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Among the various plant-associated microbiota, endophytes (the microbial communities
inhabiting plant endosphere without causing disease symptoms) exhibit the most
intimate and specific association with host plants. Endophytic microbes influence
various aspects of plant responses (such as increasing availability of nutrients, tolerance
against biotic and abiotic stresses, etc.) by modulating the primary and secondary
metabolism of the host. Besides, endophytic microbes produce a diverse array of
bioactive compounds, which have potential applications in the pharmaceutical, food,
and cosmetic industries. Further, there is sufficient evidence for endophyte-derived plant
metabolites, which could be pursued as alternative sources of commercially important
plant metabolites. The field of bioprospecting, the discovery of novel chemistries, and
endophyte-mediated production of plant metabolites have witnessed a boom with the
advent of omics technologies (especially metabolomics) in endophyte research. The high
throughput study of small metabolites at a particular timepoint or tissue forms the core
of metabolomics. Being downstream to transcriptome and proteome, the metabolome
provides the most direct reflection of the phenotype of an organism. The contribution
of plant and microbial metabolomics for answering fundamental questions of plant-
endophyte interaction, such as the effect of endophyte inoculation on plant metabolome,
composition of metabolites on the impact of environmental stressors (biotic and abiotic),
etc., have also been discussed.

Keywords: metabolomics, bioprospecting, bioactive compounds, natural products, endophytes

INTRODUCTION

Bioactive compounds are metabolites that affect one or more metabolic processes, resulting in the
improvement of health conditions (Angiolillo et al., 2015). Chemically, bioactive compounds are
a heterogeneous group, including peptides, saccharides, phenolics, terpenes, and alkaloids. They
may have widespread biological effects such as antimicrobial, antioxidant, anticancerous, etc., and
hence, have great applications in the pharmaceutical, cosmetic, and food industries. The increase in
population and emergence of new virulent strains and drug-resistant pathogens necessitates both,
increasing the production, as well as discovering novel bioactive compounds (Gakuubi et al., 2021).
Plant metabolites are a rich source of pharmacologically important compounds that aid in drug
discovery and contribute to ∼80% of all synthetic drugs (Bauer et al., 2014). However, the
traditional approach of extracting secondary metabolites (SM) from medicinal plants, suffers
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from several limitations including seasonal dependence, a gap in
demand and supply, loss of biodiversity, the endangered status
of many plant species, and increased costs. Here, it needs to
be mentioned that plants are not always the sole producers
of their SMs; endophytes (the microorganisms inhabiting the
endosphere of plants without causing disease symptoms) have
been found to produce host (plant) metabolites including taxol,
vincristine, vinblastine, camptothecin, hypericin, etc. Endophytes
are associated with almost every higher plant studied till date,
inhabiting both above ground and below ground plant parts
(Rigobelo and Baron, 2021). The significance of endophytes
in determining the host plant’s overall fitness has been long
established (Gouda et al., 2016). Besides their role in nutrient
management (Johnston-Monje and Raizada, 2011; Cipriano et al.,
2021; García-Latorre et al., 2021), their contribution to alleviation
of stresses is significant (Verma et al., 2021; White et al.,
2021). This is majorly governed through production of bioactive
metabolites. The cross talk between plant and endophyte, which
is affected by various abiotic and biotic factors, regulates the
production of bioactive metabolites (Rai et al., 2021). This has
been extensively reviewed by Mishra et al. (Mishra et al., 2021a,c).

BIOACTIVE COMPOUNDS FROM
ENDOPHYTES

The endophytic microbiota inhabit diverse niches within
plants, interacting with numerous co-occurring microbes, and
displaying different lifestyles (mutualistic, commensal, and
parasitic) (Mishra et al., 2021a). The ability of endophytes,
especially fungi and actinomycetes, to produce a plethora
of bioactive compounds (Supplementary Table 1) could be
attributed to various reasons: chemical defense of plants due
to their long term association (reported from fossil plants as
well), interaction with co-occurring microbes, and protection of
their niche (within plant endosphere) against attacking pathogen
species (Krings et al., 2007; Kusari et al., 2014a; Mishra et al.,
2021a). Several endophyte-mediated/assisted plant responses are
mediated through the production of a myriad of compounds by
these microbial communities (Maciá-Vicente et al., 2018).

The diversity of endophytes, and thereby of the bioactive
compounds produced by them, is dependent on a range of factors
including plant species and parts (Wang et al., 2019; Guevara-
Araya et al., 2020; Harrison and Griffin, 2020), and environmental
factors (Giauque and Hawkes, 2013). Amongst environmental
factors, cultivation history (Correa-Galeote et al., 2018), and
climate and season (Zimmerman and Vitousek, 2012; Hosseyni-
Moghaddam and Soltani, 2014; Wang et al., 2019; Oita et al.,
2021) have been established as important criteria in shaping the
endophytic communities in plants.

Most of the protocols for discovery of bioactive compounds
from microbial culture involve axenic cultivation (either
submerged or solid-state fermentation) for 2–4 weeks, followed
by bioassay-based screening (eg. anticancerous, antimicrobial,
etc.) to guide the subsequent purification process. Alternatively,
PCR-based screening for biosynthetic gene clusters (BGCs) such
as non-ribosomal peptide synthetase (NRPS) and polyketide

synthase (PKS), could provide crucial leads for identifying
promising endophytic isolates (Mohamad et al., 2018). Further,
approaches such as co-cultivation with host plant extract or
co-occurring microbes, the addition of epigenetic modifiers,
and heterologous expression have been used to activate the
cryptic BGCs and induce the expression of additional metabolites
(Toghueo et al., 2020). These procedures involving optimization
of fermentation conditions through standardization of physico-
chemical parameters and addition of elicitors are time-
consuming and cumbersome. The application of metabolomics
has facilitated the rapid and (almost) complete screening for
metabolites, identification of novel compounds and metabolite
markers in plant and endophyte extracts. This review focuses on
the application of metabolomic techniques in endophyte research
for the identification of economically important compounds
(including plant metabolites), the discovery of novel metabolites,
and offering insights into the functional role of endophytes
in plant holobiont, but before that, a brief account of the
technique is presented.

METABOLOMICS APPROACH: A BRIEF
OVERVIEW

With the advent of omics technologies (mainly metagenomics,
metatranscriptomics, metaproteomics, and microbial
metabolomics) in plant microbiome research, there has been a
leap in our understanding of the composition and abundance
of plant-associated microbial diversity, and the role of the
plant microbiome in affecting host’s responses (Kaul et al., 2016).
While metagenomic analyses of plant samples provide a snapshot
of the abundance and functional potential of the plant-associated
microbiota (Sessitsch et al., 2012; Mishra et al., 2021b), the
metatranscriptomic and metaproteomic approaches reveal
the “expressed” (RNA and protein components, respectively)
fraction of the microbial genome (Liao et al., 2019; Guo et al.,
2021). However, since metabolites constitute the last step of
gene expression, the high throughput quantitative analysis of
metabolites would provide the ultimate and most authentic
representation of the physiological state of an organism. Broadly,
metabolite analysis can be performed at various levels: (i)
target analysis (precise measurement of the concentration
of a limited number of known metabolites), (ii) metabolite
profiling (non-targeted measurement of metabolite levels), (iii)
metabolic fingerprinting (generates total profile or fingerprint,
representing a snapshot of the metabolism, without precise
quantification of metabolites), and (iv) metabolomics (detection
and quantification of thousands of metabolites, defining the
phenotype of the biological system) (Shulaev et al., 2008;
Porzel et al., 2014).

Metabolomics is the high throughput study of small
metabolites (Mr ≤ 1 kDa) present in a sample (Nalbantoglu,
2019). Such metabolites, including peptides, sugars, fatty acids,
organic acids, vitamins, etc., could represent intermediates or
end-products of metabolic pathways, or those that are formed
due to the impact of environmental factors or biotic stressors
(Castro-Moretti et al., 2020). The analysis of plant and endophyte
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metabolomes provide a direct insight into the contribution
of microbiome toward host plant phenotype, as well as the
impact of environment on plant-microbe interactions, thereby
serving as sensitive and accurate markers. Moreover, the ability
to scale up and analyze hundreds of samples simultaneously
has brought a revolution in the field of natural product
discovery and bioprospecting of endophytes to produce diverse
compounds. The application of microbial metabolomics enables
the complete analysis of crude extracts as well as the identification
of marker metabolites (associated with specific bioactivities),
before undergoing tedious and laborious downstream processes
(Mohamed et al., 2020).

Based on the objective of the study, there could be two basic
experimental designs for conducting a metabolomic analysis, viz.
untargeted/non-targeted and targeted metabolomics (Figure 1).
As the name suggests, non-targeted metabolomics involves
a comprehensive analysis of numerous small metabolites in
the sample. The sample preparation includes the extraction
of metabolites using two or more solvents to increase the
range of detection of chemically diverse metabolites. This is a
hypothesis-generating method and enables the discovery of novel
compounds. On the other hand, targeted metabolomics, also
known as directed metabolomics, focuses on the quantitative
analysis of a specific class of metabolites (∼50 metabolites),
usually by tandem MS/MS method against a standard. It is often
performed for validating the results of untargeted metabolomics
(Tebani et al., 2018). Therefore, the non-targeted and targeted
metabolomic approaches could be summarized as “untargeted-
discovery-global” and “targeted-validation-tandem, respectively
(Nalbantoglu, 2019).

There are two analytical platforms for metabolite detection,
viz. nuclear magnetic resonance (NMR) and mass spectrometry
(MS)-based; both with their own set of strengths and
drawbacks (Table 1). Next, separation techniques such as
gas chromatography (GC; for volatile molecules such as
organic acids, fatty acids, etc.), liquid chromatography (LC;
for thermo-labile substances), and capillary electrophoresis
(CE; combines the advanced technology of electrophoresis and
microcolumn separation) are used in conjunction with MS or
NMR equipment. The readers may refer to a recent review
on analytical techniques for metabolomics by Segers et al.
(2019).

METABOLOMICS FOR INVESTIGATION
OF ENDOPHYTE METABOLOME

Bioassay-Based Screening of Crude
Extracts of Endophyte
Metabolomic tools have been used to compare the metabolic
profile obtained from Aspergillus aculeatus (an endophyte
isolated from Terminalia laxiflora) inoculated in solid and
liquid media (Tawfike et al., 2017). The use of rice culture
media was reported to produce a higher number of metabolites
than liquid culture media. Next, using MS-based metabolomics,
the group reported the production of seven metabolites with
anticancerous and/or antitrypanosomal properties from the

fermentation culture of Aspergillus flocculus, an endophyte
isolated from the stem of Markhamia platycalyx (an Egyptian
medicinal plant) (Tawfike et al., 2019). Specifically, five out of
the seven metabolites detected in 30-day-old rice culture media
demonstrated antagonistic activity against chronic myelogenous
leukemia cell line K562, and two exhibited strong activity against
the parasite Trypanosoma brucei brucei (causal organism of
sleeping sickness).

In another report, Sebola et al. (2020) analyzed the
antibacterial (against 11 pathogenic bacteria constituting both
Gram-positive and Gram-negative bacteria) and anticancer
activity (against glioblastoma and lung carcinoma cell lines) of
ethyl acetate extracts of bacterial endophytes (Bacillus safensis,
Pseudomonas cichorii, and Arthrobacter pascens) isolated from
Crinum macowanii (commonly known as Cape coast lily; used
to cleanse blood, and treat cough and kidney diseases) leaves.
Further, using LC-Q-TOF-MS analysis of crude extracts of
the bacterial endophytes revealed the presence of antibacterial
and anticancerous compounds such as lycorine, angustine,
crinamidine, and powelline. In another similar report, Nischitha
and Shivanna (2021) analyzed the antimicrobial and antioxidant
activities of crude extract of Alloteropsis cimicina (a grass
species) and its endophytic fungus Penicillium pinophilum; the
antioxidant potential of the fungal extract being more than the
host extract. Metabolite profiling using Orbitrap High-Resolution
(OHR) LC–MS and Fourier-transform infrared spectroscopy
(FTIR) analysis identified 21 antimicrobial and 13 antioxidant
compounds in the fungal extract. Some of the identified
antimicrobial compounds included L-tyrosine, L-isoleucine,
acetophenone, phenacetin, dextramycin, and sulfamethazine;
and antioxidant compounds include citrinin, zearalenone, and
bilirubin ((Nischitha and Shivanna, 2021). Interestingly, there
were eight compounds (namely L-tyrosine, acetophenone,
4-methoxycinnamic acid, isophorone, asarone, zearalenone,
dioctyl phthalate, and 4-hydroxycoumarin) that were common
to both host and the endophyte. These reports provide
encouraging evidence for plant-associated endophytes as a
natural reservoir of various pharmacologically important and
novel bioactive compounds.

Metabolomics-Guided Discovery of
Novel Compounds From Endophytes
In an ambitious project, Maciá-Vicente et al. (2018)
analyzed the metabolites produced by 822 root-associated
fungi (from different plant species collected from various
geographical locations) by untargeted ultra-performance
liquid chromatography electrospray ionization tandem mass
spectrometry (UPLC-ESI-MS/MS)-based approach. The study
enabled comprehensive and unbiased coverage of secondary
metabolites, as revealed by the detection of >17,000 compounds
by UPLC-ESI-MS/MS, of which ∼9000 compounds had unique
chemistries. The study was conducted with the objective to
discover novel natural products, chemotaxonomic markers
for fungal groups, and to facilitate bioprospecting for drug
discovery (Figure 2).

Xylaria ellisii is a griseofulvin (antifungal activity by inhibiting
microtubule assembly) producing novel fungal endophyte
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FIGURE 1 | Experimental design for performing untargeted and targeted metabolomic studies. Figure comprised of images taken from google images (source
license ‘CC0’).

TABLE 1 | Advantages and disadvantages of various metabolomic techniques.

Techniques Advantages Disadvantages

Nuclear magnetic resonance (NMR) Non-destructive and rapid, Minimal sample preparation,
Highly reproducible

Lack of sensitivity, Expensive instrument

Gas chromatography-mass spectrometry (GC-MS) High sensitivity and resolution, Easy to use,
Cost-effective method, Spectrum library available for
unknown materials, Suitable for non–thermosensitive
and volatile molecules

Not suitable for less volatile compounds,
Derivatisation of samples required

Liquid chromatography-mass spectrometry (LC-MS) High sensitivity, Suitable for less volatile metabolites,
Wide range analysis, Sample derivatisation not
required, Both qualitative and quantitative analysis

Lack of reproducibility with fragmentation
pattern, Poor separation of different isomers

Capillary electrophoresis-mass spectrometry (CE-MS) No special treatment required for samples preparation,
Low dosage requirement, Cost effective process, Offer
shorter test time, Less sample volume required

Low separation reproducibility, Not applicable
for high molecular weight proteins

Ultra high performance liquid chromatography-high
resolution mass spectrometry (UHPLC-HRMS)

Easy sample preparation, Faster analysis, High mass
spectral resolution of metabolites, Interchangeable ion
sources, High sensitivity

Formation of dimers belonging to single
compound, Expensive instrumentation, Higher
maintenance

Solid-phase microextraction-gas
chromatography-mass spectrometry (SPME-GC-MS)

Simple and versatile, Less time consuming, No harmful
solvent required

Loss in analysis and rapidity, Limited availability
of commercially available fiber material

Matrix-assisted laser desorption/ionization
high-resolution mass spectrometry imaging
(MALDI-HRMSI)

Investigate the presence and distribution of the
significant secondary metabolites. Requires limited
sample preparation provides high spatial resolution

Compounds of low abundance cannot be
analyzed, Structurally similar compounds
cannot be analyzed

isolated from Vaccinium angustifolium (commonly known as
wild blueberries). To identify novel natural products, 15
endophytic Xylaria strains were subjected to LC-UV/MS-based
metabolomic analysis, which led to the discovery of eight new
groups of compounds called ellisiiamides (proline-containing
cyclic non-ribosomal pentapeptides) from ethyl acetate extract
and mycelium (Ibrahim et al., 2020). The structural elucidation of
these ellisiiamides was performed using NMR and LC-HRMS/MS
analysis. Subsequent analysis demonstrated Ellisiiamide A to
have antagonistic activity against E. coli, the role of other
ellisiiamides is yet to be discovered.

The application of the One Strain Many Compounds
(OSMAC) approach enables the researchers to explore the
chemodiversity of microorganisms (Figure 2). In one such
study involving an OSMAC-assisted metabolomics approach,
Armin et al. (2021a) investigated the metabolic potential of
Streptomyces pulveraceus strain ES16 (an apple-associated
root endophytic bacteria) by growing it in six different media
(ranging from nutrient-rich to minimal media) for a period of
3, 7, and 14 days. Using various state-of-art techniques such
as SPME-GC-MS (for expressed volatilome), HPLC-HRMSn

(to target the expressed metabolome), and MALDI-HRMSI
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FIGURE 2 | Schematic representation of various approaches for screening of bioactive compounds in endophyte cultures.

TABLE 2 | Studies where endophytic microbes have been reported to produce plant metabolites.

Endophyte Host plant Metabolite Technique(s) used Pharmacological
activity

References

Taxomyces andreanae Taxus brevifolia Paclitaxel TLC, HPLC,
immunoassay,
and radiolabelled
precursors

Anticancer Stierle et al.,
1993

Phialocephala fortinii Podophyllum peltatum Podophyllotoxin HPLC, ESI-MS Anticancer Eyberger
et al., 2006

Fusarium solani Apodytes dimidiate Camptothecin 10-
hydroxycamptothecin

LC-MS/MS,
LC-HRMS

Anticancer Shweta et al.,
2010

Alternaria alternate Capsicum annuum Capsaicin LC-ESI-MS/MS Antitumor Devari et al.,
2014

Colletotrichum
gloeosporioides

Piper nigrum Piperine HPLC, LC-MS Antimicrobial,
antidepressant,
antiinflammatory,
and anticancer

Chithra et al.,
2014b

Eupenicillium parvum Sinopodophyllum
hexandrum

Kaempferol TLC, HPLC, and
NMR

Antioxidant Huang et al.,
2014

Rhizoctonia bataticola Coleus forskohlii Forskolin TLC Reduce blood
pressure,
antiallergic,
antiinflammatory

Mir et al.,
2015

Geomyces sp. Nerium indicum Vincamine TLC, HPLC, and
LC-MS

Cardiovascular and
cerebrovascular
protective

Na et al.,
2016

Fusarium solani Camptotheca
acuminate

Camptothecin TLC, HPLC, and EI-
MS

Antineoplastic Ran et al.,
2017

Aspergillus fumigates Taxus sp. Paclitaxel TLC, HPLC, FTIR,
and NMR

Anticancerous Kumar et al.,
2019
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(for spatial-temporal visualization of metabolites), the
authors demonstrated the production of geosmin (a volatile
chemical that attracts soil arthropods), mirubactin (iron-
chelating siderophore) and polycyclic tetramate macrolactams
(biocontrol activity against various pathogens) under stress
conditions (Armin et al., 2021a). In addition to chemical
OSMAC (by alteration/optimization of chemical media),
biological OSMAC involving interaction with other microbial
species (endophytic or pathogenic) can be used to increase
the diversity of endophyte-derived bioactive compounds
(Armin et al., 2021b).

Metabolomics for Endophyte-Derived
Plant Metabolites
Endophytic microbial communities represent a natural reservoir
for obtaining a myriad of bioactive compounds, including
host plant metabolites (Table 2). It has been proposed that
due to long-term evolutionary association with plants, the
symbiotic microbiota have acquired some of the host plant genes
by horizontal gene transfer (Tiwari and Bae, 2020). Further,
genome sequencing of microbes has demonstrated a higher
potential to produce metabolites than those observed under
standard laboratory conditions. Since the landmark discovery
of endophyte-mediated taxol production from an endophytic
fungus (Taxomyces andreanae) isolated from Taxus brevifolia
(Stierle et al., 1993), several endophytic microbes have been
reported to produce plant metabolites under axenic conditions,
some of the reports have been discussed below.

Azadirachtin
Azadirachtin is an oxygenated tetranortriterpenoid found in
Azadirachta indica (Indian neem; used to cure fever, pain,
leprosy, and malaria). It is a broad spectrum insecticide,
effective against pests belonging to Heminoptera, Isoptera and
Orthoptera (Kilani-Morakchi et al., 2021). The axenic culture
of Eupenicillium parvum (an endophytic fungus isolated from
this plant) was obtained by inoculation in Sabouraud medium
for 20 days on a rotary shaker (28◦C, 200 rpm). After filtration,
both the mycelial pellet and suspension culture were analyzed
by LC-HRMS and compared against standard Azadirachtin. The
quantitative analysis by LC-MS revealed a yield of ∼0.4 µg per
100 g dry weight of fungal mycelia, and 43 µg per liter in the spent
broth for Azadirachtin A, and ∼ 0.05 µg per 100 g dry weight of
fungal mycelia and 11 µg per liter in spent broth for Azadirachtin
B (Kusari et al., 2012).

Camptothecin
Camptothecin is a pentacyclic quinoline alkaloid with
antineoplastic (that prevents or halts tumor growth) properties,
obtained from Camptotheca acuminata and Nothapodytes
nimmoniana. Camptothecin causes DNA damage (and hence,
apoptosis) by binding to and stabilizing the topoisomerase-DNA
complex (Ghanbari-Movahed et al., 2021). Camptothecin and
its analogs are synthesized by Fusarium solani, an endophytic
fungus isolated from C. acuminata plant (Kusari et al., 2009).
Interestingly, the metabolite could not be detected in the
filtrate/culture medium, but accumulated in the fungal biomass,

when detected using LC-HRMS and compared with the standard.
In a recent report, Mohinudeen et al. (2021) reported the ability
of >70% endophytic fungi isolated from N. nimmoniana to
produce camptothecin in suspension cultures. Interestingly,
one of the endophytic isolates, Alternaria burnsii NCIM1409,
demonstrated high production of camptothecin (∼ 200 µg/g)
even after 12 rounds of subculturing (without suffering from
attenuation) as detected by LC–MS/MS.

Hypericin
The medicinal plant, Hypericum perforatum (commonly known
as St. John’s Wort), produces hypericin (a naphthodianthrone
derivative), which has several medicinal properties such
as antimicrobial (bacteria, fungi, and viruses) antioxidant,
anticancerous, and antidepressant. Hypericin inhibits virus
replication by preventing the shedding of virus particles
and its reassembly in infected cells (Dellafiora et al., 2018).
The production of hypericin by endophytic fungi (Thielavia
subthermofila) was first reported by Kusari et al. (2008); the
same has been discussed in detail in the later sections of the
review. Another endophytic fungi, Epicoccum nigrum, was
also reported to produce hypericin, as detected by HPLC-UV
analysis, and confirmed by LC-HRMS and LC-HRMS/MS
analysis (Vigneshwari et al., 2019).

Piperine
Piperine is an amide alkaloid (obtained from various Piper
species such as Piper nigrum, P. longum, and P. chaba),
widely used in Ayurveda, Siddha, and Unani medicine systems
to cure respiratory and digestive disorders (Yadav et al.,
2020). Besides, piperine is also used as a bioenhancer (to
increase the bioavailability of other drugs), by either blocking
cytochrome P450 (the drug metabolizing enzyme) or by altering
the permeability of intestinal mucosa (Tiwari et al., 2020).
There have been a couple of reports on the isolation of
endophytes from P. longum and P. nigrum, and confirmation
of piperine production ability by HPLC and LC-MS (Verma
et al., 2011; Chithra et al., 2014a,b; Mintoo et al., 2019). The
piperine-producing endophytes include endophytic strains of
Colletotrichum gloeosporioides, Mycosphaerella sp., and Periconia
sp. Interestingly, Chithra et al. (2014a) could detect piperine
production by the endophytic fungi Mycosphaerella sp. through
LC-MS/MS analysis, but it could not be detected using HPLC
analysis, thereby highlighting the importance of sensitivity in the
screening of bioactive compounds.

Phenylpropanoids
The phenylpropanoid pathway is responsible for the biosynthesis
of several classes of SMs such as flavonoids, isoflavonoids,
lignans, and stilbenes in plants (Fraser and Chapple, 2011).
Phenylpropanoids are important components of cell wall,
phytoalexins (against herbivores and pathogens) and floral
pigments (mediating pollination) (Deng and Lu, 2017).
Interestingly, the phenylpropanoid pathway is not specific to
plants; there are a couple of studies reporting the production
of phenolics and flavonoids from endophytic strains namely
Aspergillus nidulans ST22 and A. oryzae SX10 from Ginkgo biloba

Frontiers in Microbiology | www.frontiersin.org 6 March 2022 | Volume 13 | Article 835931

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-835931 February 24, 2022 Time: 15:12 # 7

Mishra et al. Metabolomics of Endophytes

(Qiu et al., 2010). Recently, Lu et al. (2020) reported starvation-
induced production of phenylpropanoids in Alternaria sp.
MG1 (an endophyte isolated from Vitis vinifera); the pathway
remains repressed under normal growth conditions. Using
RT-PCR and GC-TOF-MS-based metabolomics, the authors
demonstrated induction in the expression of shikimate and
phenylpropanoid biosynthetic genes, as well as accumulation
of metabolites such as shikimate, phenylalanine, tyrosine, and
3-(4-hydroxyphenyl)pyruvate under starvation conditions (Lu
et al., 2020). The MG1 strain could convert glucose to resveratrol
(a polyphenol found in grapes, having high antioxidant
and anticancerous activity), thereby acting as a potential
alternative source for this compound (Salehi et al., 2018). Apart
from resveratrol, the metabolomic analysis also revealed the
production of other metabolites such as piceatannol (stilbenoids),
taxifolin (flavonoid), lignans (caffeate, sinapate, and sinapoyl
aldehyde) and cuminic alcohol (used in food and cosmetic
industries), thereby highlighting this endophytic strain to be a
treasure house of multiple important bioactive compounds.

Withanolides
Withanolides are secondary metabolites made up of a steroid
backbone coupled to a lactone or its derivatives found in
Withania somnifera (commonly known as Ashwagandha or as
Indian ginseng). These metabolites are widely used as memory
and stamina enhancer, nerve tonic, and have cardioprotective,
neuroprotective, antidiabetic, antioxidant properties, etc. (White
et al., 2016). An endophytic fungus, Taleromyces pinophilus,
isolated from leaves of W. somnifera, was found to produce
withanolides (C28-steroidal lactones of triterpene ancestry).
HPLC and 1H NMR analyses revealed that the endophyte
produced a higher yield of withanolides (360 mg/L) than the
plant itself (Sathiyabama and Parthasarathy, 2018). Another
study reported an increase in withanolide content in leaves upon
inoculation of in vitro raised W. somnifera plants with some
endophytic strains, in comparison to non-inoculated control
plants (Pandey et al., 2018). The increase in withanolide content
was accompanied by modulation of expression of withanolide
biosynthetic genes.

METABOLOMICS FOR ANSWERING
FUNDAMENTAL QUESTIONS

“Actual” Source of Plant Metabolites
The secondary metabolites produced in plants could be derived
either from the host, or endophytes, or a combination of both.
There are a couple of examples in literature where endophytes
(and not plants) have been reported to be the “actual” source
of the metabolite (Mishra et al., 2021c). For example, a HPLC-
HRMS-based study revealed that endophytic bacteria associated
with the roots of Putterlickia verrucosa and P. retrospinosa were
the original source of maytansine, an anticancerous and cytotoxic
compound. The results were further substantiated by MALDI-
imaging-HRMS that delineated the localization of maytansine
producers in the root cortex of host plants (Kusari et al., 2014b).
Another case where the endophytic community was found to
be the source of the “plant metabolite” was for astins, a class

of macrocyclic peptides with antitumor activity, biosynthesized
by the endophytic fungi Cyanodermella asteris (earlier known
to be produced by the host plant Aster tataricus) (Schafhauser
et al., 2019). Likewise, the antitumor activity of the bioactive
fraction of moss Claopodium crispifolium was attributed to Nostoc
microscopium, an endophytic blue green alga associated with the
moss plant (Spjut et al., 1988).

Insights Into Endophytic Hypericin
Biosynthesis
Thielavia subthermophila, an endophytic fungus (isolated
from the stem of Hypericum perforatum, commonly
known as St. John’s Wort) was found to produce hypericin
(a napthodianthrone with antidepressant, antimicrobial,
antiinflammatory, and antioxidant properties, as mentioned
before) and emodin under submerged fermentation conditions,
as detected by HPLC-MS/MS (Kusari et al., 2008). However,
in contrast to its host plant, the growth kinetics and hypericin
biosynthesis in the endophyte occurs irrespective of light
conditions. Further, the hyp-1 gene encoding for an enzyme
that converts emodin to hypericin in H. perforatum cell cultures
(Bais et al., 2003) could not be amplified from the endophyte
genome. Also, the addition of emodin to the endophyte culture
did not change the level of hypericin (or emodin), irrespective
of illumination conditions. These results obtained for microbial
metabolomics suggest a different mechanism of hypericin
biosynthesis under axenic conditions. The endophyte has
devised a different mode of regulation for hypericin, which
exhibits high cytotoxicity when irradiated with visible light.
The H. perforatum plants store this metabolite in dark glands
to prevent autocytotoxicity. In the absence of such dark glands,
the endophyte has “evolved” to inhabit the inner stem tissues
of the host plant (from where the endophyte was isolated,
and where ambient light does not reach). Therefore, microbial
metabolomics has unraveled the biosynthetic and regulatory
mechanism for a plant metabolite, synthesis by the endophyte,
independent of its host.

Deciphering “Taste” Differences in
Contrasting Cultivars
In a recent report, a non-targeted LC-MS-based metabolomic
analysis of bitter and sweet varieties of sugarcane was carried out
(Huang et al., 2021). Around 20% of the total (1245) metabolites
(comprising both primary and secondary metabolites) detected
in stalk tissues, were differentially abundant between the two
varieties. In addition, the microbial communities residing in the
sugarcane varieties, as well as the soil, were investigated by 16S
rRNA gene sequencing. The results revealed that the flavonoid
content in sugarcane stalks and nitrogen content of the soil was
correlated with the composition of soil’s microbiome. Metabolites
such as lamioside, primisulfuron, 3,5-dimethylpyrazin-2-ol,
sitaxentan, etc., were >30 to 60-fold higher in the bitter variety.
Likewise, some of the metabolites differentially accumulating in
the sweet variety included eucoside, isovitexin 2"-O-arabinoside,
and vaccarin. Interestingly, the concentrations of many sugarcane
metabolites including apigenin, biochanin A, hesperidin, luteolin,
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and trigonelline, correlated well (r > 0.8) with specific microbial
species (Huang et al., 2021).

Investigation of Specific
Plant-Endophyte Interaction
Scherling et al. (2009) reported one of the first application of the
metabolomic approach for studying specific plant-endophyte
interaction using in vitro grown (endophyte-free) poplar
plants. The inoculation of a specific endophyte, Paenibacillus
sp. strain P22, to in vitro grown endophyte-free plants (the
micropropagated plants regenerated from shoot meristems)
caused significant changes in the metabolome (affecting levels
of 32 metabolites) of inoculated vs. non-inoculated plants. The
GC-TOF-MS analyses revealed distinct metabolic signatures
for inoculated and non-inoculated (control) plants, indicative
of remarkable changes in plants’ nitrogen assimilation. The
Paenibacillus-inoculated poplar plants exhibited elevated
asparagine (8-fold) and urea (6-fold) levels (corresponding to
nitrogen fixation ability of the endophyte), and reduced levels of
sugars and organic acids (intermediates of Krebs’ cycle).

METABOLOMICS FOR IMPARTING
CLIMATE RESILIENCE TO CROPS

Environmental metabolomics refers to the application of
metabolomics for characterizing an organism’s response to
environmental stresses. Another commonly used term is eco-
metabolomics; it refers to the application of metabolomic
techniques to study ecological principles, including the
interaction of species with the environment and with other
species (Maciá-Vicente et al., 2018). Such studies can be
performed at various levels of ecological organization, namely,
individual, population, community, or ecosystem. Though the
review mainly focuses on the contribution of metabolomics in
the discovery and identification of endophyte-derived bioactive
compounds, the contribution of endophyte metabolome toward
climate resilience has been briefly discussed.

Genomics-Metabolomics Integrative
Approach for Disease Suppression
The bioactive compounds or metabolites produced by
endophytic microbiota are responsible for many microbiome-
imparted plant phenotypes such as disease suppression. The
production of metabolites by the endophytic root microbiome
of sugarbeet has been effective in suppressing infection by
Rhizoctonia solani (a soil-borne fungal root pathogen of rice,
wheat, and sugarbeet), as revealed by metagenomics and network
analyses (Carrión et al., 2019). The activation of NRPS-PKS
biosynthetic gene clusters in bacterial endophytes leads to the
synthesis of enzymes that digest fungal cell walls, as well as
antifungal compounds including phenazines, polyketides, and
siderophores (Carrión et al., 2019). Further, the authors designed
a microbial consortium to suppress fungal root disease, using
Chitinophaga and Flavobacterium spp.

In the same year, Hayden et al. (2019) applied environmental
metabolomics to facilitate the discrimination of disease

suppressive soils for R. solani. The researchers analyzed the
soil profile of disease suppressive and non-suppressive soils in
Australia by 1H NMR and LC-MS techniques, over 2 years of
wheat cultivation. The application of metabolomics eliminates
the lengthy screening procedures involving pot experiments and
quantitative PCR under field conditions. The study revealed
that disease suppressive soils had a different 1H NMR and
LC-MS profile, mainly involving a higher content of sugar
molecules, while the non-suppressive soil had more abundant
lipid and terpenes. The study also identified a compound called
macrocarpal (an antimicrobial secondary metabolite), as a
biomarker for R. solani suppressive soil (Hayden et al., 2019).

It needs to be mentioned that rhizospheric microbes have
been found to act as the first line of defense against fungal root
pathogens in disease suppressive soils (Mendes et al., 2011). The
secretion of lipopeptides (encoded by non-ribosomal peptide
synthetase gene) by specific strains of Pseudomonas are effective
in imparting plant resistance to fungal diseases (Mendes et al.,
2011). These reports provide encouraging evidence for imparting
disease suppression phenotype to disease-conducive soils, similar
to fecal transplant in humans. However, the practical feasibility
of this concept requires the inoculated microbiota to display
active growth rates and tolerance to environmental fluctuations,
among others.

In another report, Llorens et al. (2019) performed non-
targeted metabolomics using LC-ESI full-scan mass spectrometry
to analyze the metabolome of cultivated wheat plants
inoculated with two endophytes, Acremonium sclerotigenum and
Sarocladium implicatum, isolated from a wild ancestor Aegilops
sclerotigenum. The metabolomic analysis revealed that the levels
of metabolites involved in 2-oxocarboxilic acid metabolism
and amino acid-related metabolism, mainly asparagine and
glutamate, were significantly altered between the inoculated and
non-inoculated plants. These amino acids are abiotic stress-
responsive and involved in the production of osmolytes such
as proline and polyamines (Yamamoto et al., 2015). The results
indicate that endophytes improve plant performance under
stress conditions by improving the physiological status of plants
(Llorens et al., 2019).

CHALLENGES IN METABOLOME MINING

In metabolomics, the detection and identification of metabolites
involve the comparison of experimental MS/MS spectra to
library spectra (a process known as dereplication); therefore,
the raw data quality and robustness of the database dictates
the authenticity/success of the experiment. Further, owing to
the chemical diversity of metabolites, there is no universal
protocol for the detection and quantification of all the
classes of metabolites. It is a costly method requiring
sophisticated instrumentation and facilities, and hence,
not feasible for small laboratories. The lack of reference
libraries for metabolites and the availability of standards
limit the applications of metabolomics. Another challenge
is that the synthesis of metabolites in a natural community
cannot be specifically ascribed to a specific microbial species
(biological source and biosynthetic pathway). Finally, the
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results are sensitive to contaminants and experimental artifacts.
Nevertheless, metabolomics has added another dimension to our
understanding of plant-microbe interactions, and with further
technological advancements, these challenges can be addressed.
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