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ABSTRACT

Endophytic microbes are present in nearly all of the plant species known to date but how they
enter and flourish inside a host plant and display multiple benefits like plant growth promotion
(PGP), biodegradation, and stress alleviation are still unexplored. Until now, the majority of the
research has been conducted assuming that the host-endophyte interaction is analogous to the
PGP microbes, although, studies related to the mechanisms of their infection, colonization as
well as conferring important traits to the plants are limited. It would be fascinating to explore
the role of these endophytic microbes in host gene expression, metabolism, and the modulation
of phenotypic traits, under abiotic and biotic stress conditions. In this review, we critically
focused on the following areas: (i) endophytic lifestyle and the mechanism of their entry into
plant tissues, (i) how endophytes modulate the immune system of plants and affect the geno-
typic and phenotypic expression of host plants under abiotic and biotic stress condition, and (iii)
the role of omics and other integrated genomic approaches in unraveling complex host-endo-
phyte signaling crosstalk. Furthermore, we discussed their role in phytoremediation of heavy
metal stress and whole genomic analysis based on an understanding of different metabolic path-
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ways these endophytes utilize to combat stress.

Introduction

To feed the rapidly growing 7.6 billion human global
population which is estimated to reach 9.7 billion by
2050, agricultural practices are under constant pressure
to provide augmented yields across the world [1].
Recently, crop production is facing severe threats due
to various abiotic and biotic stress conditions.
Endophytes represent an eco-friendly alternative for
plant growth promotion (PGP) and as a sustainable res-
ervoir of novel bioactive compounds. Endophyte is
defined as any microorganism that can grow and flour-
ish inside plant tissues [2]. They are usually recruited by
the plants and form an association with their host plant
and constitute an essential part of the plant micro-
biome. According to Sprent [3], the plant-endophytic
relationship, is supposed to have evolved more than 60
million years ago and, has played a significant role in
maintaining terrestrial ecosystems, therefore, providing
benefits to both partners. Studies related to the endo-
phytic microbial community and their roles in plant life

have often been ignored for a long time. These endo-
phytic microbes have originated either from the seed
or rhizosphere microbial communities. However, studies
related to plant-microbiome research have completely
changed the scenario and showed that these microbial
communities are more flexible and contain genetic
information which codes for novel traits beneficial to
their host plant [1,4]. Microbial endophytes play an
important role in contributing to the health and fitness
of their host plant, either by preparing or shielding the
host plant against various stress conditions [5-7]. They
are found in almost all the ecosystems reducing abiotic
and biotic stress in plants by eliciting an immune
response, production of antioxidants, and suppressing
pathogen growth [2,8]. Endophytes are plant-colonizing
microbes that live in a mutualistic symbiotic association
with their host plant, and because of their invaluable
contribution to the host plant, this coevolution has
been looked upon for shaping the factors involved in
the coexistence of both the associates and tracking the
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reimbursements out of this relationship [9,10]. Many
metabolomics studies conducted in the recent past
have confirmed that endophyte genes associated with
particular metabolites are implicated in PGP by the pro-
duction of phytohormones like IAA or auxins and gib-
berellic acid (GA) [8,11,12]. These plant hormones
operate as plant protective agents against different
insect pests, and microbial pathogens. The great diver-
sity of endophytes, their adjustment to stress condi-
tions, and their metabolite production make them an
unlimited source of novel metabolites, whose applica-
tion can reduce the usage of agrochemicals in medi-
cines and food production [2,8,12-15]. Therefore, more
practical and fundamental studies to address the proc-
esses leading to the community assemblage and its
functioning inside and on the plants are required.
Deciphering the interactions between and within vari-
ous microbial taxa colonizing roots, stem, petiole, and
leaves will be a prerequisite for understanding and
exploring the regulation of the endophytic microbiome
[8]. Some major driving factors are controlling the
endophytic community composition and their estab-
lishment is chiefly dictated by a series of modulating
factors such as a host immune system, host genotype,
environmental parameters, microbe-microbe interac-
tions, soil, and food types [16-18]. Among environmen-
tal factors like pH, nutritional drivers, temperature, and
the availability of oxygen are the major drivers of the
microbial community composition [2,8]. However, very
less information is available about the diversity, com-
position, and interaction of these endophytes with
plants under stressful environments [7]. However, with
the advancement of next-generation sequencing (NGS),
genome sequencing, metagenomics, metatranscriptom-
ics, metabolomics, microarray, and comparative genom-
ics approach may provide a comprehensive facet of the
endophytic microbial lifestyle [4,5,9,10,16]. Recently, the
development of metagenomic and NGS approaches has
allowed us to attain a global scrutiny about endophytic
diversity and community structure of the endophytic
microbiome. The best examples are the studies of the
endophytic bacterial population associated with roots
of: Aloe vera [19], citrus [20], wheat [21], and Arabidopsis
thaliana [22]. Some researchers have designed and
used new dual genome Symbiosis Chip-based tool for
studying symbiotic interactions between endophytes
and their host plants [23-25]. Plant-endophyte associ-
ation produces many bioactive compounds such as:
taxol [26], artemisin [27], helvolic acid [28], camptothe-
cin [29], huperzine [30], azadirachtin [31], and many
more which can be used in various fields of medicine,
agriculture, biodegradation, and bioremediation.

In this review, we have critically focused on the
endophytic lifestyle and mechanisms of their entry into
plants, how they modulate the immune system of the
plant, and affect genotypic and phenotypic expression
of host plants under abiotic and biotic stress conditions.
In this review, we have also discussed the role of gen-
omics and other integrated omics approaches to
unravel complex host-endophyte signaling crosstalk.

Endophyte: a way of living inside host plants

Endophytes can enter and colonize tissues of host
plants through the horizontal transmission method
from the soil to the plants or through vertical seeding
methods. It has been assumed that the colonization of
endophytes is a passive process. However, the study
conducted by Robinson et al. [32] confirmed that the
dominant rhizosphere bacteria Bacillus mycoides was
not capable of colonizing the endosphere of wheat in a
gnotobiotic system in the absence of competing bac-
teria, signifying that colonization is gated. It will be
interesting to determine what amount of the microbial
community present in the rhizoplane/rhizosphere can
truly become endophytic. Successful colonization of the
endophytes associates friendly plant-microbe associ-
ation. When the endophyte enters into the host plant,
it is then recognized by the host plant, and crosstalk of
signal molecules is initiated. Plants secrete root exu-
dates like flavonoids, which are highly rich in nutrients
that act as chemo-attractants for many PGP microbes
including endophytes. Lipo-chitooligosaccharides (LCO),
known as Nod factors, are well-known signaling mole-
cules that activate the common symbiotic pathway
(CSP) in AM or arbuscular mycorrhizal fungi (AMF) and
rhizobium-legume symbiosis [33]. Arora and Mishra [34]
in their study used flavonoids as a bio-formulation for
successful colonization of rhizobia in legume roots.
Strigolactone (SL) treatment stimulates the synthesis
and release of short-chain chitin oligomers that stimu-
lates plant symbiotic signaling pathways [35]. Recently,
the study conducted by Rozpadek et al. [36] reported
that the roots of Arabidopsis thaliana secrete SL which
acts as a signaling molecule for endophytic colonization
of Mucor sp. A study conducted by Nguema-Ona et al.
[37] suggested the important role of arabinogalactan
proteins (AGPs), these AGPs are highly glycosylated
members of the hydroxyproline-rich glycoprotein
(HRGP) superfamily of plant cell wall proteins, in estab-
lishing plant-microbe interaction at several levels.
These proteins play a specific role in the colonization of
the roots, often working as attractants or repellents for
microorganisms and in the development of infection.



Several other root exudates like phenolic compounds,
organic acids, amino acids, sugars, and some secondary
metabolites are now recognized to be secreted by the
roots of the plant, which selectively attract endophytes
[37,38]. Recent findings on micro-RNAs (miRNAs) and
gene expression studies in plants suggest that the path-
ways and gene responses depend upon the endophytic
microbe. Numerous researches proved that during the
colonization of plants by mutualistic partners such as
rhizobia or AMF there is down-regulation of plant
defensive pathways [39]. However, signaling pathways
of jasmonic acid (JA)/ethylene (ET)/salicylic acid (SA)
work irrespective of the microbe. There are numerous
novel bioactive compounds that are produced as a
result of plant-endophyte interactions that can be used
in various fields of medicine, biodegradation, bio-
remediation, and agriculture [2,40-42]. Several studies
conducted by different researchers suggested the role
of the plant innate immune system in allowing endo-
phytic microbes to enter into plant internal tissues
[39-42]. Kusajima et al. [40] found that a bacterial endo-
phyte, Azospirillum sp. B510 induces systemic disease
resistance in rice and additionally, gene expression ana-
lysis indicates that ET is essential for endophyte-medi-
ated induced systemic resistance (ISR) in rice. In the
case of AMF colonization, the miRNA
(-E4D3Z3Y01BWOTQ-) is up-regulated and disrupts GA
signaling pathways, known for suppressive action
against any mutualistic associations [43]. However,
endophytic microbes also used their own defensive
mechanisms to shield themselves from plant defense
mechanisms. For example, endophytes are known to
produce their microbe-associated molecular patterns
(MAMPs), which are not recognized by pattern recogni-
tion receptors (PRRs) of plants. The first line of defense
in plants is the recognition of conserved molecules
characteristic of many microbes. These elicitors are also
known as MAMPs or pathogen-associated molecular
patterns (MAMPs or PAMPs). Plants activate relatively
feeble and temporary defensive responses as compared
to many other pathogenic interactions [43]. Cord-
Landwehr et al. [44] in their study reported that fungal
endophytic microbes produce an enzyme chitin deace-
tylases, which then deacetylate chitosan oligomers that
are not perceived by plants’ receptors. Plants lead to
the generation of reactive oxygen species (ROS) or oxi-
dative burst as a plant defense scheme, endophytes
defend themselves by producing a certain types of
metabolites, that possesses antioxidants activities such
as catalases (CatA), superoxide dismutases (SODs),
glutathione-S-transferases (GSTs) peroxidases (POD),
and alkyl hydroperoxide reductases (AhpCs) [44].
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Endophytes modulating the genotypic and
phenotypic expression of host plants against
various stresses

Increase in resistance to biotic stresses

Endophytes constitute an important group of wide-
spread, diverse, and mesmerizing plant symbionts, liv-
ing asymptomatically within the host tissues [45,46]
and have the potential to provide defense against a
variety of pathogens via the elicitation of different plant
responses [8]. When the plant is exposed to different
environmental stresses, they initiate the signal mechan-
ism that positively persuades the expression of the
stress-responsive genes that enhances the deposition
of callose, and pre-invasion defense. Endophytic
microbes significantly modulate stress by down regula-
tion of abscisic acid (ABA). Though, ABA affects nega-
tively, by giving signals that elicit systemically acquired
resistance (SAR). Among the phytohormones, GA is syn-
thesized inside the plant and endophytes impede the
inhibitory effects of DELLA proteins over the plant-
growth promoting signals (Figure 1). Many foliar endo-
phytic microbes are well known to regulate the expres-
sion of the host gene, affecting host defensive
pathways and the physiological response of the host
plants [47]. Salicylic acid and JA are two different phyto-
hormones that are known to play an important role
against pathogen attacks via the activation of plant
defense systems (Figure 1) [48]. Many metabolomics
studies conducted in the recent past have confirmed
that endophyte genes associated to particular metabo-
lites are implicated in PGP by the production of phyto-
hormones like auxins, GA, and other regulatory chemi-
cals, that increases plant accessibility for nutrients, like
nitrogen (N), potassium (K), and phosphorus (P)
[11,35,36]. Waqas et al. [49] in their study reported that
gibberellin-producing endophytes are known to
increase the host's resistance against the intruders
through JA and SA pathways. Mitogen-activated protein
kinase (MAPK) cascades are highly conserved regulators
of various cellular processes, like differentiation, growth,
proliferation, stress responses, and death. These protein
cascades play a vital role in a variety of abiotic and
biotic stress responses. Among microbial, particularly
bacterial endophytes are reported to synthesize a var-
iety of novel organic compounds and antifungal metab-
olites, with a wide spectrum of antimicrobial activity
against different nematodes, and plant pathogenic
microbes. Endophytes ability to defend host plants
from various damages and diseases imposed by patho-
genic microbes encourages the research to unravel the
primary mechanism [50]. Gao et al. [51] have reviewed
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Figure 1. Remediation of abiotic and biotic stress by endophytic microbes. Environmental stress signals positively excite the
expression of stress responsive genes, by increasing callose deposition, and pre-invasion defense. Endophytic microbes display
the host plant’s defensive responses against plant pathogens by the early detection of plant pathogens by cell surface receptor
kinase (RK) and followed by cytoplasmic kinases (CK) mediated intercellular response that triggers ET/JA signaling pathway. ABA
negatively affects a signal that triggers systemic acquired resistance (SAR) and endophytes modulate stress through down-regula-
tion of ABA. Gibberellins produced by the endophytes or the plants hamper inhibitory effect of DELLA proteins over plant growth

promoting signals.

and broadly proposed three special types of protective
communications between endophytes and pathogens in
plants, namely: (i) direct inhibition, wherein the defense is
mainly confined and presented antibiosis (production of
secondary metabolites as antifungal, antibacterial, and
nematicidal compounds), (ii) indirect inhibition is innate
plant defense (ISR and SAR) pathways are elicited, and
(i) occupation of ecological niches. Endophytic microbes
colonize host plants more rapidly than consistent patho-
gens which often lead to exhaustion of nutrient resources
[50]. A very recent study conducted by Jiao et al. [52]
showed positive biocontrol against tobacco powdery mil-
dew disease in tobacco by application of the beneficial
endophyte Bacillus amyloliquefaciens YN201732 by involv-
ing systemic resistance mechanisms. Halecker et al. [53]

reported a fungal endophyte, Hypoxylon rubiginosum
with promising biocontrol potential against ash dieback
disease (Hymenoscyphus fraxineus), by producing pho-
mopsidin, an antifungal metabolite. The study conducted
by Liu et al. [54] isolated an antifungal protein from the
wheat endophytic bacterial strain Bacillus subtilis EDR4
which inhibits the growth of: Fusarium oxysporum f.sp.
vasinfectum, F. graminearum, G. graminis var. tritici, B. cin-
erea, and R. cerealis, and Macrophoma kuwatsukai.
Endophytic bacteria Bacillus mojavensis and B. cereus
colonizing rice (Oryza sativa) exhibited antimicrobial activ-
ity against the fungal pathogens of rice: Fusarium prolif-
erum, Fusarium verticillioides, F. fujikuroi, Magnaporthe
salvinii, and M. grisea [55]. Current study has reported the
positive role of the endophytic bacterium Pseudomonas



putida BP25 which was associated with the roots of black
pepper. This bacterium suppresses the growth of various
phytopathogens like: Pythium myriotylum, Phytophthora
capsici, Athelia rolfsii, Rhizoctonia solani, Gibberella monili-
formis, Colletotrichum gloeosporioides, and parasitic nemat-
odes, such as Radopholus similis, by producing a variety of
VOCs [56]. The study conducted by Gond et al. [57] used
two endophytic bacteria strains Bacillus subtilis and B. amy-
loliquefaciens for colonizing seeds of Zea mays were
observed to inhibit the growth of the fungus Fusarium
moniliforme by producing antifungal lipopeptides. For the
very first time, Etminani and Harighi [58] in their study
reported that the endophytic bacteria Bacillus, Pantoea,
Pseudomonas, Stenotrophomonas, and Serratia, isolated
from wild pistachio showed positive biocontrol of the phy-
topathogenic bacterial strains Pseudomonas tolaasii and
Pseudomonas syringae. Similarly, Hashem et al. [13] in their
study reported the biocontrol potential of Bacillus subtilis
(Bera 71) by inhibiting the growth of Macrophomina pha-
seolina causing (tassi) goid disease in the mung bean by
producing iturin an antifungal lipopeptide. Recently, Singh
et al. [59] in their studies showed that endophytic bacteria
associated with Ziziphora capitata and Hypericum perfora-
tum belonging to Achromobacter, Arthrobacter, Bacillus,
Enterobacter, Erwinia, Pantoea, Pseudomonas, Serratia, and
Stenotrophomonas. However, their study concluded that H.
perforatum, when compared with Z capitata, had antibac-
terial activity and supported the colonization of more bac-
terial communities with antagonistic activity. Rosmarinic
acid provides dynamic antimicrobial activity against a wide
range of microbial communities colonizing the rhizo-
spheric area of the soil was induced in the exudates pro-
duced by the hairy root cultures of sweet basil following a
challenge by Pythium ultimum [60] (Table 1). Most of the
endophytic formulation products for growth enhancement
and biocontrol activity are based on Bacillus and
Trichoderma strains due to seed formulation issues,
although Pseudomonas-based products have also been
commercialized in recent years [70].

Increase in resistance to abiotic stresses

Pragmatic consistency of microbial endophytic commu-
nity patterns is believed to support the notion of funda-
mental principles and the forces responsible for driving
the community composition and formation. While pre-
liminary endophytic microbiome structures and their
composition are similar to their respective seed banks,
including air and soil, they become more plant-specific
as the plant grows and develops [71]. Many abiotic
stresses like drought stress, salinity, extreme tempera-
tures, alkalinity, oxidative stress, and heavy metal
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toxicity are threats to agricultural ecosystems.
Endophytes adopt various molecular mechanisms to
mitigate the effects of stress [56]. The environmental
stress signals perceived by various membrane receptors
like G-protein coupled receptors (GPCRs), receptor-like
kinases (RLKs), ion channels, and histidine kinases. This
brings changes to the cytoplasmic Ca®" levels and pro-
duces secondary messengers like ROS, ABA, inositol
phosphates (IPs), etc. These secondary signaling mole-
cules initiate the phosphorylation of protein cascade by
various kinases like protein phosphatases, protein kin-
ases CIPKs, and CDPKs. They further activate different
transcription factors like bZIP, DREB/CBF, MYC/MYB,
AREB/ABF, WRKY, etc. through the events of phosphor-
ylation and de-phosphorylation. These transcription fac-
tors lead to the activation of various stress-responsive
genes which include expression of genes that encode
for heat shock proteins (HSPs), lipid transfer protein
(LTP), late embryogenesis abundant (LEA) protein, anti-
oxidants, ion transporters, and osmolytes, etc. Finally,
resistance against stress conditions is generated and
the damages are being repaired [1,72]. Therefore, stress
tolerance in plants is primarily induced by the gener-
ation of free radicals like ROS, and production of anti-
stress metabolites via expression of stress-responsive
genes [7,12]. Bacterial endophytes, plant growth poten-
tial is explained through several proposed mechanisms.
Several endophytes help to increase accessibility to
nutrients, e.g. nitrogen and phosphorus or metals, or
produce metabolites that could regulate plant growth
development and defense responses, such as the well-
known plant hormones like auxins, GA, ABA, cytokinin,
ET, SA, SLs, brassinosteroids, and jasmonates [12,73]
(Figure 1). Many endophytic microbes produce defen-
sive molecules, like proline, carotenoids, and melato-
nins which play a defensive role against abiotic stress.
The action is not localized, in fact endophytic microbes
may also produce volatile organic carbon (VOC), which
is involved in the initial recognition/interaction by the
host plant and can also be precursors of main signaling
molecules. A very interesting example is the accumula-
tion of melatonins, which happen in grapevines, when
inoculated with Bacillus amyloliquefaciens neutralizing
the adverse effects of drought, cold, and salinity stress
[74]. This bacterial strain also reduces the up-regulation
of serotonin N-acetyl-transferase and tryptophan
decarboxylase transcription. Another example includes
the production of carotenoids in the host plant as pre-
cursors of phytohormones, ABA, or detoxifying
enzymes, such as ACC deaminase, that control ET pro-
duction and subsequently the impairment elicited upon
stress. Certainly, melatonin is a strong antioxidant that



6 (&) A.DUBEY ET AL

233 ‘ueinjozuaqip
‘lolyiaueyiaw ‘apy[nsip

wnubiu wno021d3 ‘pjodtubyy ‘winiplpifos

JAy1owIp ‘sauolay Juswnadxs 1od pue ‘DWOY4 “Winiaj1230}) winlpsn4 isulebe buasuibojou buasuibojou 6100EHdWIA l1swipb
[69] SW-2D 1| SHOA JO uoidNpoid Kesse ainynd> alejd [eng Auainoe jonuodolq aanisod smoys Xiupd XIUpd JO 5100y DWIRPOYILI| ol
U ul
9seasip 104 1004 Buisned spojewsu (pAnDs pzAIQ) wnupsn{ pue
[89] anN an JusWAdXd 104 pjodujwpib aukbopiojapy Jo 1013u0d0lg 1Y (bAnDS pzAIp) 1Y DWIdPOYdLI| ‘6
22UDJ3|0] SSaJ3S J110Iq Uo sajAydopua [pbuny jo ajoy
DIIDLI3S PUE ‘Da0JUDY
NDH pue aseajoid abulifs -4 pue DI1UDID DIDISI] ‘spuowioydoilouadls
[8s] an ‘sajoydoiapls sadnpoid Aesse ainynd a1ed [eng 1ISDD|O] SDUOWIOPNaSH JO |0J1U0d0Ig an JO WIS pue Sanea] ‘Spuowopnasd ‘snjjioog '8
SW-29
Adodsoudads ssew (wnjuajnisa 124D pijiydoypw
Aydeisbolewouyd seb paJaup snAiog u01512d02A7) spuowoydojouals pue
[£9] UOI12BIIX3-0101W 3seyd SDOA JO uondnpoid JusWLRdX3 104 uaboyjed |ebuny jo yimoib uqiyu| olewo| pdip20xi SijbsAyd G73 1aZINIS SLUOWOPNASY ‘L
ueyd Jo ys| s19661] “yimoib jueid
siskjeue Adodsoupdads |olpaueinq |K1a0e juswladxa jod pue sadueYUd pue sselb pisAoz ul jupjos
[99] ssew pue ‘YAN D¢, ‘H, JO JawWos| Aesse ainynd alejd |eng DIUO}X0ZIYY JO UOILZIUO|OD UqIyu| sseub pishoz anN 6D sIuqns snjjpg )
asub ‘W ‘nuinps ayuodpubpyy
‘winiajijoid 4 ‘sapoljjidipian
"4 ‘loanyifnj wnupsn4 usboyied s3I g
[59] an an Kesse ainynd ajejd |eng |ebuny 1 Jo yimoib sassaiddng bANDS DZAIO (bAnps pzAiQ) 1Y pue suaapbfow snjjiobg 'S
uonpnpoud dnoiqiue (@snoyuaaib) A1ssinu 1oinyifny winupsn4 Aq pasned
[#9] an pue ys| pue sjies1 104 9014 JO 3SEISIP dueYE] |01U0d0Ig pADS DZAID Spass (pAIIDS bzAID) 1Y £00/DA pjod1zAio snjjiopg R
sauab pajejas sissuaboyied
sapndadodi| Jo uone|nbaidn “awuoiuow sijgns g pue
[€925] 101-1aTYW 40 uondnpold Kesse ainynd ajeyd |eng wnpsn4 Jo Yyimolb qiyuj an spaas (sAbw paz) azie|y suapbyanbijolfwp snjjpog '€
Aydeibojewoiyd
uonesul 213 ‘Ipynsipmny puioydodpyy
d1qoydoipAy Iovd ‘wnpJauiwpib "4 ‘wniodsAxo
[29] pue abueydxa uoluy 73 uoid |ebunynuy Kesse ainyn> ayed |eng wnupsn{ Jo yimolib sassaiddng anN S1001 1e3YM 4a3 siuqns snjjoog i
uoipnpoud (spndadodi) ‘(aseasip plob
|ebunjiue) uuny| s3sned) puljoaspyd pujwoydobyy
(O11) Aydesborewolyd punodwo> [ebunjnue ue juswadxa 1od pue 1sutebe A)iAnde [013U0d0Iq Se ||PM (papIppI DUBIA)
[L9] J1aAe| iyl 40 uonpnpoid panoday Kesse ainynd ajeid [eng se Hunowosd ymolb jueid pamidag ueaq bunyy 9311 yle] jo syooy (LZ v439) singns snjjog 1
9JUEJI3|0] $SJ1S D1101q UO sa1Aydopusd [elaideq Jo a0y
ERIIETETEN] spunodwod jo salljoqelsw dnias |ejuswiadxy $9]04 panoday ueld 1s9) 324N0S uole|os| ules]s |eualeg 'ON'S
uoledinuapl Klepuodag

pue uonedyund
10} pasn spoy

“(e3ep ou

:dN) uopelAa[je ssai3s dolq ul saqosiw dnkydopus jo ajoy °L 3jqel



increases CuZn SOD, ascorbate peroxidase, Fe-SOD, and
thylakoid-bound catalase activities [11,74]. To achieve
its beneficial effect, melatonins can be used in exogen-
ous applications. However, melatonin-producing endo-
phytic microbes may have long-term effects on the
endogenous melatonin levels in plants once they enter
inside plant tissues. Waqas et al. [49], in their study,
reviewed that a cross-talk exists between ABA-mediated
stomatal movements. The biosynthesis of ABA and
ABA-mediated signaling pathways are generally acti-
vated by the presence of useful microbes populating
the plant endosphere. These microbe mediated path-
ways contribute toward plant health under salt stress
conditions. The upregulation of different genes includ-
ing aquaporins and dehydrins plays a role in mitigating
the abiotic stresses in rice plants when inoculated by
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the endophytic fungus Trichoderma harzianum [61,75].
Bacillus subtilis (BERA 71), an endophytic bacterium
improves the salt tolerance [76] and AM colonization
improves drought tolerance [77] in chickpea by regulat-
ing plant defense mechanisms.

Some plant species can grow in heavy metal and pesti-
cides polluted soils. Plants exhibit several physiological/
genetic strategies to deal with varied soil contaminants,
including those derived from anthropogenic activities. A
significant plant mechanism involved in phytoremediation
is the recruitment of beneficial bacterial endophytes. More
importantly, some bacterial endophytes have evolved with
the ability to resist or tolerate high concentrations of con-
taminants that also display PGP traits [9]. Endophytes alle-
viate metal phytotoxicity via extracellular precipitation,
biotransformation, intracellular accumulation, and the
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Figure 2. Endophyte mediated phytoremediation. Endophytes utilize the following mechanisms for microbial assisted bioremedi-
ation: (i) sequestration of toxic heavy metals by intracellular metal binding proteins and cell wall components or by peptides
such as phytochelatins and metallothioneins (MT) along with compounds such as a fungus produces hydroxamate siderophores
and bacterial siderophores which are generally catecholate, (ii) alteration of biochemical pathways to block metal uptake, (iii)
conversion of metals to innocuous forms by enzymes, and (iv) reduction of the intracellular concentration of metals using precise

efflux systems.
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sequestration of toxic metal ions into nontoxic or less toxic
forms [78] (Figure 2). The reported metal-resistant endo-
phytic microbes belong to various taxa; in fungi including
Alternaria, Mucor, Aspergillus, Phoma, Microsphaeropsis,
Steganosporium, and Peyronellaea. In bacteria, these
includes Bacillus, Pseudomonas, Arthrobacter, Paenibacillus,
Curtobacterium,  Enterobacter,  Clostridium,  Leifsonia,
Staphylococcus, Xanthomonadaceae, Stenotrophomonas,
Sanguibacte, and Microbacterium [79,80]. In a recent study,
many endophytic bacteria were isolated from the Zn/Cd
hyper-accumulator plant Sedum plumbizincicola, and
among them only five isolates exhibited PGP, were
selected for further study [81]. These PGP activities include
the production of IAA, phosphate, and phosphorus solubil-
ization, production of siderophores, and ACC deaminase
activity. Additionally, these strains showed high tolerance
against heavy metals like Pb, Zn and Cd. The result of the
inoculation of this heavy metal-tolerant ACC-deaminase
producing bacterial strains on the growth of S. plumbizinci-
cola and its uptake of Pb, Zn, and Cd in heavy-metal con-
taminated soils were also tested in pot-trials. Bacillus
pumilus strain E2S2 drastically increased the Cd uptake by
plants, and further increase the plant shoot and root
length, as well as dry and fresh biomass as compared to
non-inoculated plants. Thus, an endophytic bacterial strain
isolated from S. plumbizincicola enhances its phytoextrac-
tion ability and, at the same time, promotes plant growth.
The study conducted by Kong et al. [82], showed the
effect of the Sinorhizobium meliloti strain CCNWSX0020,
the rhizobial endosymbiont on the host plant Medicago
lupulina under copper stress. This particular strain enhan-
ces the nitrogen content as well as the growth of the
plant. Additionally, rhizobial symbiosis also promotes the
accumulation of copper in roots and shoots of the plant.
Therefore, many genes, that are involved in antioxidant
responses, were also up-regulated in plants when treated
with the endophytic bacterium in the presence of high
levels of copper. Endophytic microbes have the potential
to synthesize different “protective” compounds such as
antioxidants, carbohydrates, and proline to cope up with
abiotic stress conditions [83]. Hence, S. meliloti not only
promotes metal uptake and plant growth, but also induces
the plant antioxidative defense responses during copper
stress. Studies have reported the accumulation of proline
in pepper (Capsicum annuum L., Solanales: Solanaceae)
plants when inoculated with two endophytic bacterial
strains Bacillus spp. and Arthrobacter sp. under drought
stress condition [84]. The study conducted by the
Damodaran et al. [85] showed that when gladiolus plants
were inoculated with the endophytic bacterial strains:
Bacillus subtilis strain CSR-G-1, B. pumilus CSR-B-2, B. maris-
flavi CSR-G-4, B. saffensis CSR-G-5, B. thuringiensis CSRB-3,

and B. cereus CSR-B-1 plants can tolerate high sodium
stress by increasing phenylalanine lyase, SOD, peroxidase,
and catalase enzyme activity (Table 2). Also, there are
some research deficiencies in this area that need to focus
upon are: (i) less information is available about phytoreme-
diation by endophytic fungi, all the previous studies were
mainly focused upon endophytic bacteria assisted phytor-
emediation. (ii) Though these endophytes and their associ-
ated host plants can degrade a broad range of
contaminants, most of the compounds are often degraded
slowly or some are not degraded at all. In order to utilize
endophytes in this technology, more engineered endo-
phytes with biodegradative potential should be identified
and used [8].

Modulation of the plant’s immune system
by endophytes

At present, one of the biggest challenges is to find and
track the mechanism of how the endophytic microbes
flourish inside the host plant. Plants usually establish
interactions with microbes that have detrimental or
beneficial effects on health and fitness. It has been
stated that symbiosis with endophytic microbes confers
additional defensive mechanisms in the host plants
[1,42,95]. More precisely, these symbiotic organisms
modulate the plant hormonal pathways implicated in
defense, to colonize host plants, and also to establish
symbiosis [95,96]. Endophytes are an active source of
bioactive compounds such as alkaloids and these com-
pounds are well known to confer protection to the host
plant. The association between plants and microbes
can have significant consequences on the host's
immune system [97]. Many species of mycorrhizal fungi
and rhizobacteria induce certain types of systemic
defenses, known as MIR (mycorrhiza-induced resistance)
and ISR, respectively [1,42,95]. The term “Induced
Systemic Resistance” is a generic term for the induced
state of resistance in plants triggered by biological or
chemical inducers, which protects non-exposed parts
against future attacks by pathogenic microbes [42].
Piercing through to the host, endophytes have to cross
the first line of highly sophisticated defenses of the
plant immune system. This process involves the identifi-
cation of conserved molecules, termed pathogen- or
microbe-associated molecular patterns (PAMPs or
MAMPs) [98]. Peptidoglycans, elongation factors TU (EF-
Tu;elf18/26), lipopolysaccharides, flagellin (Flg;flg22),
bacterial SOD, betaglycan bacterial cold shock proteins
(RNP1motif), B-glucans from oomycetes, and chitin are
the most worked upon MAMPs [98]. These MAMPs are
recognized by specific receptor molecules present on the
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Modulation of plant immune response
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Figure 3. The action mechanism of endophytes in the modulation of plant immune response and protection from an oxidative
burst. Endophytic fungi modulates plants immune system by producing chitin deacetylases, for deacetylation of chitosan oligom-
ers. This prevents them from being recognized by (PR-3) chitin specific receptors of the plant that recognize chitin oligomers.
Perception of flagellin (FLS 2) from endophytes also differs from plant pathogens. Various osmolytes and ROS or reactive oxygen
species, produced by plants during the stress conditions, are generally neutralized by the enzyme produced by the endophytes

such as CatA, POD, GSTs, SOD, and AhpC.

surface of plant cells and are termed as PRRs. Similar to
microbial endophytes, the fungal endophytes, also have
specific receptors, the chitin-receptors (PR-3) recognize
chitin oligomers formed on fungal cell wall (Figure 3) [99].

Endophytes are also known for their mechanisms to
protect themselves from plant defense mechanisms. For
example, Cord-Landwehr et al. [44], in their study, stated
that fungal endophytes either mask the chitin by deace-
tylating it into chitosan via chitin deacetylases enzyme
or covering it into other molecules, hence, preventing
themselves from being recognized. Studies also suggest
that endophytic bacteria produce their MAMPs, which
are either not recognized by PRRs present on the cell
surface of the host plants or plants prompt a weak
defensive response compared to pathogenic interactions
[43]. Similarly, Trda et al. [100] in their study concluded

that grapevine exhibited a different type of perception
in response to flagellin (FLS 2) when encountered with
two different types of endophytes such as Burkholderia
phytofirmans and bacterial pathogens Pseudomonas aer-
uginosa and Xanthomonas campestris. In the case of the
production of ROS, as a plant defense system, endo-
phytes defend themselves by generating different anti-
oxidant enzymes [101] (Figure 3).

Omics approaches for better understanding of
plant-endophyte interactions

A comprehensive and detailed understanding of plan-
t-endophyte interactions is important to realize the
value of these microbial communities, which are sour-
ces of industrially important enzymes, novel



metabolites, and stress relievers of the host plant.
However, several valuable facets of endophytes are still
unknown [16,102]. Modern high-throughput genomic
studies have revolutionized the microbiome research
by uncovering the gray areas of endophytism, permit
the exploration of endophytes, enable the sequencing
of a larger number of microbes and inspire in depth
analyses of microbial communities by taxonomic classi-
fication, phylogeny, and evolutionary studies [103].
Whole genome analysis of endophytic microbes trans-
lates all the relevant information that is a requisite for
an organism to nurture under favorable and harsh con-
ditions depending on the plant’s habitats. Along with
the house-keeping machinery, these microbial genomes
also translate genes that are essential for their plant
beneficial properties and endophytic lifestyle. Detailed
and comprehensive knowledge of the mechanisms of
host infestation and the role of endophytes could be
used to improve agricultural management in terms of
biocontrol, PGP, and phytoremediation [9,10,16].
Complete genome analysis of endophytes revealed the
genetic traits that directly or indirectly influence the
colonizing preferences as well as different bioactivities.
This also helps in the identification of specific genes
involved in the mechanism of PGP, antibiotic produc-
tion, antibiotic resistance, endophytic secretory system,
insertion elements, transport system, surface attach-
ment, and other related metabolic mechanisms [104].
The whole-genome also provides deep insights into a
better understanding of the evolution and ecology of
endophytes. Fungal endophytes belonging to order
sebacinales have gained considerable attention due to
their stress tolerance and PGP potential [105].
Pirifomospora indica (order sebacinales) represent as a
model for studying symbiotic interactions. Whole-gen-
ome sequencing analysis of P. indica has revealed its
potential as a plant probiotics agent. The presence of
genes encoding hydrolases, N-acyl homoserine lactone
synthases, hyper adherence factors, and fusaric acid
resistance proteins, etc, emphasize the biotechno-
logical potential of the endophytic bacterium Pantoea
ananatis [106]. Therefore, the whole genomes of many
fungal and bacterial endophytes have been sequenced
(Table 3), and this list is becoming further populated.
These available genomes of endophytic microbes serve
as the model systems to study microbe-microbe and
plant-microbe interactions. Further, individual genome
sequences improve the data analysis in meta omics
(microarray, core microbiome, NGS, comparative gen-
omics, metagenomics, proteomics, metabolomics,
metatranscriptomics, and fluxomics) studies of plant-
associated microbes. The comparative genomic
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sequencing analysis provides insight into endophytic
behavior [104,130].

Next-generation sequencing analysis was used to
reveal the unculturable and culturable bacterial endo-
phytes in Aloe vera, for estimating its microbial range
and to elucidate the colonization pattern of these
microbes inside their host [19]. Metagenomic
approaches along with Insilco analysis will provide
novel phylogenetic and functional insight about the
endophytes [131,132]. The study conducted by Tian
et al. [131] investigated the comparative community
structure and the functional attributes of tomato root-
associated microbiomes in healthy and root-knot nema-
tode, infected roots. The study conducted by Delmotte
et al. [133] and Rastogi et al. [134] used community pro-
teogenomics for identifying the exclusive traits of phyl-
losphere bacteria colonizing Arabidopsis leaf. One
should know the limitations of NGS technologies before
using it for experimental studies. Main limitations of
genome sequencing studies are the presence of a high
ratio of sequences with no homolog in public data-
bases. Metagenomic studies of the sample collected
from the same place would overcome the limitation to
a great extent [135].

Microarray-based techniques have set the current
genome-based studies with the tools for endophyte
gene profiling and studies are related to specific gene
expression, investigation of symbiotic host plant com-
munications, and many others for transcriptomic ana-
lysis. The study conducted by Felitti et al. [136]
described the potential of Neotyphodium and Epichloe
endophyte cDNA microarrays (Endochip™ and Nchip™
microarrays) for transcriptome analysis. Microarray ana-
lysis of the transcriptome of endophytic-Pseudomonas
infected Arabidopsis revealed the downregulation of ET
responsive genes whereas genes related to nodule for-
mation and plant hormone production were upregu-
lated [137]. For studying, symbiotic interactions the
dual genome Symbiosis Chip-based tool has been used.
This tool allows a simultaneous understanding of endo-
phyte host interactions and the expression of genes in
both the partners of the association [23]. The study con-
ducted by Barnett et al. [23] used a Symbiosis Chip-
based tool, Affymetrix Gene Chip to study the syn-
chronize differentiation of Sinorhizobium meliloti and its
host plant Medicago truncatula during nodule forma-
tion. The expression profiling of S. meliloti grown with
the host plant signaling molecule luteolin is defined in
rich and minimal media of strains modified in the
expression of key regulatory proteins (RpoN, NodDT,
and NodD3). A similar study was conducted by
Guldener et al. [24] for profiling the gene expression of
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Table 3. List of endophytes whose whole genomes have been sequenced (recent data 2017-2019) (ND: no data).

Endophytic microbe Name Isolated from Reported role References
Fungal endophyte Arthrinium phaeospermum Bambusa pervariabilis and Pathogenic fungus infecting plants, animals, [107]
Dendrocalamopisis grandis and humans
Amphirosellinia nigrospora Pteris cretica Plant pathogenic fungus [108]
JS-1675
Penicillium brasilianum strain Melia azedarach Production of bioactive secondary metabolites [109]
LaBioMMi 136 like alkaloids, insecticidal meroterpenes,
Brasiliamides, penicillic acid, and
spirohexalines, which are novel inhibitors of
bacterial undecaprenyl
pyrophosphate synthase
Fusarium tricinctum Taxus baccata Source of various secondary metabolites like [110]
antifungal lipopeptides
Gaeumannomyces sp. strain Phragmites communis Source of secondary metabolites which [111]
JS-464 showed significant no reduction activity
Fusarium solani JS-169 Morus alba (Mulberry) Antifungal activity [112]
Bacterial endophyte Burkholderia stabilis Ginseng Produces antimicrobial compounds against [113]
root rot disease in ginseng.
Pantoea sp., strain CCBC3- Cotinus coggygria branch Biocontrol activity against plant pathogens [114]
3-1
Bacillus velezensis PG12 Apple fruit Good candidates for use as biopesticides, [115]
biofertilizers, biostimulators, and potential
biocontrol agent improves crop yield and
quality. Produces secondary metabolites with
antimicrobial activity.
Kosakonia Sugarcane ( Saccharum Promotes plant growth promotion by nitrogen [116]
radicincitans UYSO10 officinarum) fixation and phytohormone production
Pseudomonas spp. Grapevine tissue Showed antagonistic activity against Grapevine [117]
trunk disease pathogens
Microbacterium Switch grass ND [118]
Bacillus velezensis Maize Antimicrobial activity against human and [119]
fungal pathogens. Produces biofilm, cyclic
lipopetides, ISR response in plants.
Microbacterium Mirabilis jalapa Antimicrobial activity against Pseudomonas, [120]
hydrothermale Candida albicans, Escherichia coli,
Staphylococcus aureus, and Microbacterium
hydrothermale.
Bacillus pumilus SCAL1 Solanum lycopersicum L. Promotes plant growth promotion and high [121]
temperature stress tolerance
Chryseobacterium Panax quinquefolius Antimicrobial activity against Pseudomonas [122]
indologenes PgBE177 syringae. Presence of bacteriocin gene cluster
and enhances plant growth.
Salinicola tamaricis Tamaxrix chinensis Tolerate heavy metal stress like nickel, copper, [123]
manganese, and lead
Streptomyces cavourensis Cinnamomum cassia Produces cytotoxic and antimicrobial bioactive [62]
metabolites
Klebsiella variicola and Sugarcane Having essential genes for plant growth [124]
Klebsiella pneumoniae promotion. Detoxification and nitrogen fixation
Herbaspirillum sp. Tea (Camellia sinensis) Ability to reduce selenite/selenate into red [125]
strain WT00C elemental selenium and many
agronomics benefits
Bacillus aryabhattai strain Phoenix dactylifera L. Tea Produces phytohormones and ACC [126]
SQU-R12 deaminase enzyme
Streptomyces sp. GKU 895 Sugarcane Plant growth promoting activity and produces [127]
secondary metabolites
Variovorax paradoxus KB5 Arabidopsis thaliana Antagonistic activity against a phytopathogen, [128]
Pseudomonas syringae
Pseudomonas stutzeri Rice roots High biological nitrogen fixation ability [129]

strain KMS55

Fusarium graminearum in vitro and in planta. Radecker
et al. [25] studied metabolic interactions in Cnidarian-
Symbiodinium symbioses by using Aiptasia Model.
Recently evolving endophytic core microbiome is
responsible for defining functions within ecosystems,
therefore, very few studies have been conducted on
the endophytic core microbiomes of specific plants

[21,138]. The study conducted by Munir et al. [20] has
reported on the endophytic core microbiome of 24 dif-
ferent varieties of citrus growing in nine different
regions of China using culture-dependent analysis and
16S rRNA gene sequencing. Kuzniar et al. [21], in their
study, used a culture-independent approach for explor-
ing the endophytic core microbiome of two varieties of



wheat (Triticum aestivum L. and Triticum spelta L.) which
was reported for the first time. Meta proteomics and
metabolomics help to identify proteins and metabolites
respectively, resulting from co-metabolism of the host
and, can be used as reliable biomarkers that represent
the end products of metabolic interactions among the
host plant and the microbe. Conversely, an indirect lysis
method was used for isolating the total protein from
endophytes under diverse stress conditions and protein
fingerprints were obtained after 2,D-gel electrophoresis,
which can be used to reveal the role of endophytes
under diverse stress conditions [135]. Lery et al. [139]
have investigated the molecular aspects of the
Gluconacetobacter diazotrophicus-sugarcane interaction
by using quantitative mass spectrometry based prote-
omic analysis. Therefore, in this study, more than 400
proteins were analyzed out of which 78 proteins were
expressed differentially between the control cultures
and bacterial-plant interaction model.

The combination of multi-omics approaches
increases assurance in recognizing diagnostic and cura-
tive biomarkers as well as providing a testable hypoth-
esis. Therefore, to investigate the evolving hypothesis
generated as a result of these approaches and to
demarcate mechanisms by which microorganisms influ-
ence the host, a highly convenient experimental system
with a reduced complication to study communications
between microbes and its host should be designed.
Several studies have been conducted by different
researchers using different omics techniques, for explor-
ing the role of endophytes in producing novel bioactive
compounds [28,140]. The modern omics-based techni-
ques and approaches need to be explored to study
endophyte biology along with their putative role in
host ecology.

Endophytes are the treasure house of
bioactive compounds

Metabolomic analysis has revealed that endophytes are
the treasure house of bioactive compounds.
Endophytes are well known for their bioactive metabol-
ite production potential along with their contribution
to plant health and fitness, protection against various
stresses, enhancing the growth and productivity of
plants, and their ability for xenobiotic degradation. The
extraction of these metabolites from endophytic
microbes is affected by many factors, such as their geo-
graphical location, the climatic conditions, and the dif-
ferent sample collecting seasons [141]. These
endophytes have various implications in biotechnology,
pharmaceutical, and drug discovery. The secondary
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metabolites secreted by endophytic microbes are gen-
erally classified into different functional groups, like: fla-
vonoids, alkaloids, chinones, steroids, benzopyranones,
phenolic acids, saponins, quinones, tannins, xanthones,
tetralones, and terpenoids [142]. These secondary
metabolites include an array of compounds such as:
insecticide azadirachtin [31], antibiotics [143,144], anti-
cancer bis indole alkaloids [145,146], antimicrobial and
anti-mycobacteria compounds [147], and biopesticidal
compounds [140]. The study conducted by different sci-
entists has focused upon the isolation and characteriza-
tion of bioactive compounds from fungal endophytes
[28,143,148-150] (Table 4). Endophytic bacteria, espe-
cially those associated with ethnomedicinal plants serve
as the reservoirs of natural products and therapeutic
compounds for their application as novel bioactive
agents and the reduction of oxidative stress [151].
Endophytes also synthesize several extracellular hydro-
lases like: esterases, proteinase, cellulases, and lipases,
to develop the resistance against different plant inva-
sions [152]. Endophytes produce antibiotic compounds
like: ampicillin, oxacillin, gallic acid, cefalexin, and cat-
echin, and have bactericidal activities [153]. The symbi-
otic co-evolution between endophytes and plants has
recognized a unique association that considerably influ-
ences the production of secondary metabolites, i.e. bio-
active compounds in plants [46]. Interaction of
endophytes with its host plant considerably influences
the physiological action of the host plant; these
changes comprise the activation of silent gene clusters
that lead to the production of novel secondary metabo-
lites. A bacterial endophyte Pseudonocardia induces the
production of artemisin in an Artemisia plant by induc-
ing the expression of cytochrome P45, oxidoreductase
genes and cytochrome P45, monooxygenase [27]. Taxol
is one of the most-studied bioactive compounds pro-
duced by the fungal endophyte Taxomyces andreanae
with anti-cancer activity this endophyte colonizes its
host, yew plant. The genomes of this endophyte do not
confirm any substantial sequence homology with genes
involved in the biosynthesis of taxol found in Taxus
spp. This further indicates that this endophytic fungus
might have autonomously developed the biosynthesis
pathway of taxol [26]. The hypothesis put forward by
Howitz and Sinclair [154] states that clusters of a hom-
ologous gene present in microbes and the plant may
become cross-activated by stress-induced molecules
from endophytes or host plants under certain condi-
tions. Several reports on the distinct effect of endo-
phytic microbes on host plant secondary metabolite
production are available, but the mechanisms involved
are unidentified. There are a number of bioactive



14 A. DUBEY ET AL.

Table 4. Bioactive compounds produced by fungal endophytes (ND: no data).

S.No.  Bioactive compound Fungal endophyte Host plant Reported roles Methods employed References
1. Taxol Taxomyces andreanae Taxus brevifolia Anticancer C14 labeled study ESI-MS [28,50,149]
Metarhizium anisopliae T. chinensis Anticancer HPLC-MS [28,149]
Mucor rouxianus T. chinensis Anticancer HPLC-MS [28,149]
Pestalotiopsis quepinii Wollemia nobilis Anticancer Taxol immunoassay, TLC [28,149]
Aspergillus fumigatus Podocarpus sp. Anticancer HPLC [28,149]
2. Resveratrol Alternaria sp. Vitis vinifera Anticancer HPLC [28,149]
3. Vinblastine Alternaria sp. Catharanthus roseus Anticancer HPLC [28,149]
4, Paclitaxel Metarhizium anisopliae Taxus brevifolia Anticancer HPLC, ion exchange and [19]
silica gel chromatography
5. Camptothecin Entrophospora infrequens Nothapodytes Antifungal and LC-MS [20,32]
foetida cytotoxic properties
Alternaria sp. Camptotheca Antifungal and HPLC [28,32]
acuminata cytotoxic properties
Fusarium solani Camptotheca Antifungal and "H NMR and LC-HRMS [28,32]
acuminata cytotoxic properties
6. Huperzine Huperzia serrate ND Inhibitor of cholinesterase ~ HPLC,TLC, RP-HPLC, and [21]
mass spectroscopy
7. Jesteron, sordaricin, Pestalotiopsis jester, Torreya mairei Antifungal and ND [22]
clavatol, and javanicin  Fusarium sp, Chloridium sp. antibacterial properties
8. Lauric acid, myristic Aspergillus flavus and Tectona grandis Insecticidal activity against GC-MS [50]
acid, pentadecanoic Nigrospora sphaerica Eligma narcissus, Atteva
acid, duroquinone, fabriciella, and
amylmetacresol, and Hyblaea puera
tetradecanoic acid
9. Chaetoglobosin A Chaetomium globosum ND Nematicidal activity against HPLC [50]
Meloidogyne spp. (causing
root-knot disease)
10.  Chaetoglobosin A Nigrospora sp Segon plant Nematicidal activity against ND [50]
Meloidogyne spp. (causing
root-knot disease)
11. Phomopsichalasin Phomopsis sp. Salix gracilistyla var. Antibacterial and ND [28,149]
mlanostachys antifungal activity
12.  Agarwood oil Bortyosphaeria sp., Aquilaria sinensis Anti-inflammatory, ND [28,149]
Colletotricum sp., Xylaria analgesic, and antiarthritic
sp., and Lasiodiplodia sp.
13. Phomol Phomopsis sp. Erythrina cristagalli  Antifungal, antibacterial, Spectroscopic methods [28,149]
and cytotoxic activity
14.  Capsaicin Alternaria sp. Capsicum annuum  Anti-inflammatory LC-MS/MS [28,149]
15.  Pestacin Pestalotiopsis microspora Terminalia Antioxidant and antifungal Silica gel chromatography, [149]
morobensis coode activity against X-ray diffraction, and NMR
Phytium ultimum for prediction of structure
16. Cryptocin Cryptosporiopsis Tripterygium Anti-mycotic activity ND [28,149]
cf. quercina wildfordii against Pyricularia oryzae
(causes blast disease
in Rice)
17.  Azadirachtin Eupenicillium parvum Azadirachta indica  Anti-feedant LC-HRMS [31]
18. Piperine Periconia sp Piper longum Anti-inflammatory LC-MS/MS [50]
19. Rugulosin Phialocephala scopiformis Picea glauca Antifeeding activity against ND [50]
the spruce budworm
Choristoneura fumiferana
20.  Ethyl acetate extract Nigrospora oryzae Oscimum sanctum  Antimicrobial activity ND [50]
of endophyte against Bacillus subtilis, B.
cereus, Salmonella
typhimurium, Klebsiella
pneumonidae,
Staphylococcus aureus and
Escherichia coli
21. Botryosphaerin H Botryosphaeria sp. Huperzia serrata Anti-nematicidal activity Silica gel chromatography, [28,33,149]
X-ray diffraction, and NMR
22. Palmitic acid, 2H Macrophomina phaseolina  ND Antifungal activity against ~ GC-MS [28,149]
pyran-2-one,5,6-diydro- Sclerotinia sclerotiorum
6-pentyl and
methyl ester
compounds, like: diosgenin, vinblastine, paclitaxel,  extracted from fungal endophytes used commercially
hypericin,  camptothecin, and  podophyllotoxin both in pharmaceutical and agricultural fields [28].



Role of endophytes in sustainable
agriculture production

The unique skill of endophytic microbes to enter, estab-
lish and colonize plant internal tissues causes them to
be present with multi-faceted useful traits that enhance
plant productivity [41]. The question that then arises is:
how do endophytic microbes succeed in conferring
these positive functional traits on plants? Endophytes
are omnipresent and diverse microbes that are found in
different ecological niches in plant tissues. Research has
shown that endophytes have functional traits with asso-
ciated undesirable effects of climate change on the sur-
vival and growth of susceptible plant species, already
published literature supports the facts that endophytic
microbes can assist plants to alleviate the adverse effect
of abiotic stresses including: flooding [12], high salinity
[15,76,93,94], higher temperatures [92,155], heavy metal
stress [87,91,123,156], and frequent droughts [14,90] by
producing bioactive metabolites, gene expression
related resistance, and changes in enzyme metabolism
(Tables 1 and 2). Therefore, another significant role of
microbial endophytes is that they have the potential to
suppress the growth of phytopathogens by the produc-
tion of antifungal compounds against them. Numerous
studies have reported the promising growth-promoting
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potential of bacterial endophytes on different crops,
including: wheat, rice, canola, tomato, potato, and other
crops [13,54,63,106,129]. The use of endophytes to con-
trol pest damage has also been reported in the: faba
bean, cotton, tomato, banana, common bean, and cof-
fee plant [41,56]. Endophytes increase plant growth by
helping plants in nutrient acquisition like: nitrogen,
phosphorus iron, and by producing phytohormones
[11,35,83]. Fungal and bacterial endophytes have
shown immense potential as an eco-friendly, sustain-
able alternative in the agriculture system for food pro-
duction. Several studies conducted by different
researchers by using endophytic microbes have shown
their roles to be potential: bio-fertilizer [34,73], bioeffec-
tor [82,150], biostimulant [12-15], biopesticide [6], and
also as a biocontrol agent [13,52,53] and these endo-
phytic microbes serve their extraordinary role in the
field of agricultural crop production (Figure 4). A num-
ber of metabolites of endophytes isolated from medi-
cinal plants, forests, agriculture, and mangroves mainly
related to the Firmicutes phyla, possess distinctive
plant-growth-promoting and biocontrol properties
[157]. In general, Bacillus and actinobacteria endophytes
produce aromatic compounds like phytohormones, pol-
ysaccharides, and lipopeptides thus representing a
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Figure 4. Multiple applications of endophytes in sustainable agriculture production.
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great prospective for crop management and PGP strat-
egies [83]. Additionally, actinobacteria have been
shown to produce metabolites with antitumor and anti-
microbial activities, that are useful in medicinal, veterin-
ary, and agricultural fields [6]. The best possible
strategies related to the application of endophytic
microbes in agricultural systems have not yet been
explored. However, the most frequently used approach
is to add endophytes as seed dressings or directly into
the soil. However, the use of these endophytes based
bioinoculations is unsuccessful on field sites due to
problems associated with the establishment of the
endophytes. Keeping in view the biological potential
and their role in plant growth and development, the
endophytes in the future need to be explored in order
to achieve the targets of environmental sustainability,
agricultural productivity and to act as a source of novel
biomolecules for different aspects related to human
health and industrial sectors.

Conclusions and future perspectives

Plant acts as true “filters” of microbial communities liv-
ing in soil by selecting the successful and proficient
endophytes. Endophytes represent as an eco-friendly
alternative for PGP and as a sustainable reservoir of
novel bioactive compounds. Rapidly increasing research
related to endophytic microbes is bringing them into
the spotlight. Copious endophytic microbes and their
genes are now being recognized, providing knowledge
about their symbiotic relationship and mechanism of
action. Still, there are big gaps regarding the lifestyle
and the working of these microbes. Research shows
that only about 1-2% of known species of plants have
been studied for endophytic associations and most of
these are from land plants, whereas aquatic plants
(lakes, ocean, etc.) are completely unexplored. Several
essential bioactive compounds produced by plant-en-
dophyte associations can be used in various fields of:
medicine, agriculture, biodegradation, and bioremedi-
ation. The promising use of endophytes-based nanopar-
ticles has shown promising results for drug
development in the future. To harness the maximum
benefits, there is a need to develop endophyte-based
bio formulations. These bio formulations will be more
effective when applied directly to aerial or seeds parts.
When microbes enter the plant tissue, it will not face
further competition, unlike rhizosphere microbes.
Moreover, the benefits are directly transferred to the
host plant in a closed-circuit system where metabolite
leakage is negligible. These bioformulations can also be
very valuable for the remediation of polluted soils.

Endophytes may thus surmount many of the shortcom-
ings related to conventional bio formulations. However,
for the commercial success of this bioformulation as a
next-generation bio formulation, a comprehensive
understanding of the following is required: (i) strategies
to establish symbiotic association between host plant
and endophyte, (i) mode of transmission, and (iii)
molecular and genetic bases of plant-endophyte inter-
actions. It is high time to deduce the physiology and
biochemistry of endophytes up to the metabolomics
and genomic levels. To date, there are no such data-
bases exclusively available for endophytic microbes and
their metabolites, which can be a possible solution for
many problems. There is the need to explore complete
genomics and the integrated metabolism of the plan-
t—endophyte association to acquire benefits from this
astonishing association!
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