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Abstract
Plants are home to a wide assemblage of nonpathogenic microbial community
belonging to different phyla, bacteria, fungi, actinomycetes and viruses, the
collective term for which is called endophyte. These endosymbiotic individuals
exhibit endophytism principally by assisting in vigor and endurance to host plant
and protect them from biotic (pathogenic infections) and abiotic stress (water,
heat, nutrient, salinity, and herbivory). In return, these endosymbionts receive
energy in the form of carbon from the host tissue. Colonization of endophyte in
the internal tissues has been reported almost in every plant examined so far either
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in intercellular or intracellular mode. The form of relationships established with
the host plant may be mutualistic, symbiotic, commensalistic, and trophobiotic.
These are either rhizospheric or phyllospheric in origin. To establish such mutu-
alistic relationships between plants and endophytes, certain chemical signals play
important role in inducing production of the enhanced amount of secondary
metabolites in host plant tissues. These novel metabolites act as a very good
source of stress relievers to host and protect from grazing animals. The renewed
interest in endophyte is due to the biotechnological relevance of these signal
molecules as these have been used as a good source for production of biochemical
compounds of industrial importance more specifically in agriculture and medi-
cine. Additionally, their capacity to decontaminate soil bacteria and bring in soil
fertility invites huge application in phytoremediation. However, the physiology,
biochemistry, and genetics behind such complex interactions, exchange of chem-
ical signals, and their production (the endophytism of plan-microbiome) are still
half-understood. With the advent of new efficient analytical technology in molec-
ular biology and genomics, the basic information on the existing diversity,
phylogenetic lineage, evolution, and ecophysiological information about these
endophytes has been tried to understand. However, the functional gene expres-
sion, posttranslational modifications, and protein turnover under various environ-
mental circumstances are only revealed through transcriptome and proteomics
analysis. Soon, high-throughput next-generation sequencing technology has
remarkably changed the whole scenario of solving the intricate issues entangled
with the complexity underlying endophytism. Sequencing of the whole genome
of individuals following cultivable method (genomics), multiple host plants and
their microbiome (comparative genomics), non-cultivable methods (meta-
genomics and metatranscriptomics), and microarray has been proved to be
potential approaches to unravel the truth behind the plant-endophyte interactions.
The present script deals with scopes, prospects, and outcomes of use of these
“omics tools” to understand the deep insight into the mechanism of plant host
infestation, biological reason behind the mutualism between host and endophytes,
exchange of biochemical compounds, enhanced production of secondary metab-
olite, and host plant ecology.
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Abbreviations
BLAST Basic local alignment search tool
BLAT BLAST-like alignment tool
Bp Base pairs
Brenda Braunschweig enzyme database
CAMERA Community cyberinfrastructure for advanced microbial ecology

research and analysis
COGs Clusters of orthologous groups
DGGE Denaturing gradient gel electrophoresis
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Gbp Giga base pairs
ITS Intertranscribing regions
KEGG Kyoto encyclopedia of genes and genomes
LSU Large subunit
LTQ Linear trap quadrupole
MALDI Matrix-assisted laser desorption/ionization
MALDI ToF Matrix-assisted laser desorption/ionization time of flight
Mbp Mega base pair
MEGAN MEtaGenome ANalyzer
MetAMOS Open source and modular metagenomic assembly and analysis

pipeline
MG-RAST Metagenomic rapid annotations using subsystems technology
MS Mass spectroscopy
NCBI National center for biotechnology information
NGS Next-generation sequencing
NOGs Non-supervised orthologous groups
NR Negative regulatory domain
Pfam Protein families
PICRUSt Phylogenetic investigation of communities by reconstruction of

unobserved states
PRINTS Protein fingerprints
Q-ToF Quadruple time-of-flight mass spectrometer
RDP Ribosomal database project
SMART Simple modular architecture research tool
SRTINGS Search tool for the retrieval of interacting genes/proteins
SSU Small subunit

1 Introduction

The compelling interest in endophytes has been for the secondary metabolites
they are able to produce. These molecules of natural origin generally hold over-
abundance of beneficial properties useful as a source of potential drug [1, 2]. With
time, molecules with desired bioactivities have been identified and isolated from a
large number of endophytes from a list of medicinal plants which are yet to be
explored for their large-scale commercial production. Accumulation of these
secondary metabolites, nutrients, and hormones might have been produced in
host plants associated with endophytes in response to the biotic and abiotic stress
or due to some unknown reason during such mutualism exhibited by the endo-
phytes [3, 4].

Therefore, understanding the whole science behind the establishment of endo-
phytism is the prime effort to be taken so as to utilize the incredible potential of these
high valued molecules produced by endophytes having potential applications in
pharmaceutical, food, agriculture, and medical industry. So far, attempts are taken
to establish their identity and diversity and to unravel the metabolite potential. But,
there has been a paradigm shift among the scientific community toward
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understanding the physiology, biochemistry, and the genetics behind the plant-
endophyte relationship of several ecological niches.

Endophytes are basically bacteria or fungi which reside as intercellular or
intracellular in rhizospheric or phyllospheric tissues of the host plant under
symbiosis or commensal type of association. Horizontally transmitted endo-
phytes, the most ubiquitous fungal endophyte, inhabiting major plants studied
for their potential production of bioactive molecules, have been subjected to
unanswered questions on interactions of endophytes with their plant hosts,
phytophagous insects, and other fungi. The present review highlights the
possible role of modern omics-based methods in understanding the gray areas
of endophytism and their potential exploration in different avenues of
biotechnology.

With the advent of new efficient analytical technology in molecular biology and
genomics, the basic information on the existing diversity, phylogenetic lineage,
evolution, and ecophysiological information about these endophytes has been
understood [5]. Although the genomic study provides the information on molec-
ular machinery and functional expression is only revealed through transcriptome
analysis under various environmental circumstances without any information on
posttranslational modifications and protein turnover, etc. proteomics deals with the
study of functional gene expression products. Alone, the transcriptomic or prote-
omic study is incomplete in interpretation in absence of genomic information.
Moreover, supplementing the information generated from the metagenomic study
with those of metatranscriptomics and metaproteomics may help to find detailed
intricacies involved in the establishment of endophytism. All these techniques
although self-sufficient are inter-reliant, and thus the information obtained
from individual method or technique is the accompaniment to each other. Thus,
the combinatorial approach of analyzing the data produced from various recent
“omics” tools will help in resolving the enigma existing in the endophyte-host
relationship. Genome sequencing options, metagenomics and meta-
transcriptomics, have increased the perspective of analyzing the microbial com-
munity. These meta-omics methodologies explore the community having the
genes, transcripts, and proteins from millions of microbes and provide a scope to
analyze their biochemical functions as well as systems-level microbial interac-
tions. Functional assays involving whole community analysis in addition to
metagenomics and metatranscriptomics offer new avenues to understand biogeo-
chemical environments, complex ecosystems involving host organisms, their
metabolism, and the possible interactions among them. These meta-omics studies
characteristically aim to recognize a panel of microorganisms, genes, their vari-
ants, and metabolic pathways of the microbial community inhabiting an
uncultivated sample. These abovementioned analytical methods complemented
with advanced computational tools (systems biology science) are the key
approaches to understanding significant biochemical and environmental interac-
tions occurring in a community. Thus, we have described here the current skills,
recent technological advances, and unresolved challenges involved in the func-
tional analysis of microbial community.
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2 Conventional Techniques Used in Endophyte Studies

2.1 Direct Observation Method

This is the most common, simple, and preliminary method of observing the endo-
phyte harboring the living host plant tissue directly under light or electron micro-
scope. This method reveals the limited morphological features of infested
microorganism inside the intercellular and rarely intracellular tissue of the plant
which is generally restricted to the hyphal structure or the shape of the bacteria. It
excludes isolation of endophyte in vitro and further possible characterization. Since
it cannot provide any information about taxonomically distinguishable features like
spores/endospores/conidia or spore-producing structures, this method can hardly be
used for understanding the phylogenetic identification and biodiversity analysis of
the endophyte [6, 7].

2.2 Cultivation-Dependent Method

Typical methodology of isolation and cultivation of endophyte through in vitro
culture-dependent techniques involves the following few steps (Fig. 1): (i) surface
sterilization of host plant tissue infested with endophyte adopting different protocols
[8], (ii) isolation of endophyte grown out of the incubated plant sample on suitable
media, (iii) manipulation of cultivation and incubation parameters to promote
sporulation, and finally (iv) identification through morphological, microscopic, and
biochemical analysis [9–13]. This cultivation-dependent method has been followed
across the globe since it is one of the rapid effective methods of isolation of
endophytes from the plant tissue under changeable parameters during the whole
process of sterilization, inoculation, and incubation in artificial culture media.
Cultivation and characterization of endophyte isolates have been inevitable not
only to understand the population structure and species diversity [13–17] but also
to unravel the physiology behind its role in plant growth and protection through the
production of secondary metabolic compounds [18–21].

Reports reveal that the enhanced recovery of endophyte from the host plant using
the smaller size of tissue incubated [22] or whole leaves instead of leaf disk [13, 23].
However, retrieval and growth of the higher amount of endophyte without spores
(sterile isolates) add problem in detailed characterization and identification as no
taxonomic units have been assigned based on limited morphological features. This
urges implementation of different means to promote sporulation or production of the
fruiting body. Guo and his coworkers could enhance the rate of sporulation from
48% to 59.5% by incubating the palm leaf tissue onto media surface and again to
83.5% though longer incubation of isolates for 3 months onto pieces of petiole of the
leaves [24]. It has been also observed that some of the endophyte species of a
community might be suppressed by fast-growing isolates in vitro due to competition
for nutrients in artificial media.
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However cultivation-dependent method has been subjected to methodological
shortcomings and technical biases. Characterization, more specifically sporulation of
endophyte, gets affected by the techniques followed for sterilization, the conditions
maintained for incubation, and the type of media used. The adaptability of the plant
type, the tissue size, their number, and the endophyte community to the overall
procedure of isolation also bring in limitations in revealing the facts and features
about the harboring endophyte in the host tissue.

3 Omics Intervention in Endophyte Studies

3.1 Genomic Analysis by the Cultivation-Dependent Method

In absence of omics-based analytical methods, different isolates obtained from
conventional in vitro cultivation procedures having similarities in morphological
(color and texture of colonies) and growth characteristics had been named as
different “morphotypes” and were designated as “Mycelia sterilia” (where the
sporulation could not be obtained). But these morphotypes could not be accepted
as units of the taxon to classify and establish the diversity existing within them and
failed as the criteria to establish phylogenetic lineage [13, 16, 25, 26]. With the

Fig. 1 Flow chart showing
the cultivation-dependent
analysis of endophyte,
Source: [65]
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intervention of molecular techniques, the bottlenecks that generally cropped up
through traditional protocols for identification and diversity analysis could, however,
be overcome.

Molecular identification of sporulating and non-sporulating endophytes basing on
DNA markers like ITS, 23S, and 18S for fungus and 16S for bacteria may be the
suitable solution in detecting the diversity existing in the community. Using ITS
marker, 19 non-sporulating morphotypes of L. chinensis could be identified and
grouped into three genera Mycosphaerella, Xylaria, and Diaporthe [16]. Similarly,
221, 74, and 18 non-sporulating fungal endophytes were grouped into 37, 64, and
3 taxa, respectively [13, 25, 26]. González and Tello in Spain could assign taxo-
nomic identifier at the level of genus and species for non-sporulating Vitis vinifera
employing ITS sequences [27]. In this way, these DNA marker-based molecular
analyses will not only help to assign a taxonomic place for the community present in
phyllosphere and rhizosphere but also understand the species diversity existing
within them. ITS analysis supported with the morphological information became
the preferred practice specifically for understanding biodiversity among the isolates
present in host tissues and their ecology [28, 29]. As uses of 18S and 28S genes are
generally employed to find out the higher taxonomic level (order and suborder) for
endophytic fungi, these genes are analyzed in supplementation to ITS marker study
which reveals the taxonomic lineage at a lower level (genus and species) and to
detect novelty. Morakotkarn and his associate could identify 71 strains from host
bamboos belonging to Phyllostachys and Sasa species under Sordariomycetes and
Dothideomycetes order by employing ITS and 18S, respectively [30]. Similar pro-
tocols were followed by other workers for taxonomic diversity analysis of
Theobroma cacao and Pinus halepensis, respectively [31, 32].

The abovementioned cultivable methods and techniques have been limited to
identification of only those isolates that could be cultivable in artificial media, the
establishment of their novelty, and the understanding of diversity existing among the
community. Nevertheless, outcome of these protocols fails to throw sufficient light
on deciphering the relationship between the host plant and the endophyte and the
molecular basing of intricacies behind endophytism probably because these methods
do not truly encourage the growth of all the members of endophyte present in the
community in the plant tissue in a defined artificial media in vitro (cultivation-
dependent method).

3.2 Metagenomic Analysis by Cultivation-Independent Method

Metagenomics is the genomic analysis of total DNA of all the members of the
microbial community in an environment which is otherwise called as community
genomics or environmental genomics bypassing the detection and in vitro cultiva-
tion of every single organism present in any microbiome. Metabolic implications
and factors associated with host-endophyte interactions, due to non-cultivable
microbes whose population is reported to be much higher (90–99%) in any envi-
ronmental sample than the in vitro cultivable isolates, can thus be better realized

9 Unraveling Plant-Endophyte Interactions: An Omics Insight 255



following this protocol [33]. The size of metagenomic DNA (DNA of the entire
microbiome present in the sample) is generally of huge size and warrants a fast and
efficient high-throughput method to handle and analyze the large-sized genome and
suitable pipelines and software to translate into understandable information. Next-
generation sequencing (NGS) is the most recent intervention for metagenomic
analysis which brings in the unrecorded unprecedented information of the microor-
ganisms present in any host-endophyte association much beyond the data generated
from individual cultivable taxa. It is further supported by several numbers of tools
that make fat data into information explicable to the analyzer.

With the recent discovery and intervention of alternate omics tools since the last
two decades, the above inherent disadvantages of culturable methods can be over-
come where total community genomic DNA of the sample (both host plant and the
endophyte) is subjected to molecular analysis. Non-cultivable or cultivation-
independent methods involve a sequence of molecular reaction steps as shown in
Fig. 2: (i) community DNA (genomic DNA of host plant and all the members of
endophyte present) isolation; (ii) ITS, 28S, and 18S gene amplification for fungal
and 16S for bacterial endophyte; (iii) electrophoretic separation and excision of
bands generated from DGGE (denaturing gradient gel electrophoresis); (iv) cloning
into vector and transforming into heterologous host E.coli DH5α and sequencing;
and (v) phylogenetic analysis using NCBI database for identification of the taxa.

The outcome from the genome analysis through uncultivable method employing
ITS could unravel novel taxa never been reported through cultivation-dependent
method which are YJ4-61, YJ4-9, and YJ4-70 from H. japonica tissues [34],
1 unidentifiable clone from L. chinensis [35], and 14 novel taxonomic units from
Magnolia liliifera [36]. The novelty attained by this method of exploring the
endophyte community diversity could be possible due to the ability to overcome
the technical biases of traditional protocols that did not allow scoring all the genomes
present but could not be grown in vitro and the high-resolution ability of DGGE
coupled with sequencing covering the whole genome.

3.3 Predicted Functional Analysis of Metagenome

In a sequence-based analysis, genomic information is assessed from microbes
without culturing them and can be used to identify microorganisms and genes and
compare organisms of different communities. Sequence-based metagenomics can
also be used to establish the diversity, enumeration of bacterial species present in the
sample, ecophysiological relationship with the microflora dwelling in it with pre-
vailing physiochemical parameters of that environment, and predicted genes and
metabolic pathways. Analyzing microbial diversity can provide valuable informa-
tion at less cost of experimentation and also predict the metabolism prevailing and
the ecology of microbes. Recent developments on different efficient cloning vectors,
along with newer methods of DNA isolation and sequencing, have been possible to
clone and express bigger-sized DNA into large-sized metagenomics clone library for
functional analysis. Over the past 10 years, shotgun sequencing technology used in
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metagenomics has gradually shifted from classical Sanger sequencing to NGS
methods [37]. Although Sanger sequencing technology is the best sequencing
technology because of its low error rate for sequencing maximum 30 Kb insert
size [37], the main disadvantages are the labor-intensive cloning process and cost-
intensive factor for giga base pair sequencing (approximately 400,000 USD) [37]. In
next-generation sequencing technology, 454/Roche and Illumina/Solexa systems are

Fig. 2 Flow chart showing the cultivation-independent analysis (metagenomic and predicted
functional) of endophyte, Source: [65]

9 Unraveling Plant-Endophyte Interactions: An Omics Insight 257



widely used for analyzing the sequence of the microbial community and functional
analysis of metagenomic samples. The sequence reads generated from NGS methods
are generally shorter than Sanger’s sequencing read. In 454/Roche technology,
average read length is 600–800 bp and produces ~500 Mbp in single run, whereas
in Illumina/Solexa, the read length is 150–300 bp and produces ~6 Gbp in single run
sequencing [37]. After NGS sequencing, post-sequencing analysis such as assembly,
annotation, binning, ORF prediction, taxonomic profiling, and metabolic reconstruc-
tion is the most challenging step which decides the output of any metagenomic
sample. Several bioinformatic tools and data storage pipelines have been developed
to simplify the post-sequencing analysis, such as MEGAN [38], MG-RAST [39],
GALAXY [40], CAMERA [13], and MetAMOS [41]. PICRUSt [42] and
TAX4FUN [43] tools are used to analyze the predicted functional activity by using
16S rRNA gene sequences, the details of which presented in Fig. 2. However, so far
as our knowledge goes, many attempts are taken to predict the functional genes and
their possible activities from any community DNA of any endophytic niche.

3.4 Multigenomic Analysis

Whole genome analysis of an individual endophyte harboring a plant may not be
able to completely establish their lifestyle, the kind of which may vary from
mutualistic symbionts to commensalistic symbionts or saprotropism to biotropism.
They can also behave as latent pathogens and latent saprotrophs [44]. Therefore,
comparing the genome of isolates having endophyte association and the non-endo-
phyte complement can help realize the controlling factors responsible for their
adaptation to host plant, their evolutionary trajectory, and genetic basis of endo-
phytism exhibited by them [45].

Endophyte adaptation, potential to promote the growth of host plant, as well as
the tolerance to stress and production of protection metabolites could be understood
from metagenomic analysis of rice plant root tissue associated with the endophyte
[46]. Dinsdale and his groups presented the differential functional characters of nine
endophyte microbiome following comparative metagenomic analysis [33]. Compar-
ative genome analysis using Illumina platform for Cadophora sp. and Periconia
macrospinosa with their 32 close relatives with different lifestyles could reveal the
functional differences with respect to the presence of a number of genes for
aquaporins, melanin synthesis, enzyme proteases, and lipases, despite their common
origin. The insight into basic biological and evolutional understandings has been
made available through comparative genomic study in several endophyte species,
M. bolleyi (37), P. subalpine (29), S. indica (34), X. heveae, (31), P. scopiformis (33),
and C. trifolium (35), originating from different habitats [47]. The detailed commu-
nity diversity of fungal endophyte and its composition in a Japanese forest have been
analyzed [48]. Large-scale functional characterization of fungal communities using
454 genomes employing metagenomic protocol could accumulate a surplus of
information of ecophysiology of the endophyte community which reported the
existence of fungi of both mycorrhizal and endophytic origin [49].
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Since the metagenomic analysis has been recently the intervened approach in
understanding endophytism as a whole, attention must be given in making the public
database more furnished with genome/reference genome sequence information for
the target plant/endophyte species. However, the intervention of proteomic analysis
in supplementation with the metagenomic analysis in a non-cultivable approach can
help further to understand the existing interaction of these two ecotypes.

3.5 Transcriptomics and Metatranscriptomic Analysis

Although whole genome analysis or metagenomic analysis could provide the exis-
tence of genes in a community, their functionality in terms of whether the gene is
expressed in that particular environment could not be accounted which is very much
key in realizing the endophytism in any endophyte-host plant association. The
environmental parameters present in and around of any ecological niche determine
the expression of a character in any organism irrespective of the presence of the gene
that controls it. Therefore, understanding differentially expressed genes with respect
to the altered environment through isolation and characterization of all the RNA
present in a community (transcriptomics and metatranscriptomics) can be a better
way of knowing the response of interacting endophyte species with the host and the
environment. Comparative expression analysis of the transcriptome of plants with
and without endophyte infestation and of endophytes in and outside of host can help
to understand the interactive factors responsible for endophytism, production of
secondary metabolites, and plant growth-promoting substances. Ambrose and
Belanger and their associates successfully revealed the differential expression of
200 genes associated with host plant Epichloe festucae infested with endophyte
named Festuca rubra. However, these transcriptome data correlated with the data
generated from their respective genomes can complete the understanding about the
facts [50].

In the metatranscriptomic analysis, the transcripts or RNAs are directly isolated
from environment or community. This type of analysis brings the direct connection
between the genetic makeup of the community and the respective functionality in
situ through the profiling of the expressed transcripts and linking them with the
prevailing ecophysiological conditions. Such metatranscriptomic analysis is accom-
plished by either cDNA clonal libraries derived from mRNA as given in Fig. 3.

Using dual RNA-sequencing technology for comparative transcriptional profil-
ing, the differential regulation of genes meant for nutrient availability was observed
in wheat roots infested with bacterial endophyte A. brasilense [51]. This helped him
to interpret the basic mutualistic relationship existing between them. The occurrence
of transcripts foreign to host soybean genome system through comparative meta-
transcriptomic analysis helped in tracing the infestation of endophytes and free-
living microbes in different soybean host plants [52].

Although these recent methods of analyzing community RNA provide a consid-
erable amount of information and insight, they are not free from limitations. First,
extraction of RNA directly from an environmental sample is often problematic and
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the concentration is often low. For this reason, previous studies have used additional
amplification steps to increase the concentration of initial transcripts [45, 53]. Sec-
ond, separation of mRNA from the abundant non-mRNA (e.g., ribosomal or transfer
RNA) is also problematic, and, as a result, the gene expression profile of the sample
often remains limited. Consequently, the low gene expression profile may not result
in statistically meaningful transcription patterns or may not provide sufficient cov-
erage for most of the genes of a complex community. Thus, in earlier studies, the
focus was only on the most dominant members present in a respective community.

3.6 Proteomics and Metaproteomic Analysis

Soon after the realization that genomic and metagenomic analysis is still unable
to unravel the real-time in situ functional information about the community,

Fig. 3 Flow chart showing the metatranscriptomic analysis of endophyte, Source: [65]
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post-genomic analysis like proteomics and metaproteomics is gaining expedition.
Proteomics involves the scale analysis of total proteins present in an organism, and
on the other hand metaproteomics is basically the analysis of functional expression
of the community genes and interpretation of activities at the time of sampling.
Metaproteomics is the process of direct identification and assessment of the pre-
vailing functionality of the microbial community of an environmental sample. It
directly assesses the microbial functional profile. In addition, the developments of
computing and bioinformatic tools provide a more solid source of protein
identification [54].

The metaproteomic analyses include four important steps, the process flow of
which is given in (Fig. 4): (i) extraction and purification concentration of protein;
(ii) denaturation and reduction; (iii) protein separation, digestion, and analysis by
MS; and (iv) protein identification basing on spectroscopic data [54]. In meta-
proteomics it is vital that the sample protein should be a characteristic one in terms
of both quality and quality [55]. The first metaproteomic analysis conducted was the
AMD biofilm system [56]. Metaproteomic analysis of endophytes has been either
done by direct lysis method which involves extraction of total protein of the
endosphere (the microenvironment where the plant and endophyte association is
established) under different environmental conditions or comparative analysis of
their fingerprinting two-dimensional gel electrophoresis to understand the effect of
any parameter on secondary metabolite production, etc. [55]. On the other hand, the
indirect method of lysis involves extraction of total protein of isolated endophytes
subjected to different treatments or stress environments [57]. However, going
another step further, similar protein analysis protocol may be followed for host
plants with and without the association of endophytes in order to ascertain some
particular proteins responsible for bringing in the possible interactions between the
host and the endophyte. One such metaproteomic report in sugarcane associated with
endophyte Gluconacetobacter reveals 78 differentially expressed proteins using
mass spectrometry-based analysis.

The most common methodological bottlenecks in this type of analysis could be
the on-site interference of large quantity of secondary metabolites and other cell
contents (organic acids, lipids, and polysaccharides) present in the sample tissue. In
addition, lack of sufficient amount of information on the microbial community from
varied possible ecological niches to characterize these endophytes adds insufficiency
of this technique. However, the metaproteomic study needs to be supplemented with
its genomic information to make the analysis complete.

3.7 Metaproteogenomic Analysis

It is much well known to the scientific community that not all the genes present in
any ecological niche (individual organism or community) are functional at any point
of time under a specific environmental condition which makes the analysis of DNA,
RNA, or protein (individual organism or community) incomplete in isolation.
Metaproteogenomics is a study which deals with the combined exploration of
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Fig. 4 Flow chart showing the metaproteomic analysis of endophyte, Source: [65]
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metaproteome as well as metagenome of the same sample linking the genome and
proteome of any environmental sample. One outstanding experimental analysis
following metaproteogenomic approach has been done in rice where they analyzed
the microbial communities of both rhizosphere and phyllosphere and reported that
the expression of nifH genes was restricted to rhizosphere only, although present in
both [58]. Similarly using metaproteomic approach, a group of workers could
mine out certain distinctive traits that were restricted only to phyllospheric bacteria
but in the rhizosphere [59]. This approach has the potentiality to correlate the
genetic and functional diversity of any community. With time there has been
the advent of newer tools and establishment of suitable specific proteogenomic
pipelines which urges application of such techniques for more insight study of
endosphere and endophytism. The functional proteins are involved in establishing
the plant-endophyte interactions, the endophyte protein secretion systems and their
identification [60, 61].

3.8 Microarray-Based Analysis

Microarray is basically a laboratory tool where two-dimensional ordered array of
microscopic amount of DNA of entire genome of any organism is immobilized
onto a solid surface (slide/chip/membrane) so as to measure the simultaneous
expressions of all these genes/genetic material or to genotype (polymorphism
and mutation) multiple regions of entire genome together. Microarray-based
analysis has been attempted to understand the mystery lying behind the endo-
phytism, gene profiling and expression studies of endophytes, unravelling the facts
behind the possible interaction between the host plant and the associated endo-
phytes. The advantage of the use of Symbiosis Chip in this technique has been the
unique consecrations to study the expressional analysis of both the partners to
understand the exchange of signals between them in terms of differential coordi-
nated differential expressions [62]. He specially designed a dual-genome Symbi-
osis Chip to reveal the physiology behind the nodule development host
legume plant Medicago truncatula and the bacterial host Sinorhizobium meliloti
using its complete genome. Another advantage of this method is its ability to
characterize an unknown species if the genome sequencing of its allied species is
done by following genomic interspecies microarray hybridization technique
[63]. One such successful accomplishment could be the efficient discovery of
genes of unknown endophyte K. pneumoniae 342 by hybridizing its DNA asso-
ciated with those of Escherichia coli K12. Thus this technique became popular
and got very fast applications in endophyte genome analysis. Identification of
genes in host plants responsible for initiation of endophyte infestations could be
possible in Epichloe-Neotyphodium endophyte [64] and differential regulation of
genes in Arabidopsis-Pseudomonas endophyte [25] through microarray studies of
induced transcriptional changes. The limitations of this advanced technique are
restricted access to the specific gene profiling databases and absence of a specific
reference.
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4 Conclusion

Profound knowledge of endophytism is inevitable to utilize the enormous potential
of endophytes for human welfare in many different valuable means employing
multidisciplinary omics science and techniques. This will sure help the better
realization of the establishment of such symbiosis between plant and endophyte,
tolerance exhibited by endophytes, and their role in growth promotion of host plants.
Omics study-based generation of information when supplemented with other disci-
plinary approaches related to systems biology, several myths behind the total
physiological and biochemical processes involved in host-endophyte interaction
can be busted and most expectedly predicted models can be established to further
expedite the process of understanding. This can ultimately pave a path to sustainable
bioprospecting through several biotechnological means.
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