule (Banba et al., 2008). The calcium-
and calmodulin-dependent protein kinase (CCaMK) gene is the member
of family of serine/threonine kinases and responds to many environmental
stresses and is rapidly activated upon exposure to biotic and abiotic stresses.
It has been reported in Oncidium sphacelatum that calcium signaling is the
heart of OM symbiosis signal transduction and leads to the accumulation of
differential proteins such as calmodulin (a core component of the calcium
signal transduction pathway) and inositol-5-phophatase (involved in IP3
hydrolysis) (Chen et al., 2008; Yang and Poovaiah, 2003; Valadares et al.,
2014). Calcium-dependent protein kinases (CDPKs) comprise a large gene
family as reported in Arabidopsis and rice (Harmon et al., 2001; Asano et al.,
2005). In orchids, two CDPK genes, CDPKI and CDPK32 were identified
in symbiotically germinated Dendrobium officinale seeds using suppression
subtractive hybridization (SSH) cDNA library and were predicted to have an
important role in D. officinale—Sebacina sp. symbiotic association. Simi-
larly, two homologues of CDPK genes were found to be upregulated in roots
during Ca?* spiking in the nucleus and perinuclear region upon cocultivation
with different mycorrhizal fungi in Cymbidium hybridum (Zhao et al., 2014).
CDPK]1 has also been predicted to be transcriptionally activated in response
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to low temperature, wounding, and pathogen infection in Phalaenopsis
amabilis (Tsai et al., 2007). Similarly, CDPKI gene has also been identified
from D. officinale roots infected by an OM fungus, Mycena sp. and reported
to be accumulated in roots after one month of fungal infection indicating the
role of this gene in symbiosis between D. officinale and Mycena sp. (Zhang
et al., 2012). In Gastrodia elata, the highest expression of genes responsible
for the expression of pathogenesis-/wound-related proteins, peroxidases, and
serine/threonine-protein kinases is reported in late-stage protocorms, which
signifies that these genes have a role in fungal colonization that triggers the
defense responses (He et al., 2017; Zeng et al., 2018).

Another important pathogen-responsive gene family is WRKY. In D.
officinale, DoWRKY genes were reported to be involved in multiple biological
mechanisms, out of which many DoWRKY genes were differentially
expressed between symbiotic- and asymbiotic-germinated seeds indicating
that DoWRKYs might be involved in promoting in vitro symbiotic germination
of seeds with Tulasnella-like fungi (Wang et al., 2018). In Arabidopsis
thaliana, a WRKY gene has been reported to induce a response to pathogen
infection (Zheng et al., 2006). WRKY gene family is one of the largest family
of transcriptional regulators in plants, with two WRKY conserved domains
with N-terminus WRKYGQK motif and the C-terminus zinc-binding motif
(Wang et al., 2018).

The nodulin-like factors belonging to the Phycocyanin (PC) protein
family are the ancient plant blue copper-binding proteins (BCPs) and show.
binding with single-type I copper atoms and acts as an electron transporters.
Phytocyanin (PC) genes have been reported in 4. thaliana, O. sativa, and
Brassica rapa (Mashiguchi et al., 2009; Ma et al., 2011; Li et al., 2013),
This family is divided into four subfamilies, uclacyanins, stellacyanins,
plantacyanins, and early nodulin-like proteins (ENODLs) (Mashiguchi et al.,
2004). In Phalaenopsis equestris, PC gene family has been reported to have
a role in orchid—mycorrhizal associations (Xu et al., 2017).

Studies have also been done on developing a model system to predict
the involvement of various genes in orchid—fungi association, in Serapias
vomeracea orchid colonized by the Rhizoctonia-like fungus, Tulasnella
calospora (Balestrini et al., 2014; Perotto et al., 2014). The expression
analysis in mycorrhizal and nonmycorrhizal protocorm tissues shows that
nodulin-like protein (ENODL) containing a plastocyanin-like domain
expressed only in protocorm cells containing intracellular fungal hyphae
(Balestrini et al., 2014; Perotto et al., 2014). This study suggests that ENODL
genes play important roles not only in the nodulation process, but also in
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symbiotic development. In another study, laser microdissection method has
been applied for the identification of genes involved in AM in S. vomeracea,
to detect transcripts corresponding to fungal and plant nutrient transporters
with same functions (e.g., amino acid and ammonium transporters) and
ENODL genes in peloton-containing cells (Fochi et al., 2017).

Sugars act as vital primary metabolites, nutrients, and signal molecules
in plants during orchid—fungus interactions. An important group of genes
which are predicted to be involved in these processes are the SWEET (sugar
transporter-like proteins) genes. On the basis of phylogenetic analyses,
SWEET protein family is divided into four clades, Clades I and II include
AtSWEET1-8 which mainly act as glucose transporters (Chen et al., 2010),
Clade III consists of AtSWEET9-15 which are the sucrose and glucose
transporters, and AtSWEET16-17 is of clade IV mainly acts as sucrose,
glucose, and fructose transporters (Klemens et al., 2013; Han and Jiang,
2015). The SWEET proteins are predicted to have seven transmembrane
helices (7-TM) with two MtN3/saliva domains (Chen et al., 2012; Yuan et
al., 2014). A number of SWEET genes have been identified in D. officinale
and P. equestris (Wang et al., 2018). SvNod9 gene, which encodes a predicted
sugar transporter of the SWEET gene family, has been reported in orchid
mycorrhizal symbiosis between protocorms of S. vomeracea and the fungus
T. calospora (Perotto et al., 2014). The comparison of the transcriptomes of
Epipogium aphyllum and Neottia nidus-avis with other mycoheterotrophic
orchids indicates that these plants have highly upregulated trehalose and
trehalose-6-P phosphatases (TPP), which showed that fungi provides
trehalose to plants (Lallemand et al., 2019; Jakalski et al., 2020). Along with
this, the presence of SWEET transporter orthologues is also reported in these
mycoheterotrophic orchids. The presence of SWEET gene transporters is
also reported in achlorophyllous mutants of mixotrophic orchid Epipactis
helleborine (Jakalski et al., 2020). However, a detailed analysis of the
SWEET gene family in orchids is yet to be explored.

Another type of CSGs genes reported in mycoheterotrophic symbiosis
is the GRAS-domain transcription factor gene. The name GRAS is derived
from first three members: GIBBERELLIC-ACID INSENSITIVE (GAI),
REPRESSOR of GAI (RGA), and SCARECROW (SCR). This gene family
consist of'a various distinct domain at C-terminal region such as leucine heptad
repeat [ (LHR 1), VHIID, leucine heptad repeat II (LHR II), PFYRE and SAW
motif, out of which VHIID and PFYRE motifs are found highly conserved
and LHR motif play significant in protein—protein interactions (Tian et al.,
2004). GRAS genes have been reported from Dendrobium catenatum (Zeng
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et al., 2019). It is reported in C. Aybridum that NSP1 and NSP2 (Nodulation
signaling pathway 1) transcription factors of GRAS gene family are essential
for rhizobial infection and induction of cortical cell divisions for formation
nodule primordium (Yang and Poovaiah, 2003). The DIM?2 (Does Not Make
Infections?2) gene encodes a receptor-like kinase, which is necessary for root
endosymbiosis and consequently, activates downstream transcription regu-
lators (CDPK1, CDPK2, NSP1, and NSP2), which govern the expression
of mycorrhization genes. In C. hybridum, Ca** spiking in the nucleus and
perinuclear region of root hair cells digital analysis revealed the presence of
transcripts encoding a homologue of DMI2 nodulation receptor kinase and
one cyclic nucleotide-gated ion channel protein (Yang and Poovaiah, 2003;
Zhao et al., 2014). Many genes reported in mycoheterotrophic interaction are
related to nitrogen transport (Fochi et al., 2017) (Table 14.1).

TABLE 14.1 Genes Involved in Orchid Mycorrhizae (OM) Associations

Name of the gene Orchid species References
DM]I?2 (Does Not Make Infections2) Cymbidium hybridum Zhao et al. (2015)
NSPI1/NSP2 (Nodulation Signaling C. hybridum Zhao et al. (2015)

pathway)
WRKY
GRAS

SWEET

CCaMK (Calcium- and calmodulin-
dependent protein kinase)

ENODL(Nodulin-like protein)

TPP (Trehalose and Trehalose-6-P
phosphatase)

Dendrobium officinale
C. hybridum
Dendrobium catenatum
D. officinale
Phalaenopsis equestris
Serapias vomeracea
Epipogium aphyllum
Neottia nidus-avis
Epipactis helleborine
Bletilla striata

D. officinale

Oncidium sphacelatum
Phalaenopsis amabilis
C. hybridum

P, equestris,

S. vomeracea

E. aphyllum

N. nidus-avis

Wang et al. (2018)
Zhao et al. (2015)
Zeng et al. (2019)
Wang et al. (2018)
Perotto et al. (2014)
Jakalsk et al. (2020)

Zhang et al. (2012)
Balestrini et al. (2014)
Valadares et al. (2014)
Tsai et al. (2007)
Zhao et al. (2015)
Xuetal. (2017)
Balestrini et al. (2014)
Jakalsk et al. (2020)
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Root transcriptome analysis of partially mycoheterotrophic orchid E.
helleborine and its mutant (mycoheterotrophic/achlorophyllous) suggest
that during mycorrhizal association genes encoding glycerol 3-phosphate
acyltransferase and subtilisin are upregulated, and genes related to gibber-
ellin synthesis are downregulated (Suetsugu et al., 2017; Takeda et al.,
2015). Studies on comparative transcriptomic and proteomic of asymbiotic
or symbiotic seed germination in D. officinale show that proteins related
to “carbohydrate metabolism” and “post-translational modification” have
the highest expression at the seedling stage following the protocorm stage
and germination in the case of symbiotic seed germination (Chen et al.,
2017).

14.8 NONSYMBIOTIC FUNGAL ASSOCIATES IN ORCHIDS

A number of non—mycorrhizal endophytic fungi (i.e. Alternaria, Cercospora,
Lasiodiplodia, Phyllosticta) have also been reported from orchids (Tao et al.,
2008; Salifah et al., 2011; Pecoraro et al., 2013; Sawmya et al., 2013; Ma et
al., 2015). It is also possible that some surface contaminating (4spergillus,
Penicillium, Cladosporium, etc.) or soil dwelling fungi (7Trichoderma,
Verticillium, etc.) could had mistakenly identified as orchid mycorrhizal
endophytes (Kasmir et al., 2011; Salifah et al., 2011).

14.9 MYCORRHIZAE IN SEED GERMINATION AND CONSERVATION

Orchids are inherently slow growers. The conventional methods of their
multiplication through cuttings, divisions, kiekis, pseudobulbs, back bulbs,
tubers, etc. usually prove inadequate to meet their demand for reasons
related to their science and commerce. Therefore, propagation by means
of symbiotic and asymbiotic seed culture has emerged out as an important
technique to mass multiply them. It is now a well-established fact that the
OMF not only promote seed germination but also stimulate the growth
and development of protocorms and seedlings. The mycorrhizal fungi
have been used to induce seed germination both under natural (in situ) and
laboratory (in vitro) conditions (Rasmussen, 1995; Bhatti et al., 2016), and
they contribute to better growth and development (Dutta et al., 2014). The
orchid—mycorrhizal associations are more important in leafless orchids
like Galeola falconeri as their absence may result in shrinkage of orchid
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populations (Das and Khumbongmayu, 2006). Therefore, researches on
OMF are of notable importance not only in orchid commercialization but
also in their conservation (Dearnaley et al., 2012; Rioftrio et al., 2013).

Symbiotically raised seedlings have been reported to be better adapted
to the environmental fluctuations as compared to those produced by
asymbiotic culture (Guimaraes et al., 2013). The fungal endophytes in
such associations ensure better accessibility of orchid plants to the soil
resources and help them becoming tolerant to the environmental stresses
(Rasmussen, 1995). Seed germination, growth, and ecological fitness of
several orchids have been promoted by inoculation with a range of OMF
belonging mainly to genera Ceratobasidium, Ceratorhiza, Epulorhiza,
Mycena, Rhizoctonia, Mortierella, Scytalidium, Tulasnella, etc. (Powell
and Arditti, 1975; Hayakawa et al., 1999; Qui-Xia et al., 2014; Zhao et al.,
2014; Bhatti et al., 2016, 2017). According to Zettler and Hofer (1997) the
long-term survival of orchids depends upon their efficient association with
appropriate fungal partner for seedling recruitment and plant nutritional
support. OMF can influence the size of plant populations and the distribu-
tion of OMF is potentially a critical factor in determining the distribution
and population dynamics in orchids (McCormick et al., 2019). As the
fungal support facilitates high germination rates and yield comparatively
vigorous seedlings, it can play an important role in the rehabilitation of
threatened orchid species in their natural (Phillips et al., 2020) or natural-
like habitat.

14.10 CONCLUSIONS

The indispensability of the mycorrhizal fungus for orchid seed germi-
nation and growth has been well documented. OMF facilitate the host
in a number of ways, including supply of carbon and other nutrients.
Various advancements in the field of orchid—fungi interactions have led
to the better understanding of the evolutionary patterns and population
dynamics of the fungus as well as the host. Isolation and molecular
characterization of the fungal partner has paved way for better under-
standing of various pathways involved in mycoheterotrophy, including
carbohydrate and nitrogen metabolism and pathogen responses. The
present review elucidates this hand-in-glove relationship in the orchid
mycorrhizal associations.
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Endophyte Biology

Recent Findings from the Kashmir Himalayas

Here is a unique compilation of updated information on endophyte biology of the Kashmir Himalayas.
The book presents an introduction to and definition of endophytes, the endophytic diversity of some
important plants of the Kashmir Himalayas, bioprospection of endophytes for various drug metabolites,
sustainable agriculture, and more. This book discusses the applications of endophytes in the
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Endophyte biology, the study of microorganisms, often fungi and bacteria, which live within living plant
tissues, is an emerging discipline of science with a multitude of applications in ecology, agriculture, and
industry. Information about endophyte biology is still in its infancy in this part of the world, and this
book is an attempt to bridge the information gap on endophyte biology pertaining to the Kashmir
Himalayas.
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