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Endophytes are microbes residing in  Sithara K Urumbil

plant tissue and they are clandestine masters  Department of Botany,
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to assess their potential at unprecedented
depth. The generation of highly accurate
genomic data with advanced computational
tools points to application-based
perspectives of these phytomicrobes. Whole
metagenome analysis and metagenome
analysis of 16S rDNA sequences are
indispensable technologies to explore this
valuable resource of microorganisms.
Applications of metagenomic analysis in the
field of endophyte study are a promising
aspect of research focusing on plant-
microbe interaction. Different sequencing
technologies and  bioinformatic  tools
employed for the metagenome analysis are
discussed in brief. Recognising the
advantages and challenges of metagenomics
and an awareness of emerging technologies
for sequencing will make endophytic
microbiome studies more appreciable. This
is the era of tera-base-scale metagenomics,
therefore the expansion of data in different
public domain databases and bioinformatic
tools for comparative analysis will lead to
ice-breaking discoveries of novel microbes,
genes, proteins or enzymes.
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I.  INTRODUCTION

Plants are complex microecosystems in which different niches are present on both
external surfaces and internal tissues (Azevedo et al., 2000). Microorganisms are ubiquitous
and they have been identified even in extreme environmental conditions. The magnitude of
the microbial genome present in the biosphere is considered to be three-fold times higher than
the plant and animal cells (Whitman et al., 1998). According to Strobel et al. (2004), almost
all the plant species existing on the planet harbours one or more microorganisms as
endophytes. There is almost zero percentage chance of finding a plant without endophyte
mentioned as a rare exception (Partida-Martinez and Heil, 2011) and if present, would be
more susceptible to pathogens and difficult to withstand environmental stress (Timmusk et
al., 2011). The concept of ‘plant microbiome’ including the plant and symbiont, altered
scientific approaches of the research community and they focused on the interactions taking
place in this co-existence.

Environmental conditions play an influential role in the development and survival of
plants. In this sustainable development process, plants show radiant interactions with
different microbial communities which may or may not be beneficial. The established
development of plants associated with microbes indicates the high range of plant-microbe
interaction which enhances plant growth. Symbiotic or mutualistic microbial communities
residing in plant tissues have a significant role in the production of plant growth hormones,
fighting pathogens, nutrient uptake and stress management. Isolation and culturing of
endophytic microbes in growth medium and their screening for functional characterisation
have always been done to elucidate a clear idea about this plant-microbe interaction. One of
the limitations of culture-dependent screening is the hindrance of endophytes to grow in
invitro culture conditions (Hong et al., 2019). Specific studies on culture-based isolation
point to another struggle that in some cases after initial isolation bacterial colonies show
difficulties to grow in subcultures. The researchers working in this area speculated that the
same host-specific metabolites were essential for the proper growth and multiplication of
these endophytes which may not be available in further subculture conditions (Eevers et al,
2015)

The limitations of traditional culture-based isolation urged the need for advanced
techniques including genome-based studies. Handelsman et al., (1998) initiated studies on the
total genome of the microbial samples from the environment and mentioned it as the study
focusing on ‘the genome of the total microbiota found in nature’. Now the metagenome
analysis attained a wider perspective which includes the entire genome of various microbial
communities like bacteria and fungi in environmental samples. The environmental samples
include soil samples, ecto- and endo-microbial colonies from plants and animals, water
samples etc. The focus of metagenomic analysis mainly relies on microbial population
diversity and structure, phylogenetic trends, multifaceted interactions, relationships of
microbial communities and the applied aspects of identifying beneficial microbes.

Metagenomic analysis is more relevant in endophytic microbial population studies.
The rhizobia population of fungi and bacteria can be easily isolated and cultured in invitro
conditions (Bafana, 2012). The microbes which reside inside plant tissues show much more
complicated host-microbe interactions and they are very much adapted and established in
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host tissues. Therefore some of them are modified into an extent of obligate endophytes
which are very difficult to cultivate under normal culture conditions
(Croes et al., 2013, Kamnev et al., 2005 ).

II. METAGENOMICS: AN EMERGING STRATEGY FOR ENDOPHYTIC
MICROFLORA STUDIES

Genomic analysis of individual microbial colonies is in use for screening of novel
metabolites and its large-scale industrial applications. The whole metagenome-based analysis
widened the identification and application of beneficial microbes residing inside plant tissues.
These microbes were reported to have a specific role in plant growth and health promotion
(Rat et al., 2021, Eid et al., 2021, Lacava et al., 2022). Advances in metagenomics attained a
fast pace of progression through Next Generation Sequencing Technologies (NGST).
Biodiversity cluster analysis of endophytic microbial populations was conducted in different
plant species with beneficial aspects like in the field of health care and agriculture.
Metagenomic analysis was employed to identify microbial endophytic populations from
different plants (Table 1). The metagenome studies led to the evaluation of applied aspects of
plant-microbial interactions. The endophytes possess a specific role in host growth and
development. As part of that it divulges the information of some rare microbes and their
metabolic potential. Identification of gene sequences associated with novel metabolites
makes the industrial application of that microorganism more significant. Production of plant
growth hormones on a large scale, diverse antibiotics for fighting pathogenic microbes for the
host, biochemicals involved in phytoremediation and different stress management systems for
the host are some of the functions associated with specific genes from endophytes identified
in metagenome analysis

Table 1: Metagenomic studies of bacterial and fungal endophytes from different plants

Plant Organism| Endophytes Identified Using | References
Metagenome Analysis
Aloe vera Bacteria | Proteobacteria, Firmicutes, Actin | Akinsanya et al., 2015.

obacteria and Bacteriodetes
Panax ginseng | Bacteria | Proteobacteria and Actinobacteria | Hong et al., 2019

Senna italica Bacteria | Cyanobacteria,  Proteobacteria, | Alsaedi et al, 2022
Actinobacteria, Firmicutes

Eleusine Bacteria | Proteobacteria, Actinobacteria | Prasannakumar et al.,

coracana (L.) and Bacteriodetes 2019

Gaertn.

subsp. coracana

Quercus Fungi Peltaster, Cladosporium and Mon | Nguyen, et al., 2021

mongolica and ochaetia

Quercus serrata

Oryza sativa L. | Bacteria | Proteobacteria, Firmicutes, | Sengupta et al., 2017

Cyanobacteria and Actinobacteria
Vitis vinifera L. | Bacteria | Alstonia,  Burkholderia  and | Campisano et al., 2014
Pseudomonas genera
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Paeonia Sect. Bacteria | Proteobacteria, Firmicutes, Bacter | Yang et al., 2017
Moutan oidetes, Acidobacteria,

Actinobacteria
Armoracia Fungi Plectosphaerella, Thanatephorus, | Plaszko et al., 2022
rusticana Podospora, Monosporascus,

Exophiala, Setophoma
Dendrobium Fungi Ascomycota Zhuoyan et al., 2017
officinale
Huperzia serrata | Fungi Ascomycota, Basidiomycota Fan et al., 2020

I11. METAGENOMICS AND TECHNOLOGY ADVANCEMENT

Molecular studies were initiated when the DNA-based identification and
characterisation of environmental microbial samples came into existence. This was a great
leap in microbial studies which involves large and diverse community studies. 16S rRNA
gene sequences, which are signature sequences of particular microbes make the identification
of microbes at the species level easy but only with microbes which are available in invitro
culture conditions. 16S rRNA retrieved from shotgun sequencing methods provides better
information in species characterisation. However, this was not highly efficient for the
identification of rare species in communities (Shah et al., 2011).

The understanding of interactions of large microbial populations increased in recent
times due to effective sequencing technology advancements like Next Generation Sequencing
technology (NGS) (Lozupone, and Knight, 2007). The 16S rRNA sequencing technique and
shotgun sequencing technology were effective for characterising individual colonies and
small sample populations but with a relatively high cost. NGS with the new Illumina
sequencing platform changed the pace of endophyte research with Illumina mass
communities that can be sequenced and analysed which generated huge data sets (Caporaso
et al., 2012).16S rRNA amplicon of microbial communities (discussing bacterial
endophytes) consists of conserved and hypervariable regions. These hypervariable regions
show high specificity and it attracted the attention of the researchers. Therefore, high
throughput sequencing technologies can be employed for sequencing these regions which
will reveal the diversity as well as phylogenetic relationships of these communities.

The sequence read length while sequencing 16S rRNA is one of the key factors in
molecular studies including 16SrRNA amplicon. High efficiency better throughput
sequencing instruments and techniques are available like 454 GS pyrosequencing, MiSeq
Illumina etc. Over time better sequencing techniques with high throughput per turn and
reduced error rate were developed by combined efforts of researchers working in the field of
molecular biology and bioinformatics (Loman et al., 2012).

IV. OVERVIEW OF WHOLE METAGENOMIC ANALYSIS METHODOLOGY
Sample Collection: Sample collection is a key process for the metagenome study of
endophytic microbiota. Different plant parts like root, stem and leaf can be collected based on

the objectives of the study (Calvert, 2021). The growth period, age of the host plant,
geographical location and environmental conditions and the time taken for the transport of
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plant materials for further studies are some of the factors to be considered for sample
collection (Dos Reis et al., 2022). Surface sterilization of the collected samples to be done to
make sure that any microbes on the surface of plant parts were eliminated.

DNA Extraction: Plant parts like root, stem and leaf can be used for the DNA extraction
which should be crushed and homogenised. Endosphere microbiological studies reached new
dimensions through metagenomic analysis because it includes the study of hidden and diverse
microbial populations. Therefore, direct DNA extraction from the sample is preferable even
though the purity is low. Different advanced and efficient DNA isolation protocols and
isolation kits are available according to the requirements and sample (Wang et al., 2011). The
quality and purity of the isolated DNA can be analysed and verified by PCR.

Metagenomic Library Construction: Next Generation Sequencing technology workflow
includes the library construction through DNA fragmentation, ligation of adaptor oligos and
library quality analysis (Navgire et al.,2022). Quality of metagenomic library construction
depends on the sample, complexity or heterogeneity of community and the procedure used
for library construction. Endophyte metagenome may vary based on the host plant,
Geographical locations and environmental conditions and based on that the amount of DNA
extracted and library preparations procedure should be standardised. Different library
preparation methods or procedures were analysed in detail by Gaulke et al., (2021) and used
different communities with varying complexities.

Sequencing: A gradual shift of sequencing technologies from shot-gun sequencing methods
to next-generation sequencing occurred in the past two decades. 54/Roche and the
Illumina/Solexa systems are the commonly used NGS technologies for large microbial
community analyses. Millions of sequence reads can be processed parallel and don’t require
any vector-based cloning methods for library construction are some points which make NGS
a researcher-friendly technology. Three major sequencers available are the Roche (454) GS
FLX sequencer, Illumina genome analyser and Applied Biosystems SOLiID sequencer
(Mardis et al., 2008). One of the widely used amplicon sequencing techniques is Illumina
which will be performed in HiSeq2000 and MiSeq platforms. The HiSeq and MiSeq
platforms differ in the scale of sequenced reads generated in time. The HiSeq2000 produces
450 Gb paired-end base pairs per day whereas MiSeq generates 1.5 Gb bp per day.

Sequence data quality analysis and optimization: Different bioinformatics tools are
available to analyse the sequence quality. Forward and reverse reads can be trimmed to
maintain the required base-pair length. The primer sequences should be removed before
further analysis. Error checking and calculation of maximum expected error from the quality
score (EE = sum (10"(-Q/10) is essential for identifying higher quality reads. High throughput
sequences generated will be processed for further preliminary quality filtering. Forward and
reverse read merging and chimaera removal are the two major steps before progressing to the
preparation of rarefaction curves. Rarefaction curves denote the saturation values when the
curve reaches the plateau based on the number of reads that passed the preliminary
filtering (Kuzniar et al., 2020).

Biodiversity and Taxonomic analysis: In metagenome analysis for taxonomic classification
and biodiversity analysis only some focused areas in the 16SrDNA are to be analysed and
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sequenced. In the 16S rRNA coding region of the genome nine highly conserved and nine
hypervariable regions (V1-V9) are present which are specific to the particular
microorganism. Sequencing of these regions using NGS technology allows taxonomic
identification and classification of microbial flora. Comparison of these sequences is possible
because a huge amount of data is already available in the public database domain
(Chakravorty et al., 2007). Different bioinformatic tools with high accuracy and precision are
available for 16S rDNA sequence analysis. The latest version of RDP data including Naive
Bayesian Classifier is one of the promising tools for microbial taxonomy analysis. Further
taxonomic analysis and read counts can be done by bioinformatic tools like QIIME,
UPARSE, MOTHUR, DADA2, (MED) etc. Identification of Operational Taxonomic Units
(OTUs) enables the study of phylogeny progression (Niu et al., 2018). Identification and
categorization of OTUs using the Ribosomal Database Project Classifier indicates the
heterogeneity and richness of the microbial community. Different diversity index analyses
can be employed for the study and representation of these communities like the Alpha
diversity index, Shannon index, Chao 1 index, Simpson Index, Goods Coverage index etc.

*DNAfragmentation
—* Adapterligation
»Sizeselection
- » Librarypantificatioand quality check

DNA Extraction

_ . Library construction
(Direct/Indirect)

Hypervariable region

. v Roche (454) GS FLX sequencer
Taxonomic analysisof endophytic Sequencing Data ; Tlumina genome analyzer Applied
o . . . Sequencing R
microbial community quality analysis >
sequencer
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Gene Prediction Chimera removal etc

annotations
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High volume data generation and a tremendous increase of endophytic studies require
more advanced bioinformatic tools for a better understanding of heterogeneity and structure
of microbial endospheric population. Advanced phylogenetic analysis tools like PhyloPythiaS
and Kraken are available to elucidate the evolutionary relationship which will unravel new
areas of colonization potential of microbial communities in plant tissues. These phylogenetic
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analyses use different algorithms for taxonomic profiling like K-mer (compares with
organisms of a wide range of clades) and marker genes (aligned with preselected clade-
specific marker genes). An algorithm based on the read map approach compares the
metagenomic data with the available databases.

Gene Function Analysis: Metagenomic analysis especially in the case of the microbial
population inside plant tissues exposed an unexplored area of research. the plant-microbe
interactions. For a deeper understanding of the involvement of the microbial genome in plant
growth and metabolism, NGS technologies can be employed. Metagenomics with
metatranscriptomics and metabolomics clearly explains the role of endophytes in various
plant growth regulatory activities like the production of plant growth hormones, biotic and
abiotic stress management etc.

The sequence data generated through whole metagenome data can be processed with
different bioinformatic tools for function-driven analysis. Binning is the term used in
metagenome analysis denoting comparison and grouping of sequenced data from closely
related genomes available in the databases to generate contigs. Different binning algorithms
are available like Phylopythia, S-GSOM, PCAHIER, TACAO, IMG/M, MG-RAST,
MEGAN, CARMA, SOrt-ITEMS and MetaPhyler (Thomas et al., 2012). Feature prediction
and functional annotation are mandatory for identifying genes coding for different proteins
and regulatory compounds. Advanced research in molecular bioinformatics enhanced studies
based on gene structure prediction and developed programs focused on three different
perspectives- ab initio methods, homology-based methods, and combined methods. EasyGene
and GeneMark are the two commonly used gene prediction programs (Ejigu and Jung, 2020).
Progressive sequencing technologies like NGS and TGS generated huge amounts of sequence
data which are easily available for comparison in various public domain databases.
Homology similarity searches connect the sequenced data under investigation with these
already deposited data, which makes the comparison and functional characterisation of gene
annotations from endophytes an effortless one. Some commonly used databases for gene
structure and function studies are summarised in the table below.

Table 2: Different Databases Available for Gene Functional Annotation Studies

Data Base Significance Link to the Data Base Reference
KEGG (Kyoto | For systematic | http://www.genome.ad.jp/kegg/ | Kanehisa
Encyclopedia of | analysis of gene and Goto,
Genes and | functions, linking 2008
Genomes) genomic information

with  higher order

functional

information
KEGG Molecular functions | http://www.kegg.jp/ Kanehisa et
Orthology (KO) | of genes and proteins | http://www.genome.jp/kegg/ al., 2016
database are associated with

ortholog groups and

stored in the KEGG

Orthology
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GenBank

Contains publicly
available nucleotide
sequences for more
than 420 000
formally  described
species

(www.ncbi.nlm.nih.gov/genban

k)

Sayers
etal., 2019

European
Nucleotide
Archive (ENA)

Organized and
presented the world’s
public domain output
of sequence
information

http://www.ebi.ac.uk/ena/

Cochrane
etal., 2013

DNA Data Bank
of Japan
(DDBJ)

Member  of  the
International
Nucleotide Sequence
Database
Collaboration
(INSDC), in
collaboration with the
US National Center
for  Biotechnology
Information and the
European
Bioinformatics
Institute

http://www.ddbj.nig.ac.jp

Kodama et
al., 2018

UniProtkB

A protein sequence
database that
combines
UniProtKB/Swiss-
Prot (over 560,000
manually curated
sequences) and
UniProtKB/TrEMBL
provides access to
proteomes for over
84 thousand species
with completely
sequenced genomes

https://www.uniprot.org/proteo
mes/
https://www.ebi.ac.uk/proteins/
api/doc/

Consortium
, 2019

InterPro
database

classifies protein
sequences into
families and predicts
the  presence  of
functionally
important  domains
and sites

http://www.ebi.ac.uk/interpro/

Mitchell et
al., 2019

Gene3D

database of globular
domain annotations
for millions of

http://gene3d.biochem.ucl.ac.uk

Lewis et
al., 2018
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available protein
sequences
PROSITE consists of | http://prosite.expasy.org/ Sigrist et
documentation al., 2012
entries describing
protein domains,
families and
functional sites
NCBI’s Database for protein | https://www.ncbi.nlm.nih.gov/ | Lu et al.,
Conserved domains  conserved | Structure/cdd/cdd.shtml. 2020
Domain during molecular
Database evolution
(CDD)
Reactome Pathways of signal | www.reactome.org Fabregat et
Knowledgebase | transduction, al., 2016
transport, DNA
replication,
metabolism and other
cellular processes
MetaCyc metabolic  pathways | MetaCyc.org Caspi et al.,
database and enzymes 2016,

V. METAGENOME ANALYSIS FOR PLANT ENDOPHYTE INTERACTION
STUDIES

Metagenome analysis uncovered a vast array of functionally active and interactive
endophytic microbial communities and the majority of them are either bacteria or fungi. The
endophytes and their genes characterised through next-generation sequencing revealed the
involvement of endophytes in plant growth. Functional metagenomics focuses on the
identification of genes that code for bioactive components which have multifaceted
applications. Functional metagenomics opens up a new arena of research in which the
screening of a targeted gene and its function can be analysed from huge sequence information
without any culture conditions. Designing and large-scale industrial production of essential
bioactive metabolites using beneficial non-pathogenic endophytic microorganisms will
always be a great advantage to biomedical drug development systems.

The majority of the endophytes isolated and identified are either rhizosphere or soil
microorganisms. Genome analysis of endophytes reveals genes with specific functions like
identification of plant root exudates, internalization, establishment and colonization inside the
plant tissues without causing any apparent adverse effect on the host (Martinez-Garcia et al.,
2015, Pinski et al., 2020). Gene annotations were identified in the phytohormone Indole
Acetic Acid production pathway from tryptophan in endophytes which indicates its active
role in the growth promotion of the host (Andrea et al., 2015). Gene functional annotations
were identified and some genes which indicated its presence in endophytes are expected to be
due to lateral gene transfer, which points to plant-microbe interactive co-existence and co-
evolution.
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Biotic or abiotic stress management is always an important aspect of study in
agriculture and crop breeding centres. Isolation and identification of endophytes which can
harness diverse stress conditions will be beneficial for its host plant for managing the stress.
Production of a wide range of metabolites in coexistence with the metabolic pathways of host
metabolism marks the role of endophytes as a potential candidate for screening and isolation
of bioactive metabolites. Genome analysis of isolated microbes and whole metagenome
analysis of the endophytic community give the details of specific gene annotations
responsible for the synthesis of diverse compounds with role in plant growth and health
regulation.

Table 3: Gene annotations reported from endophytes with functional role various host
metabolic pathways

- Functional Role
Endophyte Gene ldentified of the Gene References
Endophytic bacterium | gene for mannitol | an enzyme | Wu et al.,
Pseudomonas putida dehydrogenase involved in | 2011
defence  against
phytopathogenic
fungi
Endophytic bacterium | genes for amino acid/iron | Iron transport and | Taghavi et
Enterobacter sp, which | transport, hemolysin, and | interaction  with | al., 2010
are important hemagglutinin host
Endophytes from rice | Glutathione  synthases | Managing Sessitsch et
plants and Glutathione-S- | reactive  oxygen | al., 2012
transferases species and stress
tolerance
endophytic fungus of | polyketide synthases, | Secondary Wang et
tea Pestalotiopsis fici | non-ribosomal  peptide | metabolite al., 2015
synthases (NRPSs), | production
dimethylallyl tryptophan
synthases, putative PKS-
like enzymes
Bacillus subtilis strain | Phosphate transport | Phosphate Wang et
RS10 (pstACS) transport al., 2022
Endophytic bacteria of | haloacetate dehalogenase | dehalogenate Urumbil
Emilia sonchifolia (dehH), haloalkane | toxic halogenated | and
dehalogenase (dha A) pollutants Anilkumar,
2023
Endophytic ~ bacteria | alkane monooxygenase, | Hydrocarbon Pawlik
of Lotus alkane hydroxylase degradation etal., 2017
corniculatus and Oenot
hera biennis
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VI. NGSTO TGS FOR METAGENOMIC SEQUENCING

De novo sequencing technology development based on single molecule sequencing
and large parallel sequencing representing the third-generation sequencing is a new mile
stone in sequencing based large sample analysis. Different methods can be adopted for TGS
sequencing like single-molecule fluorescence sequencing and nanopore sequencing. In single
molecule fluorescence sequencing, fluorescently labelled nucleotides are detected based on
light wavelength and peak value where as in nanopore sequencing electrification and passage
through the nanopore are used to detect the ATGC sequences. TGS does not require PCR
amplification and large sequence data can be generated in less time are the advantages of
TGS over NGS. But the increased rate of error and high cost are the disadvantages of TGS.
Research works were going on these aspects to improve the efficiency of third generation
sequencing and TGS is in its infancy (Zhang et al., 2021).

VIl. METAGENOMICS: ADVANTAGES AND CHALLENGES FOR ENDOPHYTES
SCREENING

DNA sequencing, identification of new microorganisms, and sequence databases are
increasing at an exponential rate due to the decrease in the cost of NGS sequencing
techniques like lllumina. Endophytic microorganisms reside in a very complex environment
by interacting with host cell responses and co-existing with other microbial communities. The
isolation and culturing of these microbes are very difficult in invitro culture conditions
because of these complex associations. The metagenome-based analysis in that perspective is
a new hole for the entry into the unexplored world of endophytic microorganisms that are
hitherto unknown. Metagenome searches unravelled the complexities of phytomicrobiomes
and detected some unexpected novel microbes. Whole metagenome screening opened a new
gateway to the identification of specific gene annotations from endophytes with non-axenic
bioprospecting potential. Metagenomic analysis has become a benchmark technology for
endophyte study because of unbeatable data generation, analysis and output with low-volume
samples like small pieces of root, stem or leaf.

Sequencing technologies used for metagenomic data generation are in a surge and
new technologies are developing at a swift tempo. Up to the present time, some technical
issues exist in large-scale endophytic microbiome genome sequencing due to its complexities
and multifarious identity. In taxonomic profiling, low-abundance microbes may be excluded
from the genome data and in gene expression profile analysis the chance of missing some key
gene annotations is a bottleneck. The recent upswing in the metagenomic study of endophytic
microflora adds information to the databases. Therefore, in some cases, the absence of
information about very rare novel microbes or genes may be a struggle for the researcher.

CONCLUSION

The awareness about microbial flora existing inside the plant tissues is elevated by
modern metagenome studies which analyse large quantities of environmental samples.
Metagenomic analysis provides high taxonomic resolution of the microbial flora and
generates high throughput sequencing data for future studies. Distinctive technologies are
emerging in this area of research. Metagenome analysis progresses through a specific
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pipeline where biotechnology and bioinformatic tools are merged for data generation and
analysis. DNA extraction, library construction, amplification, sequencing, sequence data
quality analysis, filtering, assembly, binning, contig creation, taxonomic profiling and
annotation are some attention-worthy steps in metagenomics. An enormous number of
protocols and bioinformatic tools are developed by researchers for screening environmental
samples. A combination of different analysis platforms is used for different studies based on
the nature of the sample.

Endophytes marked their involvement in almost all fields of plant growth promotion.
As part of that, endophytes are involved in the production of plant growth regulators,
different bioactive compounds with putative roles. Identification of endophytes with plant
growth promotion activity is an added advantage for its application in the agriculture sector.
Stress management and stress tolerance generated either by biotic factors or abiotic factors is
a major issue faced by plants for their sustenance. Active participation of endophytes in these
aspects makes the plant-microbe interaction an inevitable one. Diversified aspects of stress
tolerance come under the topics of drought tolerance, biodegradation of pollutants and
prevention of the establishment of other pathogenic microorganisms inside the plant tissue.
The metagenome analysis focusing on gene function studies contributed new insights into the
untapped area of plant-microbe interaction. NGS technology with advanced computer
algorithms and programs provided genetic information on the functional expression of genes
associated with endophytes harbouring inside plant tissues. Integration of more than one
‘omics’ tool like transcriptomic, proteomics and metabolomics with metagenomics can
surpass some major struggles in endophyte studies.
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