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Abstract Every plant present on the earth is accompanied by internal association of
microbes generally pronounced as endophytes. Bacterial and fungal endophytic
microbes are among one of them. Their presence was noted in various niches ranging
from mountain to sea, from forest to desert, and, moreover, in cold and in hot spring,
copper mine wasteland, agronomic crops, prairie plants, deepwater rice, and grass
ecosystem. These endophytic microbes are agriculturally important because of their
various plant growth-promoting traits. They are found to inhabit the seeds, roots,
stems, and leaves and even the periderm. These endophytic microbes generally enter
the plant tissues via several “hotspots” like root system and mitigate with biotic and
abiotic stresses, help to cure human diseases by producing several secondary
metabolites, help in the induction and expression of plant immunity, exclude plant
pathogens by niche competition, as well as actively participate in phenylpropanoid
metabolism and antioxidant activities. The discoveries of novel bioactive compound
and defense activator like antifungal, antibacterial, antiviral, and antitumor com-
pounds, antibiotics, secondary metabolites, and volatile insecticides attributed to
these endophytes are utilized as therapeutic agents in the field of pharmaceutical,
medicine, agriculture, and industries. The conservation of endophytic microbes and
their gene pools is an emerging and vital issue, even though the development is

scary.
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15.1 Introduction

The plant’s intercellular or intracellular spaces harbor a huge sort of unnoticed group
of microorganisms known as endophytes. Fungal and bacterial microbes are among
one of them. De Bary conceptualized the term “endophyte” in (1866). With the
advancement of research in the field, definitions of endophytes have been modified
several times. According to Tervet and Hollis (1948), endophytes are those micro-
organisms which live inside the plant without any disease symptoms. Petrini (1991)
explained endophytes as an internal association of microorganism with plant at any
stage of its life cycle without giving any disease symptoms which are further
modified by Sikora et al. (2007) who termed this internal association of microor-
ganism with plants may be beneficial, neutral, or detrimental to its host plant. The
literature meaning of endophyte is “inside the plant,” and the microorganisms which
inhabit the inner tissue of the plant are known as endophytic microorganism
(Fig. 15.1). It may be further extended to endophytic fungus, bacteria, or actinomy-
cetes (Pandey et al. 2012, 2014, 2016). Almost all plants are the dwellers of these
indigenous microbes which can reside intercellularly or intracellularly and respon-
sible for nutrient assimilation, their processing, induction of the defense system, and
synthesis of secondary metabolites (Pandey et al. 2017).

History of exploitation of fungal and bacterial endophytes for their plentiful novel
bioactive compounds (Strobel et al. 2002; Harper et al. 2003) and their use in
agriculture (James 2000), biotechnology (Berger 2009), and pharmaceutical (Strobel
et al. 2004; Gangadevi and Muthumary 2008) is a century long. The fungal and
bacterial endophytes are reported to produce novel bioactive compounds which are
previously untapped such as insecticides (Ryan et al. 2008), antimicrobials (Liu et al.
2010a; De Melo et al. 2009; Wang et al. 2009; Bacilio-JimeAnez et al. 2001), etc.
responsible for induction of immune response and restriction of pathogen entry
inside the plant tissues (Sturz et al. 2000; Lodewyckx et al. 2002). Production of
non-food crops for biomass and biofuel production is also reported from bacterial
endophytes (Rogers et al. 2012). Fungal and bacterial endophytes have been known
to play a significant role in soil fertility, plant growth, and biocontrol activities
through various mechanisms. Stable microbial endophytic communities with
defense arsenals could able to control plant pathogens by producing antifungal
metabolites and antibiotics, de novo synthesis of structural compounds, induction
and expression of molecular-based plant immunity, exclusion of other organisms
from niche competition, or induced systemic resistance (ISR). Fungal and bacterial
endophytes are sometimes much more bioactive by inducing rapid and stronger
responses against stress in the host than the rhizospheric microbes or any other
microbes (Pandey et al. 2012). Understanding of the plant endophytes interaction
should provide a range of application.
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Fig. 15.1 Plant part showing localization of endophytic and epiphytic microbes

15.2 Evolutionary Origins and Ecological Consequences
of Fungal Endophytes

Vogl in 1898 reported the presence of an endophytic mycelium inside the grass seed
Lolium temulentum. Freeman in 1904 reported an endophytic fungus in annual grass
Persian darnel. It is found that certain microorganisms able to penetrate the plant
tissues, either with the help of cell wall-hydrolyzing enzymes like pectinase and
cellulase or certain other mechanisms, and reside inside the plant tissue and
coevolved. During the course of coevolution, they may be adapted toward the
internal milieu of the host plant by the mechanisms of cross talk (Pathak 2011).
Colonization behavior and degree of colonization of fungal endophytes are
influenced by numerous factors such as host tissue type, host genotype, the microbial
taxon type, and strain type and several biotic and abiotic environmental factors
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(Hardoim et al. 2015). Different colonization mechanisms for different classes of
fungal endophytes have been identified:

1. Clavicipitaceous endophytes have narrow host range; colonize shoot and rhi-
zome, are transmitted vertically and horizontally; and infect grasses.

2. Non-clavicipitaceous endophytes were recovered from symptomless tissues of
nonvascular plants (Bryophytes), ferns, conifers, and angiosperms and have been
distinguished based on phylogeny and life history traits. They have a wide host
range and colonize root, shoot, and rhizome. They are transmitted vertically as
well as horizontally.

3. Balansiaceous or grass endophytes grow within all aboveground plant organs of
grasses. These types of endophytes are transmitted vertically through the seeds.
They belong to the genera of clavicipitaceous which include Epichloe and
Balansia.

4. Non-balansiaceous endophytes: Most of the non-balansiaceous endophytes
belong to the Ascomycota, and their colonization pattern may be intracellular or
intercellular. Most of them belong to the genera Acremonium, Alternaria,
Cladosporium, Fusarium, Geniculosporium, Phoma, and so on (Rodriguez
et al. 2009; Tenguria et al. 2011; Hardoim et al. 2015).

15.3 Host Variability and Biodiversity of Fungal
Endophytes

Fungal endophytes form a variety of associations with their host which include
(1) symbiotic, (2) mutualistic, (3) antagonistic, and (4) slightly pathogenic. Their
associations with host plant influence ecology and evolution of both fungal endo-
phytes and host plant. A single endophyte was found to be inhabitants of different
hosts rather than in a specific host. Their distribution in the different plant tissues
affected by their ability to utilize nutritional substances which could be synthesized
in different plant part of the same host and their relationship in the different host
varies with the nature of ecological and geographical conditions. The interaction
between fungal endophytes and the host is controlled at the gene level, involving the
genes of both the partners which are inflected by the environment. The encounter of
endophyte by the host plant modulates the level and pattern of gene expression in the
host plant. The diversity of fungal endophytes has multidisciplinary effects on the
ecosystem such as the enhancement of primary productivity, retention, and flow of
nutrient and along with the development of resistance to the pathogen entry. Fungal
endophytes have been isolated from almost all plant groups ranging from palms,
grasses, sea grasses, large trees, lichens, and medicinal plants. The diversity of
fungal endophytes may vary in different plant parts with the location of host plant
in different geographic sites such as temperate or tropical. Most of the fungal
endophytes isolated belong to ascomycetes, and several may also belong to basid-
iomycetes. Endophytic fungi from aquatic, temperate, tropic, and xerophytic condi-
tions are also reported (Pandey et al. 2014).
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Endophytic fungi, Alternaria alternata, Cladosporium cladosporioides,
Chaetomium globosum, C. herbarum, Gliocladium roseum, Curvularia lunata,
Nigrospora sphaerica, and Phyllosticta spp. were reported as frequently occurring
fungi in a leaf of medicinal climber and grasses (Shankar and Shashikala 2010). A
semiarid region of Pakistan, where climatic conditions are exceedingly harsh with
low rainfall, was helpful in understanding the frequency of colonization of endo-
phytic mycoflora and species richness of medicinal plant Withania somnifera.
Among the endophytic fungal isolates, 4 isolates belong to the class Ascomycetes,
and 20 isolates belong to the class Deuteromycetes. The highest species richness was
noted from the stem, and Alternaria alternata was found to be the most dominant
endophyte. In the isolated class of fungi, Deuteromycetes were found to be the most
prevalent (Khan et al. 2010). In a survey, it was found that sapwood of Hevea
brasiliensis had greater endophytic fungal diversity in comparison to the leaves,
while their colonization frequency was more in the leaves as compared to the
sapwood (Gazis and Chaverri 2010). Endophytic fungal diversity has been investi-
gated based on its relative frequency, isolation, and colonization rates in medicinal
plants (Adhatoda vasica, Ocimum sanctum, Withania somnifera, Cannabis sativa,
and Viola odorata) of Himachal Pradesh, India, which covers 15 fungal genera and
18 species (A. clavatus, A. flavus, A. variecolor, Penicillium chrysogenum, Asper-
gillus niger, Alternaria alternata, Curvularia lunata, Haplosporidium sp., Phoma
sp., Nigrospora sp., Colletotrichum sp., Cladosporium sp., Stemphylium sp., Fusar-
ium sp., Geotrichum sp., Phomopsis sp., Trichoderma sp., and Rhizopus sp.)
(Gautam 2013). An effort was made to examine the diversity, distribution, and
phylogeny among the endophytic fungi from the different plant sources on the
basis of ITS1-5.8S-ITS2 sequence of Western Himalayas which showed diverse
taxonomic affinities among isolated fungal endophytes. In the sum of 72 endophytic
fungal strains isolated, only two belong to Basidiomycetes, whereas the rest belongs
to Ascomycetes. Alternaria spp. and Fusarium spp. consist more than half (54.2%)
of the strains isolated. Most of the genera of Alfernaria strains were reported from
Artemisia annua and Rauwolfia serpentina, whereas most of the Fusarium spp. were
reported to be inhabitants of Artemisia annua, Withania somnifera, and Platanus
orientalis. The fungal endophytes obtained from the conifers such as from Pinus
roxburghii, Cedrus deodara, and Abies pindrow harbored the most diverse endo-
phytic fungi of 13 different genera and offer significant taxonomic variants (Qadri
et al. 2013).

15.4 Evolutionary Origins and Ecological Consequences
of Bacterial Endophytes

Bacterial endophytes have been studied for more than 100 years (Anu Ranjan 2012).
The first endophytic bacterial presence within the plant tissues was reported in 1926
(Hallman et al. 1997). Their relationship may have been intended to develop during
the hundred million years ago along with the higher plants appeared on the Earth
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(Anu Ranjan 2012). The evolution of endophytic bacteria is believed to be initiated
from the symbiosis of rhizobia with leguminous plants. The interaction of rhizobia
and leguminous plants is mediated by the signal exchange between them through the
following steps: (1) curling of root hairs, (2) the appearance of infection threads, and,
finally, (3) the appearance of nodule primordia in the inner root layers. During the
course of evolution, initially the bacterial cell becomes surrounded by the plant
membrane and forms the structure called symbiosome resembling to the mycorrhizal
arbuscules, in which atmospheric nitrogen is fixed and transferred in exchange for
the carbohydrates (Hardoim et al. 2015).

The entry of bacterial endophytes into the host involves recognition and chemo-
taxis for the attachment to the root surface of the host plant in the rhizosphere
(Lugtenberg and Kamilova 2009). Type IV pili encoded by pilAB (Dorr et al. 1998),
LPS (lipopolysaccharide) (Balsanelli et al. 2010), and EPS (exopolysaccharide)
(Meneses et al. 2011) along with the various other components of bacterial surface
are thought to be of essence for the endosphere colonization. It is believed that the
endophytic bacteria in the form of several microcolonies may enter into the cells
(1) through thin-walled apical root zone, (2) from the root hair zone, and (3) from the
basal root zone of the emergence site of the lateral roots (Zachow et al. 2010) either
as active or passive penetration and sometimes a combination of both. Active
penetration takes place with the aid of cell wall-degrading enzymes (cellulolytic)
like endoglucanase which hydrolyze the exodermal cell wall of plants (hydrolysis of
B(1-4) linkage of the cellulose) (Reinhold-Hurek et al. 2006). The passive penetra-
tion takes place via cracks produced by the emergence of lateral roots in the basal
root zone (Compant et al. 2005).

Bacterial endophytes provide a defense to the host plant by colonizing the tissues
and the other parts earlier than the pathogenic microorganism. The colonization
extent of the endophytic bacteria in the host’s tissues makes them suitable for the
adaptation in a specific location (Hallman et al. 1997). They have been reported to
successively cross the endodermis and flourish in different plant parts as the endo-
phytes such as in leaves, roots, stem, tubers, etc. (Yonebayashi et al. 2014; Upreti
and Thomas 2015; Perez-Rosaleset et al. 2017; Compant et al. 2005). The strain-
dependent mechanism of O-antigen chain of bacterial lipopolysaccharides (Dekkers
et al. 1998; De Weger et al. 1989), vitamin B1, NADH dehydrogenases from the
bacteria having a high growth rate (Dekkers et al. 1998; Simons et al. 1996), and
type IV pili (Dorr et al. 1998) was found to be involved in the root colonization of the
bacterial endophytes.

Bacterial endophytes from the endodermis and the root cortex of the plants have
been employed to advocate that the bacteria from the rhizosphere are able to
penetrate and colonize the root tissues (Sturz et al. 2000). During colonization
process root cortex becomes the part of the soil-root microbial environment,
which provides an apoplastic pathway of entry of microorganism (from the root
epidermis to the shoot) (Algam et al. 2005). Secondary roots and the intercellular
space colonization were observed after the disruption of the mucilage layer with the
aid of scanning electron microscopy (Bacilio-Jimenez et al. 2001). Studies of the
bacterial endophytic colonization patterns in the vegetative tissues and effects of
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bacterial endophytes on the plant growth offer a better understanding of the biolog-
ical interaction of the plant-bacterial endophytes (Algam et al. 2005). These studies
have been performed by inoculating the endophytic bacteria into the host plants and
comparing the inhibition of disease symptoms (Hastuti et al. 2012; Kumar et al.
2015; Zhao et al. 2017). Bacterial endophytes are able to penetrate deep within the
plant and spread systemically to reach the aerial tissues and have been found to be an
efficient biological nitrogen fixer (Verma et al. 2001). According to a report, the
entry of the bacterial endophytes in the plant tissue may be accompanied (1) through
the root zone, (2) by the aerial parts of the plant, (3) through the stems, or (4) by the
cotyledons (Compant et al. 2010). They may either be localized at the point of entry
or are able to spread throughout the plant, and such isolate can live (1) in the
intercellular spaces, (2) inside cells, and up to some extent (3) in the vascular system
(Sharma et al. 2005). Autofluorescent protein (AFP) and green fluorescent proteins
(GFP) were employed to study the colonization and localization patterns of endo-
phytic bacterial microbes and plant-endophytic bacterial interaction (Ryan et al.
2008; Akbari and Akbari 2017). GFP was used for the chromosomal integration
and the expression of gfp gene in endophytic bacteria (Montalban et al. 2017) and
can be identified by the epifluorescence microscopy or confocal laser scanning
microscopy (Villacieros et al. 2003; Germaine et al. 2004). The use of the
B-glucuronidase (GUS) reporter system has been developed to monitor the bacterial
colonization within the root intercellular spaces, stele, xylem vessels, stems, and
other several parts of rice seedlings (James et al. 2002). Nitrogenase (nif) gene
expression in the rice root and the responses of rice roots toward the endophytic
bacterial colonization were reported (Miche et al. 2006). Investigation of the endo-
phytic bacterial gene expression in the rhizosphere and phyllosphere by in vivo
expression technology (IVET) and the recombination in vivo expression technology
is very useful to study and understand the essential endophytic bacterial genes used
to enter inside, to compete, to colonize, and to suppress the phytopathogens (Zhang
et al. 2006; Ryan et al. 2008).

The bacterial endophytes may be beneficial, neutral, or detrimental to its host
(Sikora et al. 2007). This association may be some time pronounced as endophytism,
and probably all plants in their life cycle may harbor bacterial endophytes (Mercado-
Blanco and Bakker 2007). They are reported to be mostly positive symbiotic to its
host (Li et al. 2012; Egamberdieva et al. 2017), in which host plants provide
nutrients for the growth and multiplication of bacterial endophytes and endophytes
pay off in the form of releasing various active and novel metabolites which are used
by the plants for its the development, regulation of physiology, and induction of
defense mechanisms (Lodewyckx et al. 2002; Li et al. 2008). It is reported that the
symbiotic relationship between the bacterial endophytes and plants can act as a
switch between mutualistic and parasitic form, where a change in a particular gene
segment may convert the endophytes into a detrimental parasitic form (Kogel et al.
2006). Hence, the bacterial endophytes from one host can obey different lifestyles in
a different host. On the basis of life strategies, Hardoim et al. (2008) have described
the endophytic bacteria in the following groups: (1) facultative bacterial endophytes,
organisms that can (optionally or without restriction) live inside plants and in other
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habitats also; (2) obligate bacterial endophytes, organisms that are (restricted) strictly
bound to life inside a plant; (3) opportunistic bacterial endophytes, organisms that
occasionally enter plants for their own needs; and (4) passenger bacterial endo-
phytes, organisms that enter the plant by chance.

15.5 Host Variability and Biodiversity of the Bacterial
Endophytes

The bacterial endophytes are found to inhabit the majority of healthy and symptom-
less plants. They are found to inhabit the seeds, roots, stems, and leaves and even the
periderm also (Johri 2006; Mastretta et al. 2009). The presence of endophytic
bacteria in the copper mine wasteland, agronomic crops and prairie plants, deepwa-
ter rice, grass ecosystem, pea cultivars in field condition, tropical grasses of the
Brachiaria genus, and prairie plants has been reported (Zinniel et al. 2002; Verma
et al. 2001; Ryan et al. 2008).These endophytic bacteria live in a variety of tissue
types, inside many plant species, and thereby suggested their ubiquitous existence.
Endophytic bacteria of a plant host are not confined to a single species, but they may
go to several genera and species (Ryan et al. 2008). A number of endophytes from
rice (Biswas et al. 2000; Ji et al. 2014; Sev et al. 2016), maize (Rosenblueth and
Martinez Romero 2004; Mousa et al. 2015; de Abreu et al. 2017; Bodhankar et al.
2017), wheat (Zinniel et al. 2002; Pan et al. 2015; Robinson et al. 2015; Herrera et al.
2016), cotton (Reva et al. 2002), sorghum (Nascimento et al. 2014; Li et al. 2016),
cacti (Puente et al. 2009), apple tree (Militit¢ and Buzaité 2011; Miliute et al. 2016),
bananas (Musa spp.) (Ngamau et al. 2012; Souza et al. 2014; Karthik et al. 2017),
Antarctic moss (Sanionia uncinata) (Park et al. 2013), chili pepper (Paul et al. 2013),
sphagnum (Shcherbakov et al. 2013), tomato (Solanum lycopersicum L.) (Romero
etal. 2014), ginger (Chen et al. 2014), Helianthus tuberosus (Montalban et al. 2017),
potato, and Arabidopsis (Hallmann et al. 2001; Sessitsch et al. 2004; Hong et al.
2015) were reported. Beneficial bacterial endophytes have been isolated from the
various plant species (Mastretta et al. 2009; Forchetti et al. 2007) along with the
different plant parts like tubers, seeds, stems, buds, roots, seedlings, root bark, and
plant tissues such as the intercellular space, the vascular tissue, and the periderm
(Fig. 15.2), which make them suitable candidate for the plant growth promotion as
they are less exposed to the external biotic and the abiotic stresses. According to an
estimate, approximately 129 kinds of the bacterial endophyte consisting of both
Gram-negative and Gram-positive species representing more than 54 genera were
already identified from the various host crops (Zhenhua et al. 2012). Endophytic
bacterial isolates from the leaves of neem (Azadirachta indica) have hydrocarbon
degradation potential (Singh and Padmavathy 2015). Endophytic bacterial strains
from the roots and crude seed extracts of a Cu-tolerant population of Agrostis
capillaris were assessed for their influence on Cu tolerance and phytoextraction
(Kolbas et al. 2015). A total of 536 bacterial and fungal endophytes from the root,
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Fig. 15.2 Sites of colonization by endophytic microbes in plant’s root

stem, and leaves of Amaranthus spinosus were recovered successfully. It was found
that the bacterial endophytes are more prominent in the root than in either stem or
leaves, whereas, fungal endophytes are more prominent in stem than in either roots
or leaves. Furthermore, Gram-negative endophytic bacteria were found to be more in
comparison to Gram-positive endophytic bacteria in total isolate isolated (Sharma
and Roy 2015). Among the 62 endophytic bacterial isolates, isolated from the leaves,
roots, and stems of a healthy Lepidium perfoliatum L. plant, a sum of 34 isolates was
isolated from the leaves, 27 were isolated from roots, and 1 isolate was isolated from
stems. Among them, 66% were similar to B. subtilis, 14% were similar to B. flexus,
6% were similar to B. licheniformis, 5% were similar to B. mojavensis, 5% were
similar to B. sonorensis, 2% were similar to B. cereus, and 2% were similar to
B. safensis (Li et al. 2017). In a study, 125 strains of bacterial endophytes were
identified based on 16S rRNA gene sequencing from the endangered traditional
medicinal plants Ferula spp. in arid regions of Xinjiang belonging to 3 different
phyla and 29 genera. Among the isolates, 3 strains isolated from the roots were
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identified as a novel species of the genera Porphyrobacter, Paracoccus, and
Amycolatopsis (Yonghong et al. 2017). A total of 133 bacterial endophytes were
isolated from the root crown, stem, and leaf tissues of 34 plants consisting of
8 different species, collected from the Oregon coast growing under harsh conditions
from 4 different sites. Among the 133 isolates, 94 are identified as unique and
represent 36 different taxonomic groups. Among the total isolates, 20.3% of the
isolates belong to Pseudomonads, 8.2% were Curtobacterium, 8.2% were
Microbacterium, 7.5% were Bacillus, and 6% were Xanthomonas (Dombrowski
et al. 2017).

15.6 Chemical Ecology of Fungal and Bacterial Endophytes

Nowadays world population is facing various health problems caused by bacteria,
virus, fungus, protozoan, and other microorganisms which could be due to the drug
resistance or parasitism, and this generates an alarming situation to the world
population for their survival. Research based on the invention of medicinal and
novel bioactive compounds from the endophytic microbes is a promising task. There
is a substantial demand for the production of new drugs, particularly antibiotics,
anticancer agents, immunomodulator compounds, and agrochemicals that are
eco-friendly and cause less or no damage to the milieu and replace the synthetic
fertilizers and pesticides (Pandey et al. 2013, 2014) (Fig. 15.3).

15.6.1 Chemical Ecology of Fungal Endophytes

A fungal endophyte produces a large number of diverse bioactive molecules which
are previously unknown. A number of bioactive compounds from the endophytic
fungus have been isolated which provides protection by producing antimicrobial
compounds like antifungal, antibacterial, and antiviral (Fig. 15.3). Researches are
mostly concentrated on the investigation and discovery of natural bioactive com-
pounds and improving the productivity by taking advantage of genetic engineering
and other measures (Pandey et al. 2014). The endophytic fungus is also reported to
produce the bioactive compound that acts as an anticancer agent (Strobel et al. 1996,
1997). Paclitaxel (Taxol) is the world’s first billion dollar anticancer drug mainly
obtained from the bark of the Pacific yew tree which is a tetracyclic diterpenoid
(Strobel et al. 1996, 1997). The Taxus trees are very rare and unable to meet the
market need. Hence, an alternative strategy should be needed to develop. The
production of Taxol (paclitaxel) by endophytic fungus, such as Phyllosticta
spinarum (Kumaran et al. 2008), Bartalinia robillardoides (Gangadevi and
Muthumary 2008), Pestalotiopsis terminaliae (Gangadevi and Muthumary 2009),
and Botryodiplodia theobromae (Pandi et al. 2010), is an attractive invention and
generated more attention in the treatment of various cancers because of its unique



15 Diversity, Ecology, and Conservation of Fungal and Bacterial Endophytes 403

R
Anticancer (Paclitaxel, Podophyllotoxin, Camptothecin);
Immunosuppressive (Subglutinol A and B); Antibiotics
(Munumbicins, Kakadumycins, Artemisinin, Coronamycin);
Antimicrobial (Asperfumin, multiplolides A and B,

ecomycins, Pseudomycins, xiamycin B)

Fig. 15.3 Overview of chemical ecology of fungal and bacterial endophytic microbes

mode of action as compared to the other anticancer agents. Podophyllotoxin has
been used as a precursor for synthesis of anticancer drug and having the antimicro-
bial and antioxidative properties which are mainly produced by the genera of an
endangered fungal species Sinopodophyllum (or Podophyllum) and Aspergillus
Sfumigatus, Fusarium oxysporum, and Phialocephala fortinii (Eyberger et al. 2006;
Kusari et al. 2008, 2009; Kour et al. 2008). Similarly, camptothecin, a pentacyclic
quinoline alkaloid, was found to be working as an antineoplastic agent and important
precursor of anticancer drugs topotecan and irinotecan (Shaanker et al. 2008), which
are reported to inhibit the intranuclear enzyme topoisomerase-I required for the DNA
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replication and transcription (Pandey et al. 2014), and is predominantly isolated from
the Camptotheca acuminate (Liu et al. 2010b). The anticancer terpenoid indole
alkaloids known as vinblastine and vincristine produced from an endophytic fungus
interfere with microtubule and mitotic spindle (Zhao et al. 2010). Pestacin
(1,3-dihydroisobenzofuran) and isopestacin (isobenzofuranone) having antioxidant
activity are obtained from an endophytic fungus P. microspora and able to scavenge
superoxide and hydroxyl free radicals (Strobel et al. 2002; Harper et al. 2003).
Immunosuppressive nontoxic bioactive compound subglutinols A and B are identi-
fied from the endophytic fungus Fusarium subglutinans and propose to have an
active role in allograft rejection in transplant (Lee et al. 1995). A number of
endophytic fungi such as Phyllosticta spp., Nodulisporium spp., and Xylaria
sp. are isolated from Dipterocarpus trees and were described to possess antimicro-
bial activity against Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus
subtilis, and Escherichia coli (Sutjaritvorakul et al. 2011). The antimicrobial com-
pound asperfumin produced by an endophytic fungus Aspergillus fumigatus CY018
was found to inhibit the Candida albicans (Liu et al. 2004). The antifungal com-
pounds sordaricin (Pongcharoen et al. 2008) and multiplolides A and B (Boonphong
et al. 2001) produced from Xylaria sp. were also found to be active against Candida
albicans. Besides these bioactive compounds, endophytic fungus was reported to
produce various sorts of antibiotic, which is briefly dealt under the head biological
control by fungal and bacterial endophytes in the section functional ecology.

15.6.2 Chemical Ecology of Bacterial Endophytes

Likewise, the bacterial endophytes may also be utilized for the production of novel
pharmaceutical agents and agrochemical compounds. There is tremendous scope for
the isolation of novel bioactive medicinal compounds from endophytic bacteria.
Various categories of natural products have been reported to be produced by the
bacterial endophytes. The endophytic bacterium produces some harmful compounds
to keep out the predators from the host plants (Suto et al. 2002). An ample range of
low molecular weight compounds has been isolated from the bacterial endophytes
which are active at their low concentrations against a range of animal and plant
pathogens. Many bacterial endophytes such as Pseudomonas and Burkholderia are
well recognized for producing secondary metabolites that include antibiotics, anti-
cancer compounds, and insecticidal, antifungal, antiviral, and immunosuppressant
agents (Lodewyckx et al. 2002). The grass endophytic bacteria Pseudomonas
viridiflava are reported to produce ecomycins, a family of novel lipopeptides,
which was found to be active against the pathogenic fungi Cryptococcus neoformans
and Candida albicans. The antifungal compound pseudomycins was also described
to be produced by plant-associated pseudomonads (Strobel and Daisy 2003). The
previously unknown novel compounds xiamycin B, indosespene, and sespenine
together with the previously known compound xiamycin A are also reported from
the culture broth of endophytic Streptomyces sp. HKI0595. These compounds are
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used as a biocontrol agent and found to have strong antimicrobial activities against
different pathogenic bacteria such as Staphylococcus aureus and Enterococcus
faecalis (Ding et al. 2011). Several compounds and antibiotics, namely, ammonia,
butyrolactones, 2,4-diacetylphloroglucinol, kanosamine, oligomycin A, oomycin A,
phenazine-1-carboxylic =~ acid,  pyoluteorin,  pyrrolnitrin,  viscosinamide,
xanthobaccin, and zwittermicin A, were reported to be produced by antagonistic
endophytic bacteria (Whipps 2001). Several endophytic bacteria were known to
produce hydrolytic enzymes that cause cell wall lysis and utilized to control fungal
pathogens (Backman and Sikora 2008). The endophytic bacteria were found to
produce biosurfactants and used as an antimicrobial compound. The endophytic
bacteria Pseudomonas fluorescens was found to produce cyclic lipopeptide surfac-
tants such as viscosinamide and tensin and act as antifungal against Rhizoctonia
solani and Pythium ultimum (Nielson et al. 1999, 2000). The protein fractions 42 and
75 from the Bacillus amyloliquefaciens and Bacillus pumilus act as elicitor mole-
cules in the induced resistance against the pathogen Xanthomonas vesicatoria in the
tomato plant with increasing peroxidase (POX) and polyphenol oxidase (PPO)
activities (Lanna-Filho et al. 2013). The antimicrobial compounds surfactin and
fengycin A homologs were identified from the endophytic Bacillus
amyloliquefaciens and are found to be active against the peanut bacterial wilt
(BW) caused by Ralstonia solanacearum (Wang and Liang 2014). The presence
of tannins, alkaloids, saponins, glycosides, amino acids, proteins, and phenolic
compounds was described from the endophytic bacteria Lactobacillus sp. isolated
from the leaf tissues of Adhatoda beddomei (Swarnalatha et al. 2015).

15.7 Functional Ecology of Fungal and Bacterial
Endophytes

15.7.1 Biofertilization

The plant growth promotion by increasing the availability or supply of major and
minor nutrients is designated as biofertilization (Gaiero et al. 2013) (Fig. 15.4).

15.7.1.1 Production of Phytohormones

It is well known that the plant hormones are organic compounds effective in very
minute concentration and subsequently on their synthesis transported to the other
location where they can interact with specific target tissue and regulate the physio-
logical function of the host plant and hence referred to as plant growth regulators or
phytohormones (auxins, gibberellins, ethylene, cytokinins, and abscisic acid)
(Pandey et al. 2017). Phytohormones producing endophytic microbes under extreme
conditions also involve the output of numerous other secondary metabolites such as
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Fig. 15.4 Overview of functional ecology of fungal and bacterial endophytic microbes

flavonoids to avoid the unfavorable conditions (Khan et al. 2011). Different micro-
bial endophytic groups are reported to produce the IAA (indole-3-acetic acid), the
most important auxin which regulates plant development such as the cell expansion,
division, and differentiation, gene regulation, and the other tropic response (Ratul
et al. 2013; Pandey et al. 2017). The endophytic bacterial isolates from the root of
Hyptis marrubioides Epling, a Lamiaceae, were studied to synthesize IAA in DYGS
medium supplemented with tryptophan. In the total endophytic bacterial isolates,
52% isolates were able to synthesize IAA, and the isolates RF18 (95.13 pg/ml), RG9
(39.28 pg/ml), RF13 (16.21 pg/ml), and RG24 (11.96 pg/ml) were identified as to
produce significant amounts of IAA under test conditions (Vitorino et al. 2012).
Endophytic bacterial isolates from the duckweed (Landoltia punctata) were exam-
ined for their plant growth promotion ability by the production of phytohormone
indole-3-acetic acid (IAA). Out of 71 isolates, 27 were identified as positive for IAA
production in which Deinococcus sp. L2-88 was reported to produce the highest
quantity of TAA, i.e., 713.2 + 11.6 pg/ml (Kittiwongwattana 2015). Endophytic
bacterial isolates from sugar beet roots were reported to produce indole-3-acetic acid
(IAA) in vitro and are reported to positively affect the plant height, their fresh and
dry weights, and leaves per plant, along with levels of phytohormones when
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compared to the control plant (Shi et al. 2009). The fungal endophytes such as
Fusarium oxysporum CSE15, Trichoderma harzianum CSE10, Cadophora
malorum CSEl4, and Phialophora mustea CSTE2 recovered from the Crocus
sativus Linn were reported to produce 109.5, 95.12, 92.94, and 73.52 mg L !of
TAA, respectively (Wani et al. 2016). Fungal endophytes like Gibberella fujikuroi
(Bomke et al. 2008), Penicillium citrinum (Khan et al. 2008), Chrysosporium
pseudomerdarium (Hamayun et al. 2009), and Aspergillus fumigatus (Khan et al.
2011) were reported to produce GAs in their culture medium and have an active GA
biosynthesis pathway. The culture filtrates of endophytic fungi Paecilomyces
formosus LHL10 isolated from the roots of cucumber plant showed the presence
of different forms of GAs such as GA1, GA3, GA4, GAS8, GA9, GA12, GA20, and
GA24. When the endophytic Paecilomyces formosus LHLI10 is evaluated under
salinity stress by inoculation, it was found that the endophyte significantly enhanced
vegetative parameters of cucumber as compared to uninoculated control plant and
elevated production of GA3, GA4, GA12, and GA20 contents modulates the salinity
stress (Khan et al. 2012). Another most highly studied example of production of
plant growth regulators is the production of the enzyme 1-aminocyclopropane-1-
carboxylate (ACC) deaminase, which brings down the level of plant hormone
ethylene and reduces the abiotic stresses. It is reported that the elevated ethylene
levels inhibit cell division, DNA synthesis, and root/shoot growth. A number of
microbial endophytes have the ability to produce ACC deaminase, and thereby
increased plant growth was reported (Gaiero et al. 2013). Besides IAA, GA, and
ethylene, there are several other phytohormones such as abscisic acid (ABA),
salicylic acid (SA), and jasmonic acid (JA) which are also responding in several
abiotic stresses as a stimulus and hence act as a defense signaling substances
(Shinozaki and Yamaguchi-Shinozaki 2007). Jasmonic acid (JA) induces the bio-
synthesis of defense proteins and defense-related secondary metabolites along with
modulation of various physiological events associated with the biotic and abiotic
stresses (Brodersen et al. 2006; Balbi and Devoto 2008; Lorenzo et al. 2004).
Abscisic acid (ABA) modulates the stomatal closure and regulates the plant growth
and development during stress conditions (Wasilewska et al. 2008; Shinozaki and
Yamaguchi-Shinozaki 2007). Salicylic acid (SA) was likewise found to modulate
the induction of flowering, biosynthesis of ethylene, the behavior of stomata, and
respiration in several plants (Wildermuth et al. 2001; Rivas-San Vicente and
Plasencia 2011; Rabe et al. 2013; Ambrose et al. 2015). Role of salicylic acid in
defense is well studied; its application induces pathogenesis-related (PR) genes
(Rabe et al. 2013). A novel gibberellin (GA)-producing basidiomycetous endophytic
fungus Porostereum spadiceurn AGH786 was found to be capable of producing six
types of GAs besides modulating the JA and ABA production in salt-stressed
soybean seedlings. It was found that endophytic fungus Porostereum spadiceum
AGH786 inoculated seedlings were able to synthesize high levels of GAs and low
ABA and JA. The finding indicates that the endophytic fungus ameliorates the effect
of salinity by modulating endogenous phytohormones of the seedlings. Interestingly,
in GA production when compared with the most efficient GA-producing fungus
Gibberella fujikuroi, the endophytic fungus Porostereum spadiceun AGH786 was
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found to produce higher amounts of bioactive GA3 significantly (Hamayun et al.
2017).

15.7.1.2 Nitrogen Fixation

Nitrogen fixation by the conversion of atmospheric nitrogen to ammonia is a well-
studied form of biofertilization employed by endophytic microorganism in plant
growth promotion (Gaiero et al. 2013). Nitrogen (N) is the most common nutrient
required for the optimal growth of the plant, and in spite of its 78% of presence in the
atmosphere, its availability is limited to the plants. The availability of nitrogen to the
plant could be enhanced by the application of endophytic microbes. Endophytic
microbes have the capacity to convert free nitrogen into the ammonia by biological
nitrogen fixation using a complex enzyme system of nitrogenase. A full 60% of the
earth’s total nitrogen fixation is escorted by biological nitrogen fixation (BNF)
(Pandey et al. 2017). In 1986, the discovery of nitrogen-fixing endophyte
Gluconacetobacter diazotrophicus in the sugarcane stem by Brazilian scientists
draws attention of several scientists for investigations of more nitrogen-fixing
endophytes such as Herbaspirillum seropedicae, H. rubrisubalbicans, Azospirillum
lipoferum, Klebsiella pneumoniae, Azorhizobium caulinodans, Novosphingobium
sediminicola, and Ochrobactrum intermedium (Cavalcante and Dobereiner 1988;
Schloter et al. 1994; Muangthong et al. 2015; Moyes et al. 2016). Further, the
presence of Gluconacetobacter diazotrophicus was also noticed in sugarcane,
sweet potato, and pineapple (Silva-Froufe et al. 2009). The study of DNA sequence
of nitrogenase reductase gene (nifH) from the endophytic bacterial strain isolated
from the Brachiaria forage grasses was demonstrated that the nifH gene sequences
were highly similar to the N2-fixing organisms (Kelemu et al. 2011). Although the
sufficient work was held by the researcher to investigate the nitrogen-fixing endo-
phytes from the sugarcane, the mechanism dealing with the proportion of fixed
nitrogen contributed to plant and the level of nitrogen fixed by endophytes still
remains unclear (Giller and Merckx 2003). The cocultivation of Arabidopsis and
tobacco seedlings with endophytic fungus Piriformospora indica demonstrates a
considerable transfer of nitrogen from the agar plates into the aerial part of the
seedlings and helps in growth promotion of Arabidopsis and tobacco seedlings by
stimulation of the NADH-dependent nitrate reductase enzyme and expression of a
nitrate reductase gene (Sherameti et al. 2005).

15.7.1.3 Phosphate Solubilization

Phosphorus (P) is the second most important major nutrient after nitrogen required
for the optimal growth of plants. Their role in the metabolic processes, signal
transduction, macromolecular biosynthesis, photosynthesis, and respiration is well
established (Khan et al. 2009). The immobilization limits the availability of phos-
phorous to the plants as the phosphorous rapidly forms complex with the other
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elements in the field (Miller et al. 2010; Gurikar et al. 2016; Edwards et al. 2016).
Hence, phosphate fertilizers are needed to meet the demands of phosphorus to the
developing plants (Yazdani et al. 2009; Oliveira et al. 2009). But, the addition of
phosphatic fertilizers is very costly and ecologically unfair, and this problem is
overcome by the application of endophytic microorganisms in environmentally
friendly manner. The endophytic microorganisms provide the available phosphorous
to the plants by various mechanisms (Pandey et al. 2017; Senthilkumar et al. 2009).
These endophytic microorganisms are capable to secrete different types of organic
acids which help in the lowering of pH in the soil delimited by the plant’s root and
consequently release the bound forms of phosphate in the soils for uptake of plant
(Pandey et al. 2017). Among the organic acids, the gluconic acid (GA) and to a lesser
extent a-ketogluconic acid are found to be the most frequent agents of inorganic
phosphate solubilization (Oteino et al. 2015). The endophytic bacterial strains when
inoculated into P. sativum L. are able to produce 14-169 mM gluconic acid
(GA) which helps in the solubilization phosphate in the range of 400-1300 mg L
~! (Oteino et al. 2015). The capacity of endophytes from the root of Hyptismar
rubioides Epling, a Lamiaceae, to solubilize calcium phosphate in GELP medium
and iron phosphate in the modified Reyes basal medium indicates that of the
42 endophytic isolates, 20% isolates were able to solubilize the inorganic phosphate.
It is observed that endophytic strains of root zone make available the soil phosphorus
to the plant, thereby increasing vegetation and improving plant growth (Vitorino
et al. 2012). The phosphate-solubilizing bacterial endophytes from the meristematic
tissues of strawberry promote plant growth, which is signified by the biomass
accumulation and improvement in the development of other plant parts (Armando
et al. 2009). The endophytic isolates from the ginseng plants were reported to
solubilize phosphate, detected by extracellular solubilization of precipitated
tricalcium phosphate with glucose as a sole source of carbon (Thamizhvendan
et al. 2010). The Parthenium hysterophorus L. root endophytic fungus Curvularia
geniculata (Tracy & Earle) Boedijn was investigated for their ability to solubilize
different sources of phosphorus (P) [AIPO,, FePO,, and Ca;(PO,),] by inoculation
into pigeon pea (Cajanus cajan) plants. It is found that the plants exhibited superior
growth over uninoculated control plants and the fungus solubilized different sources
of P in the order of FePO, > AIPO, > Ca3(PO,), (Priyadharsini and Muthukumar
2017).

15.7.1.4 Siderophore Production

Siderophore is an iron-chelating molecule of about 1000 molecular weight and
reported to be produced by many microorganisms (Logeshwaran et al. 2009).
Their biosynthesis is influenced by the presence of iron, and their synthesis is
suppressed if the iron is abundant in the environment (Verma et al. 2011; Loaces
et al. 2011; Rungin et al. 2012). The production of siderophore is considered as very
important due to the leading role of iron in the nitrogen fixation and assimilation
processes (Sauvétre and Schroder 2015; Mukherjee et al. 2017). Many endophytic
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microbes were reported to secrete siderophores under iron-limiting conditions
(Senthilkumar et al. 2009; Logeshwaran et al. 2009). The siderophore-secreting
endophytic microbes inside the plant tissues help in the transport of Fe** inside
the plant cell and intensify the plant growth and productivity through the synthesis of
ATP, DNA precursor, and the heme (Stintzi et al. 2000; Chincholkar et al. 2000;
Logeshwaran et al. 2009; Loaces et al. 2011; Kumar et al. 2016). Its deficiency can
alter the DNA synthesis and growth of cell and hamper with the several metabolic
processes such as photosynthesis and the mitochondrial reactions (Chincholkar et al.
2000). The functions of siderophore in the inhibition of plant pathogens were
identified (Compant et al. 2005). Siderophore production ability of endophytic
bacteria Methylobacterium spp. was tested by chromeazurol agar assay test (CAS),
Csaky test (hydroxamate type), and Arnow test (catechol type), and it was found that
a total of 37 strains of Methylobacterium spp. were positive for chromeazurol agar
assay test. Methylobacterium spp. was found to be producing a hydroxamate type of
siderophore in the Csaky assay (Lacava et al. 2008). The production of siderophore
provides competitive advantages to endophytic microbes for their successful colo-
nization into the plant tissues and exclusion of other harmful microorganisms from
the same ecological niche (Loaces et al. 2011). The endophytic bacterial isolates
HKA-72 and HKA-113 were reported to synthesize Fe (III)-chelating siderophores,
indicated by the formation of a yellowish-gold halo around the endophytic bacterial
colonies grown on CAS agar plates. It was proposed that the siderophore production
was very important for the iron supply to the growing plant as well as associated
endophytes as endophytic bacteria have to also compete with the plant cell for its
growth (Senthilkumar et al. 2009).

15.7.2 Biological Control

The use of chemical pesticides may be pessimistic because it develops pathogen
resistance (Vinale et al. 2008), and thus, scientist focuses on the alternative means by
utilizing nonchemical agents such as microorganisms in the agricultural fields to
control phytopathogen (Barakat and Al-Masri 2005; Pandey et al. 2012). The
promotion of plant growth and protection from phytopathogens by taking advantage
of biological agents is considered as biological control or biocontrol (Fig. 15.4).
Among these biological agents, the scientist gave special attention toward endo-
phytes by taking account of their beneficial role on host plant (Firdkova et al. 2007)
because they are systemically distributed inside the plant and more competent to
colonize the plant tissues than to phytopathogens (Rai et al. 2007). Numerous
endophytes have been reported with biocontrol potential against various plant
pathogens such as fungus, bacterial, viral, insect, and nematodes (Hallman et al.
1997; Ryan et al. 2008; Monteiro et al. 2017). The endophytes have been proven to
prevent disease development through endophyte-mediated de novo synthesis of
novel compounds (Ryan et al. 2008). Studies of the endophytic strains of novel
metabolites should identify new drugs for effective treatment of disease in humans,
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plants, and animals (Strobel et al. 2004). The endophytic inoculant trades for the
biological control in the past few decades witnessed an approximately annual growth
rate of 10% worldwide (Lahlali and Hijri 2010). Host specificity and pattern of host
colonization, population dynamics, potentiality to enter within host tissues, and the
ability to induce systemic resistance are certain factors which accompanied the
effectiveness of endophytes as biocontrol agents (Gonzalez et al. 2016; Yadav and
Yadav 2017; Hu et al. 2017). A number of different mechanisms that are used by the
endophytic microbes to enhance the plant growth by suppression of phytopathogens
are explained by researchers (Backman and Sikora 2008; Bacilio-JimeAnez et al.
2001; Weyens et al. 2009) which include (1) ability to synthesize chelators that
effectively chelate elements necessary for growth and making it unavailable to
phytopathogens; (2) capacity to synthesize antimicrobial compounds, antibiotics,
cell wall-lysing enzymes, and hydrogen cyanide, which effectively suppresses the
growth of phytopathogens; (3) potentiality to enhance growth of plant by effectively
competing with phytopathogens for nutrition and space; (4) synthesis of phytohor-
mones to colonize specific niches inside the plant; and (5) ability to induce systemic
resistance.

15.7.2.1 Biological Control Through Fungal Endophytes

The endophytic fungi were isolated from an aromatic and medicinal plant Monarda
citriodora Cerv. ex Lag. which showed variable degrees of antagonism in different
assays against plant pathogenic fungi Sclerotinia sp., Colletotrichum capsici, Asper-
gillus flavus, and Aspergillus fumigatus, and this suggests that the endophytes from
the plants with medicinal values could be explored as promising biocontrol agents
and employed as a defensive metabolite resource (Katoch and Pull 2017). The
volatile organic compounds (VOCs) of endophytic fungi Muscodor spp. and
Simplicillium sp. from the Coffea arabica were found to be effective against the
phytopathogens Rhizoctonia solani, Fusarium oxysporum, Phoma sp., Botrytis
cinerea, Fusarium solani, Fusarium verticillioides, Cercospora coffeicola, and
Pestalotia longisetula (Monteiro et al. 2017). Several mechanisms may be involved
by endophytic fungi in biological control, in which antibiotic production is one of
the chief mechanisms (Lu et al. 2000; Pandey et al. 2014). An endophytic fungus
Colletotrichum gloeosporioides isolated from Chinese traditional herb Artemisia
Annua was found to produce artemisinin with their fungistatic nature to the plant
pathogen (Lu et al. 2000). Phomopsis sp. isolated from Erythrina crista, a medicinal
plant, was reported to produce phomal, a polyketide lactone identified as anti-
inflammatory metabolite (Weber et al. 2004). Endophytic fungus was also reported
to have anti-insect property to the host plant against herbivorous insects through the
production of toxic repellent (Pandey et al. 2014). The antimicrobial activity of
endophytic fungus isolates isolated from the leaves and branches of Ocimum
sp. (Tulsi) was assessed and found effective against pathogenic microorganisms
such as Candida albicans, Penicillium chrysogenum, Pseudomonas aeruginosa,
Salmonella typhimurium, and Mycobacterium smegmatis (Pavithra et al. 2012).
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A diverse number of endophytic fungus isolates belong to the species of Phyllosticta
spp., Nodulisporium spp., and Xylaria sp.1 isolated from Dipterocarpus trees which
were reported to produce antimicrobial compounds with antimicrobial activities
against Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and
Escherichia coli (Sutjaritvorakul et al. 2011). The endophytic fungi Aspergillus
fumigatus CY018 and Xylaria were reported to inhibit Candida albicans (Liu
et al. 2004; Boonphong et al. 2001; Pongcharoen et al. 2008). Xylaria sp.1 was
found to have broad spectrum antimicrobial activity (Liu et al. 2008).
Entomopathogenic endophytic fungi B. bassiana and Clonostachys rosea were
active against the coffee berry borer (Vega et al. 2008).

15.7.2.2 Biological Control Through Bacterial Endophytes

Bacterial endophytes attribute to antagonistic activity due to their faster colonization
than phytopathogen, induction of defense mechanisms, and synthesis of antimicro-
bial secondary metabolites. To understand the interaction and colonization of bac-
terial endophytes with plants and their proposed role in plant growth promotion and
biological control, many studies were performed (Algam et al. 2005; Bacilio-
JimeAnez et al. 2001). The production and secretion of antibiotic, a molecule that
either kills the target pathogens or inhibits their growth, is a well-known mechanism
by which bacterial endophytes control the plant diseases (Compant et al. 2005).
Bacterial endophytes were reported to synthesize a wide variety of antibiotics having
antagonistic activity against several pathogens and commercially utilized in phar-
maceutical, medical, and agricultural field (Castillo et al. 2002; Castillo et al. 2003;
Ezra et al. 2004; Park et al. 2005; Wang et al. 2007). A wide spectrum antibiotic
munumbicins by an endophytic Streptomyces munumbi isolated from the Kennedia
nigricans and a novel antibiotic kakadumycins from the endophytic Streptomyces
sp. NRRL 30566 of Grevillea pteridifolia were reported from the same author
(Castillo et al. 2002; Castillo et al. 2003). The endophytic Streptomyces
sp. isolated from Monstera sp. was found to produce a novel antibiotic coronamycin
active against the pathogenic fungus Cryptococcus neoformans (Ezra et al. 2004).
Endophytic bacterial strains Corynebacterium flavescens and Bacillus pumilus from
rice were evaluated for their ability to enhance plant growth by successfully exclud-
ing rice pathogen Azospirillum brasilense (Bacilio-JimeAnez et al. 2001). Endo-
phytic bacterial strains of Pseudomonas sp., Bacillus sp., and Methylobacterium
sp. isolated from different agroecosystems were isolated and screened for their
nematicidal action against Meloidogyne incognita in host Abelmoschus esculentus
L. (Vetrivelkalai et al. 2010). Possible mechanism of nematode control by bacterial
endophytes might be due to production of secondary metabolites, e.g.,
2,4-diacetylphloroglucinol and other lytic enzymes, antibiotics, hydrogen cyanide
(Ahl et al. 1986; Vetrivelkalai et al. 2010), toxic metabolites such as
bacillopeptidase, subtillin E, and a lactamase (Vetrivelkalai et al. 2010). Plant
growth-promoting endophytic bacteria isolated from the corm and roots of banana
were tested for their ability to induce systemic resistance against BBTV (Harish et al.
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2008). The endophytic bacterial strains of genus Phyllobacterium isolated from
Epimedium brevicornum Maxim displayed a wide spectrum antimicrobial activity
against fungal and bacterial phytopathogens such as Alternaria alternata,
Sclerotinia sclerotiorum, Verticillium dahliae, Botrytis cinerea, and Botrytis fabae
(He et al. 2009). Endophytic bacteria trigger a phenomenon known as induced
systemic resistance (ISR) which is phenotypically similar to systemic-acquired
resistance (SAR), but ISR differs from SAR in that the inducing bacterium does
not have any visible symptoms on the host plant (Van Loon et al. 1998; Ryan et al.
2008).

15.8 Conservation of Fungal and Bacterial Endophytic
Microbial Diversity

As discussed in the previous section, the importance of endophytic microorganisms
has been ever realized from the ancient period of time in the dairy industry,
fermentation industry, biocontrol, production of antibiotics, and novel secondary
metabolites. Each individual plant on earth is host to one or several endophytes
(Strobel et al. 2004; Ryan et al. 2008). Endophytes have been isolated from surface-
sterilized plant tissues or extracted from internal plant tissues (Pandey et al. 2012).
Of the total plant species reported (approximately 300,000 present on the earth),
each plant species carry one or more endophytes in their lifetime, and nearly all
vascular plant species investigated to date were reported to harbor endophytic
microorganisms (Pathak 2011). The presence of endophyte in the copper mine
wasteland, agronomic crops and prairie plants, deepwater rice, grass ecosystem,
pea cultivars in field condition, tropical grasses of the Brachiaria genus, and prairie
plants has been reported earlier (Zinniel et al. 2002; Verma et al. 2001; Ryan et al.
2008). Endophytes have been reported to benefit the human welfare directly and
serve as a major resource in the development of biotechnology. The conservation of
endophytic microbial gene pools is an emerging and vital issue, even though
development is scary. In the previous studies, conservation dealt with endophytic
bacteria almost entirely addressed in context of ex situ conservation. However,
obviously this strategy is quite inadequate for ensuring conservation of huge endo-
phytic microbial diversity.

15.8.1 In Situ Conservation of Fungal and Bacterial
Endophytic Microbes

In situ conservation, conservation of endophytic microbial diversity assured in their
natural habitats, i.e., in different geographical locations notable by their exceptional
levels of biodiversity and endemism and such locations are defined as hotspots. The
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copper mine wasteland, agronomic crops and prairie plants, deepwater rice, grass
ecosystem, pea cultivars in field condition, tropical grasses, terrestrial and marine
geothermal sites, deep ocean trenches, and polar regions are considered as one of
them. Conservation of the areas with natural populations of high-valued endophytic
microbes is a fundamental condition for the conservation of endophytic microbial
diversity. Conservation strategies of endophytic species in agriculturally important
plant genus Zea were studied as it became domesticated from its wild ancestors
(teosinte) to modern maize (corn) and moved from Mexico to Canada. Kernels from
populations of four different teosintes and ten different maize varieties were
screened for endophytic bacteria by culturing, cloning, and DNA fingerprinting
using terminal restriction fragment length polymorphism (TRFLP) of 16S rDNA.
Analysis of data showed that there was a core microbiota of endophytes that was
conserved in Zea seeds across boundaries of evolution, ethnography, and ecology
(Johnston-Monje and Raizada 2011). Silene paradoxa, a well-adapted plant to
extreme environments, were evaluated for their seeds, roots, and aerial plant parts
associated with their endophytic bacterial communities. Molecular analysis of high-
throughput sequencing of the 16S rRNA genes (microbiota) of bacterial communi-
ties isolated from seeds demonstrates that the endophytic bacterial communities
were transferred to the next generation of plants as seed endophytes. Their study
proves that the plants with special characters and from specific location could
provide an in situ conservation of endophytic microbes (Mocali et al. 2017).
In situ conservation is seen as the most appropriate means of conserving endophytic
biodiversity.

An all-taxa biodiversity inventory (ATBI) has been proposed for systematic
investigation and makes a record of the full diversity of living organisms, including
species, number, and value of organisms from the selected habitats. The microbial
ATBIs have been proposed to search new species utilized for resolving the biotech-
nological exploration and discovery leading to expose the exact relationship between
various environments and different genotypes; to investigate the occurrence and
richness of un-culturable microbes, cataloging the infrequent microbes; and to
collect the information related to genotypic, phenotypic, and ecology of microbial
distribution (Cannon 1995; Bull et al. 2000).

15.8.2 Ex Situ Conservation of Fungal and Bacterial
Endophytic Microbes

Ex situ conservation of endophytic microbial diversity is the preservation of endo-
phytes and its components outside their natural habitats. Here, the components refer
to gene banks of endophytes, man-made wild field bank of plants with potential
endophytes, in vitro plant tissues containing endophytes, artificial propagation of
plants containing high-valued endophytes, maintaining botanical gardens, and most
importantly endophytic microbial culture collections. Ex situ conservation involves



15 Diversity, Ecology, and Conservation of Fungal and Bacterial Endophytes 415

conservation of genetic resources of endophytic species and provides insurance
against extinction.

The idea of the microbial culture collection was first set up in the late nineteenth
century, when the pure culture techniques for the isolation of pure cultures of
microbes such as solid culture media (potato, gelatin, and agar) were introduced to
the target collection, maintenance, and distribution of microbial strains among
researchers and scientist, and it was considered to be a means to preserve microbial
diversity ex situ (Smith 2003). The idea of the establishment of the microbial culture
collection is important in the context of availability of microbial resources for
fundamental research and studies. The repository of culture collection helps in
understanding the mechanisms of metabolic and evolutionary patterns of valuable
microorganisms as they play a fundamental role in the development and advance-
ment of agriculture, industry, and health sectors (Sharma et al. 2017). Culture
collections have provided repositories for the safe storage of live germplasm of all
the microbial species along with the threatened and endangered species. It includes
nucleic acid sequences and gene banks too (Sly et al. 1990). Preservation of
microbes often requires different preservation methods to ensure optimal viability,
storage, purity, and stability of individual microbial strains. However, application of
molecular methods such as use of polymerase chain reaction (PCR) and sequence
analysis of culturable microbes from the sample and analysis of biodiversity of
nonculturable microbes by direct extraction of nucleic acids from the environment is
a more robust method. The identity and diversity of a microbial species can be
evaluated by analysis of its genetic material (16S rRNA gene).

Several repositories at international level like the World Federation for Culture
Collections (WFCC, 2011) (www.wfcc.info) and European Culture Collection
Organisation (ECCO, 1981) (www.eccosite.org) and at national level like Korean
Agriculture Culture Collection (KACC, 1995) (genebank.rda.go.kr/eng/mic/itr/
Genelnfo.do), Korean Collection for Type Cultures (KCTC, 1985) (kctc.kribb.re.
kr/English/ekctc.aspx), Biological Resource Centre (BRC, 2016) (www.brc.a-star.
edu.sg) at Republic of Korea, Belgium Coordinated Collection of Microorganism
(BCCM, 2017) (bccm.belspo.be) at Belgium, Czech Collection of Microorganism
(CCM, 2017) (www.sci.muni.cz/ccm) at Republic of Czech, Pasteur Culture Col-
lection of Cyanobacteria (PCC, 2015) (cyanobacteria.web.pasteur.fr) at France,
Microbial Type Culture Collection (MTCC, 2017) and Gene Bank (www.
mtccindia.res.in) at IMTECH, Chandigarh, Indian Type Culture Collection (ITCC,
2010) (www.iari.res.in) at IARI, New Delhi, and National Agriculturally Important
Microbial Culture Collection (NAIMCC, 2017) (nbaim.org.in) at ICAR-NBAIM
Mau India were recognized by National Biodiversity Authority (NBA), Government
of India, being functional for microbial culture collection. In spite of these recog-
nized repositories, few repositories are being also reported which exclusively dealt
with endophytic microbes. The North Carolina Arboretum Germplasm Repository
(TNCAGR, 2017) founded in 2008 makes an effort to conserve the endophytic
microbes from the native plants. It is noted that they were collected and conserved,
more than 2000 germplasm samples of seeds and endophytes from the diverse region
with the purpose of boosting their use in collaborative projects related with food and
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health in native region. By the use of advance technology and regional natural
resources, TNCAGR identifies and produces endophytic microbial samples and
extracts for researchers to discover, develop, and validate natural medicines for
human health and wellness. Collected endophytic strains are found to have antibiotic,
antiviral, anticancer, antioxidant, antidiabetic, immunosuppressive, and anti-insecticidal
activity (ncarboretum.org). Similarly, the personnel collection repository by GRBio,
2017 (Global Registry of Biodiversity Repositories) group collected and maintained the
fungal endophytes isolated from different crop and pasture species (grbio.org).

15.8.2.1 Preservation of Fungal and Bacterial Endophytic Microbes

The preservation and maintenance of endophytic microbial cultures are very essen-
tial for the study of biodiversity and systematics. Endophytic microbes have huge
diversity; therefore various methods of culturing and preservation are needed to
secure their morphology, physiology, viability, and genetic constituents over the
time. The laborious work, cost, and time for each method must be effective.
Preservation of endophytes is highly required for further studies involving their
interaction with plants, their mode of action, and their utilization. However, there is
scarcity of literature on the endophytic preservation methods, and there is no well-
accepted specific preservation strategy for endophytes. Thus, the traditional methods
or the preservation strategies generally used for common microbes can be used for
endophytes preservation.

The fundamental methods of culturing for preservation are continuous growth,
drying, and freezing. In continuous growth methods, the endophytic cultures are
inoculated on agar for growth, and this method is used for short-term storage. These
cultures either can be stored from 5 to 20 °C or can be frozen to enhance the time
interval between the subculturing. The other most useful method of endophytic
culture preservation is drying that is helpful to produce spores and resting structures.
The materials frequently required for the drying method are silica gel, soil, and glass
beads. Certain fungi have been stored up to 11 years on silica gel by drying method
(Smith and Onions 1983). The drying method is technically very simple and cost-
effective with less labor work. Freezing methods containing cryopreservation are
also really useful in broad ranges. Certain less costly methods such as storage in
distilled water are also used for preservation. These low-cost techniques are very
good, but not considered as permanent preservation (Nakasone et al. 2004).

Microorganisms have the property of genetic instability. The development of new
techniques for the preservation of genotype should be the highest priority. However,
none of the methods ensure the complete preservation of genotype; long-term
storage can be possible by lyophilization, freezing, and L-drying (Kidby 1977).
The spores of AM endophytes are viable after L-drying, and the capacity of spores to
survive was affected by several factors (Tommerup and Kidby 1979). Glycerol is
used for freezing endophytic microbes, very hardly passes into the cell, and acts as a
cryoprotectant to reduce the formation of ice crystals both intracellularly and
extracellularly (Gherna 1981). The glycerol concentrations between 5 and 50% at



15 Diversity, Ecology, and Conservation of Fungal and Bacterial Endophytes 417

freezing from —10 to —80 °C have been tested for various microbes, including
endophytes (Kirsop and Snell 1984; Fontaine et al. 1986).

The short-term preservation by serial transfer technique is used for the mainte-
nance of microbial and endophytic culture up to 1 year. The method is very simple,
cost-effective, and widely applicable. However, it is very time taking and laborious,
but the periodic transfer of culture is a good option for small collections with
continuous use of short time (less than 1 year). The microbial culture must be
checked time to time for contamination either by mites or by other microbes and
for moisture content. The replacement of nutrient-rich media with nutrient-poor one
during the transfer helps to preserve healthy cultures. Certain endophytic fungi
require specific media for their preservation (Bacon 1990). The cultures are stored
either at room temperature or at 4 °C after the establishment. The preserved culture
must be assured that no contamination and dehydration over the time (Nakasone
et al. 2004). The oil overlay over the agar slants growing endophytic cultures is a
low-cost and less maintenance method. The preservation of endophytic cultures
from this method is up to several years at room temperature. This method is very
effective for non-sporulating endophytic microbes that are not liable to freeze-
drying. One advantage of this method is that the overlaid oil reduces the mite
infestations (Burdsall and Dorworth 1994). The microbial cultures grown on agar
slants are covered up to 10 mm layer of autoclaved high quality of mineral oil or
liquid paraffin. The test tubes are kept at room temperature in an upright position.
The level of oil in culture tubes should be checked over the time (Nakasone et al.
2004). Most endophytic microbial cultures which are frozen at —20° to —80 °C in
freezer stay viable. The microbial endophytic cultures grown on their respective agar
slants or test tubes with screw cap bottles can be directly kept in freezer. The
repeated freezing and thawing is not recommended because it reduces the viability
of cultures significantly. In freezing technique the storage in liquid nitrogen is a very
powerful technique of preservation for all those microbes that are not able to
lyophilize. The main benefits of liquid nitrogen storage are reduction in the genetic
variability of stocks, time-saving, less labor intensive to handle, reduction in
repeated pathogenicity tests, prevention of contamination, and enhanced long-term
viability in cultures.

Lyophilization, or freeze-drying, is a less expensive and permanent preservation
method, but it does not cover all microbes like some fungi. This technique is very
effective for the microbes that form numerous and small propagules. This process is
effective for many spore-forming fungi that produce more numbers of spores about
10 pm or less in diameter. The dry skimmed milk powder (sterile 5 or 10% solution)
and filter sterilized bovine serum are the two most common materials used during the
lyophilization; however the other proteinaceous materials also can be used in place
of these two. Lyophilization and freezing in glycerol are the most acceptable
technique for long-term storage of endophytic microbes. Certain species of bacteria
that are preserved by this method are remaining viable up to 30 years (Gherna 1981;
Fontaine et al. 1986).
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15.9 Conclusion

Endophytes are naturally occurring microorganisms and are an excellent source of
bioactive novel compounds. They are widely exploited in pharmaceutical, medical,
and agricultural industries. The use of endophytes makes higher and quicker yields
of bioactive compounds in contrast to the large number of mature plants processed to
achieve low yields of final products. Endophytes minimized threat of extinction of
plants as compounds from endophytes are produced in vitro and in a controlled
manner. They are also helpful in minimizing the labor cost and time in order to
achieve valuable and large quantity of biological compounds. Fungal and bacterial
endophytes have been basically ignored for their conservation. Despite of their
ignorance for conservation, their role in production of natural novel compounds,
secondary metabolites and industrially important natural products such as insecti-
cides, antimicrobials, therapeutics, etc., is well studied. Secondary metabolites are as
well responsible for adaptation, immune induction, and interaction with the envi-
ronment. Plants associated with endophytes resist the intrusion of pathogens in their
part or tissues by producing antimicrobial compounds. Fungal endophytes are the
well-understood and well-investigated group of microorganisms as compared to
bacterial endophytes. The discovery of novel bioactive compounds from the fungal
and bacterial endophytes provides possibilities to overcome the problems associated
with several medical problems such as cancer, tuberculosis, etc. Environmental
problems like pollution control, biodiversity conservation, etc. are being dealt with
endophytic microbes which are helpful in detoxification of industrial effluents,
treatment of oil spills, and sewage treatments. With all the above concern contents,
there is an increasing demand of research to study ecology, to identify and develop
new competent inocula, and to investigate and explore new industrial products from
endophytes with its commercial potential in life sciences.
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