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Abstract: Introduction: Plants do not grow in isolation, rather they are hosts to a variety of microbes
in their natural environments. While, few thrive in the plants for their own benefit, others may have a
direct impact on plants in a symbiotic manner. Unraveling plant-microbe interactions is a critical
component in recognizing the positive and negative impacts of microbes on plants. Also, by affecting
the environment around plants, microbes may indirectly influence plants. The progress in sequencing
technologies in the genomics era and several omics tools has accelerated in biological science. Study-
ing the complex nature of plant-microbe interactions can offer several strategies to increase the
productivity of plants in an environmentally friendly manner by providing better insights. This review
brings forward the recent works performed in building omics strategies that decipher the interactions
between plant-microbiome. At the same time, it further explores other associated mutually beneficial
aspects of plant-microbe interactions such as plant growth promotion, nitrogen fixation, stress sup-
pressions in crops and bioremediation; as well as provides better insights on metabolic interactions be-
tween microbes and plants through omics approaches. It also aims to explore advances in the study of
Arabidopsis as an important avenue to serve as a baseline tool to create models that help in scrutiniz-
ing various factors that contribute to the elaborate relationship between plants and microbes. Causal
relationships between plants and microbes can be established through systematic gnotobiotic experi-
mental studies to test hypotheses on biologically derived interactions.

Conclusion: This review will cover recent advances in the study of plant-microbe interactions keeping

in view the advantages of these interactions in improving nutrient uptake and plant health.

Keywords: Plant-microbe interactions, plant stress response, genomics, transcriptomics, proteomics, metabolomics.

1. INTRODUCTION

Microbial interactions play an important role in sustain-
ing several ecosystems. Description and knowledge about
these interactions between microorganisms and other biotic
factors is an important step towards understanding the asso-
ciation and functions of different microbial communities.
Plant-microbe interaction is of utmost importance in sustain-
ing the balance in an ecosystem compared to the other mi-
crobial interactions. Several inorganic and organic com-
pounds are produced by plants, which leads to the develop-
ment of a nutrient-enriched environment that is beneficial for
the profound colonization of a variety of microbes. Plant
related microbial communities depend on the microenviron-
ment provided by crops. Classification of plants can be done
based on microenvironments like carposphere, spermo-
sphere, phyllosphere and endorhiza. Microenvironments can
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be preserved by several environmental parameters for speci-
fied organisms. The survival mechanism of microbial popu-
lations determines their impact on the plant system [1]. This
datum was discovered by scientists through dormant patho-
genic bacteria that usually get colonized despite their capaci-
ty to be a good incubator for seed microbiome. However,
plants interact with different microbes existing in water or
wind and can colonize the phyllosphere [2, 3]. Microbial
communities can have a positive or negative impact on the
physiology of plants indirectly or directly through several
interactions like amensalism, commensalism, mutualism and
pathogenesis. Based on their impact, microbes may be classi-
fied as endophytic or epiphytic. Almost all plants on earth
house endophytes, which is one instance of plant-microbe
interactions. In this scenario, bacteria live in a non-
competitive environment of the host plant tissue without
causing any damage to the host cells [4]. The microflora of
endophytes including bacteria and fungi are present beyond
surface sterilization of several plant parts like shoot, root,
seed or nodules. These endophytes may originate from the
seed, nodules, root or shoot, rhizosphere or aerial parts of the
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plant [5, 6]. Rhizospheric region is a good source of root
endophytes [5-7]. Endophytic microorganisms take entry
into the plant tissue by the degradation of cellulose or local
fractures in the root system. The endophytes colonize the
intracellular spaces and thus get isolated from all the other
compartments. Endophytic bacteria may be gram-negative or
gram-positive and can be isolated from various tissues of
different types of plant species. Several facultative endo-
phytes are found in Arabidopsis, maize, wheat, sorghum,
potato and cotton. Various species of microbes have been
isolated from each plant. Very few studies have been per-
formed that elucidate the interactions between plants and
microbes through computational approaches, molecular vari-
ations, avirulence protein (Avr) and virulent gene interac-
tions [7-9]. A number of laboratory-scale studies including
pot experiments and growth assays have been performed to
study the different interactions between plants and microbes
[10-12]. Genomics and Bioinformatics are efficient tools to
study and predict the interactions between microbes and
plants for experimental validation [13-15]. The predictions
will be based on various kinds of informational data, involv-
ing measurement of the abundance of species from high
throughput sequencing or re-constructed metabolic models
for several species’ communities. More reports associated
with genome engineering, gene editing, and advanced tech-
nologies related to plant-microbe interactions have been dis-
cussed [14, 15]. The present review gives insights into the
types of plant-microbe interactions in the environment and
envisages the concept of plant-microbe interaction with re-
spect to genomics, metatranscriptomics and metabolomics.

1.1. Plant Microbiome

Microbiome refers to the microbial community related to
a variety of unique environments [16, 17]. Parallel sequenc-
ing emerged as a key enabler to study plant-microbe interac-
tions as it enabled and promoted the research on microbial
communities associated with plants. There has been a strong
interest to try describing the make-up of microbial communi-
ties residing in the plants. Identifying and understanding the
plant microbiomes has provided significant value to the ad-
vancement of agricultural practices and the creation of new
biotechnological techniques for therapeutic and diagnostic
purposes. In agricultural sectors, microbes are employed for
improving plant health [18]. The plants are holobionts com-
prising of associated microbes and host. Although research
related to microbes impacting plant health is not new, there
has been a surge of research into this area to identify new
pathways of impact and symbiotic benefits. The develop-
ment in these technologies has enhanced the interest in plant
microbiota as shown by various reviews [6, 14, 19-21]. Am-
plicon-depended profiling approaches of the community give
a better understanding of the structure of the community and
phylogenetic variations in plant-related microbes and are
appropriate for examining key biological and environmental
conditions that shape its configuration [19]. But, detailed
information regarding plant microbiome remains to be ex-
plored. Further advancements in computational and sequenc-
ing techniques will drive functional research on plant-
microbiome interactions.

Plant microbiome exists in three diverse habitats when
considering plants as the host of the microbial population.
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These include phyllosphere - above the ground stem and leaf
surfaces, endosphere - tissues present within the plant and
rhizosphere - root surfaces and marginal growth layer around
the roots (Fig. 1). The noticeably different atmosphere gen-
erated by the plant anatomy presents a unique microbial con-
stitution within each area [22]. Interactions between plant
and host microbiota cover a whole spectrum, which extends
from mutualistic to parasitic and commensalism relation-
ships (Fig. 1). Different studies conducted on the microbes
from the leaf or root endosphere, phyllosphere and rhizo-
sphere have revealed several traits of microbes from the host
point of view [11, 12, 23-25]. Interactions between plant and
microbes can be pathogenic (disease-causing) or beneficial
such as nitrogen fixation, plant growth promotion, bioreme-
diation or stress combating in plants (Table 1) [26-33].

2. PLANT-MICROBE BENEFICIAL INTERACTION

Plants exist with a complex network of interactions with
microbes where some are beneficial while others are detri-
mental. Various sorts of plant-microbe interactions are pre-
sent such as mutualism, commensalism and parasitism [34,
35]. Interaction between plants and various microbes such as
bacteria and fungi is known to be beneficial for both and
thus draws the attention of various researchers due to its po-
tential application in agriculture. Several studies have been
carried out related to interactions between plants and various
other organisms such as arbuscular mycorrhizal fungi
(AMF), diazotrophs, bacilli, Pseudomonas, phosphate solu-
bilizing fungi, cellulose-degrading bacteria and plant
growth-promoting rhizobacteria (PGPR) [11, 12, 36]. Ad-
vantages delivered by microbes vary depending on the plant
species. In general, microbes support the growth of plants by
fixing nitrogen in legumes thus enhancing the supply of nu-
trients such as iron, copper, sulphur, phosphorous. They also
promote the production of plant hormones for checking bac-
terial and fungal diseases and assisting in bioremediation of
polluted soil. Novel techniques for the protection of crops
are dependent on the utilization of advantageous organisms,
applied as biocontrol agents and biofertilizers [6, 18]. This is
an important technique to control plant diseases and might
result in a substantial decrease in the use of chemical fertilis-
ers that contribute to environmental pollution. Microbial
inoculants have been widely used in modern agriculture as
biocontrol agents and as biofertilizers. Linking plant pheno-
type to the expression of gene and proteins and for the pro-
duction of metabolites and accrual is one of the major im-
pediments for enhancing the global agricultural production.

2.1. Nitrogen Fixation

A good example of an interaction between plant and mi-
crobes is nitrogen fixation [37-39]. This process is the natu-
ral form of fertilization and it promotes the research in the
field of sustainable agriculture [39-41]. Transcriptome anal-
ysis of Azoarcus sp. strain has been carried out, which is an
obligate nitrogen-fixing endophyte nitrogenase (nif) gene
inside the roots of rice. Proteomics and metabolomics are
ideal methods to observe the symbiotic interaction between
the root nodules and the nitrogen-fixing bacteria. These stud-
ies provide a wide spectrum of metabolites/ proteins released
by the symbionts. During the initial phase, both symbiotic
partners release signals into the soil and several secondary
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Fig. (1). Illustration depicting various kinds of interactions between plant-pathogen and plant and beneficial organisms in the environment. The
figure depicts interactions between plants, mycorrhizal fungi and bacteria. There are different types of interactions between plants and microbes
ranging from beneficial interactions (nitrogen fixation, allocation of nutrients and plant defense) to plant-pathogen interactions (inducing bacteri-
al, fungal and viral infections in plants). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 1. Different types of interaction between plant and microbes.

S. No. Types of Plant-Microbe Interaction Description
i Plant growth-promoting microorganisms Microbes which benefit plants majorly through improved acquisition of nutrients by nitrogen
(PGPMs) fixation [26, 27], solubilizing inorganic phosphate [28, 29], organic phosphorous mineralization

and production of siderophores for the uptake of iron [30]. Plant growth-promoting bacteria
(PGPM) can enhance the accessibility of water and minerals by synthesizing growth regulators
such as gibberellins [31] and auxin.

ii. Plant disease suppression by rhizobacteria Rhizobacteria can prevent plant diseases by producing incompatible compounds against phyto-
pathogens (antibiotics competition, siderophores production) through priming. Priming helps in
enhancing the defense system of the plants and inducing the resistance against pathogens.
Various bacterial traits were discovered as triggers of induced systemic resistance [32] like cell
envelope components, flagellae, phenolic compounds, antibiotics and quorum sensing.

iil. Mycorrhizae Arbuscular mycorrhizal fungi have the ability to spread the plant root systems and enhance the
accessibility of the roots to nutrients with low mobility in plants. The roots of the plant are inter-
connected by hyphal networks of mycorrhizae. This network assists in resource exchange and
also supplies about 90% of nitrogen [33].

iv. Rhizobia Nitrogen entry into soil can be identified by interactions between legume and rhizobium. Plants
metabolize the ammonium that is produced by the reduction of nitrogenase from atmospheric
dinitrogen by nitrogen-fixing bacteria.

v. Plant-Pathogen Interaction (a) Biotrophic Pathogens: This type of interaction requires living plant tissue. Fungal haustoria
are invaginations in the cell membrane of the living host for the extraction of nutrients.

(b) Necrotrophic Pathogens: Production of cellulolytic enzymes or toxins causes necrosis in the
infected tissues taking up nutrients from the dead spots.

(c) Hemibiotrophic pathogens: These pathogens include both the biotrophic and necrotrophic
pathogens. An early biotrophic infection phase is followed by the necrotrophic spreading phase.
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metabolites such as isoprenoids, phenolic acids, alkaloids
and flavonoids that are sensed by microbial receptors and
roots leading to consequent morphological and physiological
changes. The best example of a symbiotic relationship is
nitrogen fixation which results in effective communication
between both symbionts. Flavonoids serve as primary signals
and are released by the host plants that act as chemoattract-
ants [42], activating the expression of rhizobia node genes.
The function of flavonoids in the nodulation process has
been studied by several researchers [42-44]. Van Noorden et
al. [45] observed the interaction of Sinorhizobium meliloti
with 131 identified proteins in Medicago truncatula. They
further reported the auxin treatment performed by various
redox-associated proteins and late embryogenesis proteins
during the nodule formation and isoflavone reductase. Lery
et al. [46] studied the proteomic profile of interaction be-
tween Gluconacetobacter diazotrophicus and sugarcane us-
ing mass spectrometry. Enhanced nitrogen fixation can be
attributed to the overexpression of signal proteins by SP70-
1143 genotype of sugarcane. The presence of G. diazo-
trophicus along with glutamate ammonia lyase in SP70-1143
plant roots demonstrated the efficiency of nitrogen metabo-
lism and induction of bacterial proteins. The symbiosis be-
tween plant and bacteria during nodule formation was
brought forward by Salavati et al. [47]. They used MAL-
DI/mass spectrometric imaging (MSI) to study the distribu-
tion of root nodules in Medicago trunculata and its role in
nitrogen fixation when associated with Sinorhizobium meli-
loti. Variations in metabolite profiling between nodules and
the root along with differences in nitrogen-fixing and non-
fixing nodules were also reported. Moreover, metabolite
profile of M. truncatula extracts identified in the first hour of
the metabolite suppression exhibited resemblance to oxylipin
in planta nod factor treatment. Jasmonic acid and oxylipin
metabolite inhibited the signaling of nod factor [48]. In
Bradyrhizobium japonicum, 2610 metabolites present in the
nitrogen-fixing bacterium were inoculated inside soya bean
root hairs and were further studied using GC-MS.

2.2. Growth Promotion

The growth of rice is promoted by Pseudomonas fluo-
rescens. MS-analysis revealed that P. fluorescens strain KH-
1 induces proteins such as P* co-chaperone, ribulose
bisphosphate carboxylase, thioredoxin H, and glutathione S-
transferase [49]. Gel-dependent proteomic approach revealed
that inoculation with Sinorhizonium meliloti resulted in a
higher level of photosynthetic proteins [S0]. Transcriptomic
analysis of the interaction between Petunia hybrida and ar-
buscular mycorrhiza showed a novel function of phosphate
solubilization in the host’s repressed essential symbiotic
genes. This result brings forth the beneficial impact of sym-
biosis on plant growth and crop yield through the modifica-
tion of phosphorus concentrations. Secondary metabolites
protect against environmental stressors while enhancing
plant development and growth. In M. truncatula, analysis of
the metabolites in mycorrhizal and non-mycorrhizal roots
depicted a rise in the quantity of certain amino acids (Gluta-
mine, Aspartate and Arginine), isoflavonoids, fatty acids
(oleic acids, palmitic acid) and accretion of cell wall-bound
tyrosol and apocarotenoids, particularly in the roots. Schlie-
mann et al. [51] observed a contrast between the normal and
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symbiosis dependent secondary metabolism in M. truncula-
ta. Inoculation by mycorrhiza in Anadenanthera colubrina
seedlings enhanced the concentrations of metabolites such as
phenols, flavonoids, and total tannins [52]. The roots of Lo-
tus japonicus roots showed synergetic association to Meso-
rhizobium loti, and inoculation of secondary metabolites in
its roots resulted in fourteen different phenolic acids in com-
parison with non-inoculated plants [53]. Popovici et al. [54]
reported the changes in root phenolics when Actinobacte-
rium frankia interacts with the Myriacaceae plant species as
observed through HPLC analysis. These studies bring for-
ward strain dependant changes in the secondary metabolism
of host plants.

2.3. Bioremediation

Bioremediation using microbes is an important topic in
agriculture as it helps reduce the impact on the environment.
Trace metal pollution poses a foremost risk to agriculture,
animal and human health. Phytoremediation of heavy metals
from polluted soil can be attained using plant growth-
promoting bacteria [12, 55, 56]. Cheng et al. [57] observed
the behaviour of bacteria Pseudomonas putida UW4 towards
nickel contamination and reported various mechanisms in-
volving stresses due to the adaptation and efflux of heavy
metals proteins. 130 leaf proteins were expressed in the in-
teraction between arsenic-treated AMF such as Gigaspora
margarita and Glomus mosseae and Pteris vittata. Bona et
al. [58] observed and identified the major functions of glyco-
lytic enzymes and arsenic (As) transporter (e.g. PgPOR29)
during As metabolism. Aloui et al. [59] performed 2-
DE/MALDI-TOF-dependent proteomic analysis which re-
vealed that mitigation of cadmium toxicity through M. trun-
culata shoot on exposure to mycorrhiza was supported by a
rise in the level of chaperones and photosynthetic proteins.
Considerable reduction in concentrations of Zn and Cu in
mycorrhizal-inoculated poplar plants was observed by Lin-
gua et al. [60] supporting the phytoremediation characteris-
tics of mycorrhiza. They used mass spectroscopy to find that
the growth of mycorrhizal plants on metal polluted soils led
to the upregulation of a small Hsp, Hsp70, large subunit of
RuBisCO and downregulation of 43 spots mostly associated
with oxidative stress and carbohydrate metabolism. Farinati
et al. [61] observed a decrease in concentrations of Cd and
Zn and modification of shoot proteome of the Arabidopsis
helleri plants when cultivated in metal-polluted areas along
with the bacterial strains (isolated from the rhizospheric re-
gion of polluted soil). These results show that strain screen-
ing for various functions can help develop effective usage of
biocontrol mediators.

2.4. Stress Suppression in Crops

There are several stress influences such as drought, salin-
ity, deficit of nutrients, pests, diseases and contamination
which can bring a change in the interactions of plants and
microbes in the rhizosphere. These stress factors trigger the
signaling molecules in which phytohormones have a major
function. Signal processing is used to trace the signal input
that allows plants to retort towards environmental restraints.
Plants are subjected to various stresses concurrently, thus a
meta-analysis reveals a composite regulation of plant im-
munity and growth. The way phytohormones interact with
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the signaling network is essential to understand interactions
between plant-microbiome systems during stressed condi-
tions. This interpretation is essential to develop biotechno-
logical approaches for optimizing plant acclimatisation tech-
niques and to enhance the microbial activity of soil for as-
suagement in crops [62]. Gomes et al. [63] observed a pro-
motion in the growth of the host due to elevated photosyn-
thetic proteins, transport proteins and chaperones such as
GroEL and DnaK during temperature stress, drought and
metal toxicity. Recent researches have shown that changes in
plant morphology, physiology, transporter action, exudation
profiles of roots and vicissitudes might trigger the plant to
employ microbes with stress-reducing abilities and potential-
ly enhancing the crop under stress conditions. The stress
factors lead to negative effects on the productivity and func-
tioning of agricultural systems and rhizospheric microbes are
important in leading plants to sustain in hostile conditions
[64].

3. MOLECULAR TECHNIQUES FOR DECODING
PLANT-MICROBIOME INTERACTIONS

In the past, the absence of proper methods led to limited
knowledge on mechanisms behind plant-microbe interac-
tions in the rhizosphere. There were problems associated
with the profiling of a wide array of methods in which a
large variety of microbial communities involved were uncul-
turable [65]. An abundance of culture-neutral molecular
techniques have been popularized over time and are present-
ly being used for deciphering the diversity of microbes and
rhizospheric microenvironments and to gather more
knowledge related to the molecular basis of the plant-
microbe associations (Fig. 2). These modern molecular tech-
niques are important for evaluating the effects of perturba-
tions activated by the biotic and abiotic stress on the diversi-
ty of soil microbiome and plant-microbial interfaces in the
current worldwide change.

A major advancement related to the molecular ecology
technique for analysis of microbial diversity of soil is based
on the isolation of microbes. The entire microbiome of soil
can be analysed directly for the extraction of DNA/RNA and
the biochemical markers. DNA exemplifies the phylogenetic
identity and the functional ability of microbes. Hirsch and
Mauchline [66] reported about the extraction of phospholipid
fatty acids from the cell membrane and stated them to be
biochemical markers acting as indicators of the microbial
community structure of the soil. Culture-based studies are
generally utilized to determine the genetic and functional
variations in the microbial communities of the soil or the
rhizosphere and were undertaken by a number of researchers
[67, 68].

Molecular approach first involves the process of DNA
and RNA extraction from the soil. Labeling of nucleic acids
can be performed before their abstraction from environmen-
tal samples for scrutiny. The collective microbial genome
constituting isolation of DNA from microbial communities is
referred to as a metagenome. Metagenomics involves isola-
tion and cloning of large fragments of DNA that comprises
of various operons and genes. The total DNA extraction
from the environmental samples can be analysed by various
methods depending on the cloning procedures, amplification
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of PCR, high-throughput sequencing and microarray hybrid-
ization. Closing dependent techniques result in building of
metagenomic libraries which can be used for screening of
functional and structural genes or for observing phenotypic
characters associated with proteins such as enzymes and pro-
filing of secondary metabolites. Bioinformatics software is
mostly used in soil metagenomic studies. Microbial diversity
can be quantitatively determined using the PCR technique.
Small ribosomal subunit sequences act as molecular markers
of the target microbial groups. Predominantly, a comparative
gene examination of 18S or 168 ribosomal rRNA is the most
common molecular technique for recognising microbes.
Several microbial genomes have rRNA gene as a general
gene marker.

Well protected segments of rRNA sequence in the gene
can be utilized to build general primers for amplifying the
gene obtained from DNA extraction of environmental sam-
ples. Analysis of 18S and 16S rRNA gene sequences is the
foundation for comparing richness, evenness, composition
and assembly of the microbial groups. PCR products share
comparable or indistinguishable variable regions and are
known as operational taxonomic units (OTUs). Diversity of
the PCR products is defined by distinguished molecular pro-
cesses that allow a molecular impression for determining the
make-up of a specific microbial group. Diversity of the am-
plicon is determined by sequencing and cloning methods.
Sequence evaluation of 16S or 18S rDNA amplicons can be
done using high throughput next-generation sequencing. The
3rd generation sequencing technology is dependent on a sin-
gle DNA molecule. Techniques other than fingerprinting
used for monitoring the abundance of specific taxonomic
groups in microbial communities are functional gene micro-
array dependent PhytoChip and Geochip techniques [67].
The functional variations in the microbial community may
be analysed by amplification of certain functional genes im-
portant for specific metabolic processes. Strategies depend-
ing on the abundance of transcripts were employed during
studies of functional diversity and were monitored by the
qRT-PCR. The functional gene arrays evaluate the expres-
sion of the transcripts from various genes and are used to
determine the activity of some functional microbial actions.
The shotgun sequencing involves microarrays of DNA con-
stituting environmental cDNA and helps differentiate the
response of soil microbiome towards external effects at the
level of transcription. High-throughput phenotyping of plants
helps to analyse plant functions affected by microbial com-
munity activities. However, the effects of plant genotype on
the functioning and variability of microbial communities can
be assessed by molecular ecology techniques. Thus, the im-
portant molecular techniques such as next-generation se-
quencing, transcriptomics, proteomics, metabolomics to
study interactions between plant and microbes are discussed
in detail (Fig. 2).

3.1. Deciphering the Plant Microbiome through Next-
generation Sequencing

Recent developments in the plant-microbiota researches
validate that plant PGPM is an essential member of the plant
microbiota. Though, information related to PGPM is quite
sparse with respect to reports associated with separate iso-
lates under laboratory conditions [19] as well as how micro-
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Fig. (2). Omics approaches and strategies for studying Plant-Microbe Interactions. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).

bial communities contribute to the growth of plants. Micro-
bial mechanisms which promote the growth of plants include
increase in nutrient requirement from soil, tolerance to abiot-
ic stress, protection from pathogen indirectly and increase in
nutrient enhancement from soil. These organisms are re-
ferred to as plant growth-promoting microorganisms. It was
clearly observed through investigations that PGPM forms an
integral part of the plant microbiota. The better knowledge
and understanding related to plant-microbe interaction can be
established by several approaches discussed in the following
sections.

The natural habitat of plants constitutes a variety of mi-
croorganisms. A good correlation between the upper and
lower layers of the earth constitutes a huge number of mi-
croorganisms [69]. Some microbes grow well under stressed
conditions and benefit the plants while natural ecosystems
are better managed by mosses and PGPM. Thus, via NGS,
plants can be studied with respect to taxome, ecological
function and interactome involving transcriptomics, ge-
nomics, and metabolomics studies of microbes which will
eventually lead to the identification of the mechanism for
their survival and interactions [22].

Many NGS studies have been conducted to decipher the
bacterial communities that support plant growth. Endophyte-
promoting activity can be concluded by the presence of
compounds such as IAA (indole-3-acetic acid), phosphatas-
es, ACC (l-aminocyclopropanel-carboxylate) deaminase
and siderophores. Analysis of tissues from various parts of
the plants (flowers, leaves, stem and roots) and rhizospheric
soil samples for plant growth-promoting bacteria [70-73]
concluded that the microbiota composition varies from tissue
to tissue [74, 75]. In general, these studies have displayed the
presence of Proteobacteria in larger amounts in plant-related
ecosystems, accompanied by significant amounts of Fir-
micutes, Bacteroidetes, Actinobacteria and Acidobacteria.
But, these methods to identify the bacterial communities
have limitations that need to be taken into account: (i) The
ease of DNA extraction is dependent on spores and mem-
branes of the bacteria present in the community, thus making
community profiling a function of the extracted DNA rather

than real quantity of various bacteria present in the microbi-
ome [76]. (ii) The 16S rRNA sequencing is a good method to
identify phyla but not very suitable to classify species or
genus [77]. (iii) Bias could creep in based on the selection of
sample, recovery method and treatment [78, 79].

3.2. The Meta-omics Approaches

The meta-omics study not only provides information
about expressed gene levels via genomics and transcriptom-
ics but also about post-translational changes through prote-
omics (Fig. 2; Table 2) [80-84]. Metabolites are a result of
cellular processes which can be obtained by applying the
metabolomics method. Thus, there exists a combination of
omics methods that can connect all the aspects of variations
at the cellular level. These studies provide a complete view
of the complex dynamics of cellular systems involved in
plants and microbe interactions. For instance, the bacteroid,
Bradyrhizobium japonicum found in the soya bean root nod-
ules was examined by accumulating datasets of tran-
scriptomics and proteomics [85]. Several proteins were dis-
covered depending on the dataset of various kinds of bacteri-
al metabolism occurring during symbiosis. Ali et al. [86]
used a combination of proteomic and transcriptomic methods
to analyse the compatible and incompatible associations and
interactions of Solanum tuberosum with Phytophthora in-
festans. Modifications in the range of 1700 transcripts and
1000 expressed proteins were identified through the integra-
tion of these techniques.

3.2.1. Genomics and Metagenomics

Genomics involves the study of the complete genome of
organisms and helps to incorporate elements from genetics.
The process utilizes a combination of DNA sequencing tech-
niques, recombinant DNA and bioinformatics approach for
sequencing, assembling and analysing the structural and
functional characteristics of genomes. Metagenomics helps
in real-time characterization of complex DNA mixtures ob-
tained from the habitat of microbes [87]. Metagenomics es-
tablishes the base for various other techniques to investigate
RNA such as metaproteomics, metatranscriptomics, and
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Table 2.
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Molecular biology techniques and their pros and cons for studying plant-microbe interactions.

NGS Techniques

Softwares

Pros

Cons

Purposes

References

Genomics and
Metagenomics

Assembly: Meta
Velvet and Ray
Meta, IDBA-UD
Profiling: AM-
PHORA, MetaPh-
1An

mOTU

Function Analy-

S1S:

IMG/M, MG-
RAST

And CAMERA

Profiling is unbiased;

Uncultured microbial studies can

be performed;

Correlation can be observed
between genes of diverse organ-

isms from similar environment

Less information related to
sequencing of the marker

genes;

Less abundance anticipating
functions of the gene are not
equivalent to protein content

expressed

New species along with
their taxonomic profile

will be discovered;

Potential, metabolic,

functional and evolu-

tionary relationships will

be derived;

Helps in genome recon-

struction

Transcriptomics and

Mapping: BWA-

Novel transcripts determination

Low concentration of rRNA

Analysis of Pathways

plant-microbe interactions can
be identified;

Nominal bias analysis of various

compounds

databases is limited;

Different metabolites with
their functions give similar
signals during Mass spec-

trometry;

Similarity between primary
metabolites of microbes and
plants results in their diffi-

cult determination

Metatranscriptomics | SW; Bowtie2 and sensitive methods for detec- | presence in the samples; and active function
de Novo Assem- tion; study
bly: IDBA-MT Aids in detecting simultaneous Difficult to assign transcripts
Function Analy- expression of the host and mi- to specific organisms;
sis: crobial gene; . .
: High complexity of the
CAMERA and Simple to perform; community and host tran-
MG-RAST Metatranscriptomics allows scriptome leads to low sensi-
capturing of transcriptomes in tivity;
case of un-cultured bacteria Extensive genome is needed
for mapping
Proteogenomics Mascot: Protein Proper estimation of functional Reference genes needed for Determination of func-
Identification; activities in comparison to tran- identification of proteins; tions and analysis of
MG-RAST and scriptomics; Difficulty in sample prepara- pathways
camera Results in Semi-quantification of | tion process;
the proteins in the environment; Quantity of various proteins
More accurate to perform quali- cannot be compared;
tative protein analysis Difficult for performing in
plants due to host contami-
nation
Metabolomics Metabolite study Metabolites produced due to Size of reference public

Marker gene

Amplicon Noise,
mothur, QIIME

Classification of new and rare

species

Problems during amplifica-
tion in PCR

Novel species with

taxonomic profiling can

be discovered

[80-84]
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metabolomics, all delivering new insights on the metabolic
capacity of certain microbiota. The phyllosphere microbiota
composition along with the expression of microbial traits in
the habitat was studied by Delmotte et al. [88]. They collec-
tively used metaproteogenomics in which metagenomic in-
formation aided the annotation of the metaproteomic data.
They further researched the phyllosphere of soya bean, 4Ara-
bidopsis and clover and found that despite 130 million years
of divergence among the families of Brassicaceae and Faba-
ceae, about 70% of the phyllosphere metaproteome was con-
served. Their outcome suggested the presence of a sizeable
core microbiome along with slight host-specific roles of the
microbiome. The metagenome of root endosphere was stud-
ied through the bacterial cells attained from surface-
sterilization of rice roots, giving information about the meta-
bolic potential of the microbial community residing inside
the plant roots [89]. On coalescing the transcriptional exami-
nation of some microbial genes with metagenomics, it was
established that bacterial microbiota within the plant roots
can perform primary steps of the nitrogen cycle in plants.
Knief ef al. [90] compared the traits between the rhizosphere
environment of rice plants grown in the paddy field and the
microbiota using metaproteogenomics. The presence of di-
nitrogenase reductase genes and proteins depicted habitat-
specific microbial traits caused by nitrogen fixation in the
rhizosphere. However, the technique has some limitations
due to the presence of rRNA in the samples.

Rascovan et al. [91] studied and explored root microbial
communities associated with wheat and soybean in field
conditions using 16S rRNA pyrosequencing. Fig. (3) gives a
comparative overview of the metagenomic and cultured bac-
teria datasets. They extracted bacterial isolates from rhizo-
spheres, to test the in-vitro presence of PGP traits. They
compared the dominant bacterial communities linked with
roots from both crops and found that a high proportion of
them (60-70%) exhibit >97% resemblance to bacteria from
the rhizospheric isolated samples. Pseudomonas and Bacillus
genera represented the highest proportion of the full dataset
(~20%). Considering only a Blast best hit of > 90% similari-
ty, they observed a total of 100 different genera of bacterial

7z

16S rRNA Sequencing
A

NS

Wheat

Soyaboean
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communities. This study brought forward the fact that mi-
crobiome composition is a function of its soil environment.
The root-associated microbiome in wheat plants had much
more variability when compared with soybean. This may be
attributed to the architecture of wheat roots which can grow
up to five primary roots in order to capture water and nutri-
ents, as opposed to soybean plant which has a simpler root
structure.

Thus, plant microbiome deciphering needs large scale
sequencing coverage along with a replication of experiments
for robust analysis, and substantial computational and finan-
cial support [92, 93]. Moreover, the interpretation of data on
RNA, microbial DNA, and protein sequence gets hampered
due to reduced rates in the high-confidence annotation.
Thomas et al. [74] reported that only a few sequences can be
retrieved from a non-human environment and about 50% can
be annotated functionally with available data. Despite these
limitations, it is important to underline that meta investiga-
tions deliver initial inferences and supplementary experi-
ments are required to disclose if the practical diversification
of plant microbiota is a reason or an outcome of studied
plant phenotype [22].

3.2.2. Transcriptomics to Analyse Plant-microbe Interac-
tions

Various studies related to patterns of gene expression of
microbial symbionts have been performed [94-96] with re-
spect to a single partner and only some have discussed the
method of transcriptional profiling [97]. It has been hypothe-
sized that beneficial fungi exhibit less impact on expression
profiles of host gene in the absence of pathogens (Pseudo-
monas syringae or Blumeria graminis sp.) [98] in Pirifor-
mospora indica-barley-powdery mildew. Breuillin et al. [99]
researched the transcriptional profiling of AMF in Petunia
hybrida and observed a novel function for phosphate requir-
ing symbiotic genes in the host. The study was important in
terms of phosphorous management under field set-up to en-
hance yield and plant growth by leveraging both phospho-
rous supply and useful effects of symbiotic interaction.
Plants can interact with saprophytic fungi which breaks

Percentage of total Root-Associated Pyrotags

0% 10% 20% 30% 40% 70%

m Klebsiella Acidovorax

50% 60%

m Psedomonas

Sphingomonas m Curtobacterium m Stenotrophomonas

| Rhizobium m Chryseobacterium ® Streptomyces
m Ralstonia m Variovorax m Bacillus
m Sphingobacterium m Acinetobacter Other

Fig. (3). Metagenomics study to identify microbial community associated with wheat and soybean plant roots. Readings from root-associated
(RA) pyrotag were compared with Sanger 16 rRNA sequences from rhizospheric isolates using BlastN. Adopted and Modified from Rasco-
van et al. [91]. Open Access under a Creative Commons Attribution 4.0 International License. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4911569/pdf/srep28084.pdf. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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down the organic material and releases minerals that can be
taken up by plants [100]. Fungi further help in organic acids
production and extrusion of proton causing a drop in pH of
the soil. This enables the phosphate precipitation into soil
solution making it available for root uptake [101]. Also,
there are many studies related to transcriptional profiling of
beneficial microorganisms like Pseudomonas on plants un-
der lab conditions [102, 103]. Substantial variations were
observed in the transcript levels of the Arabidopsis shoots
when inoculated with pathogen Pseudomonas syringae in the
leaves and Pseudomonas fluorescens WCS417r-mediated
ISR inoculated in the roots [104]. Studies have reported that
variations in the Arabidopsis transcriptome occur as a result
of different traits [FPT9601-T5; MLG45] of Pseudomonas
[fluorescens. Moreover, more studies associated with multiple
interactions between plants and microbes are being promoted
due to the advancement of these techniques.

3.2.2.1. Transcriptome Analysis of Plant-pathogen Interac-
tions

Microarrays have been used to study the plant-microbe
associations and interactions using transcriptome analysis
[105, 106]. Xu et al. [107] performed a study using RNA-
sequencing to observe plants' ability to produce genes medi-
ating defense reactions against Verticillium dahlia, a root
blighting pathogen. They uncovered a network of signal
transduction pathways using microarray-based plant tran-
scriptomics, which gets triggered due to elicitors constituting
pathogen-associated molecular patterns (PAMPs) and signal-
ing compounds such as SA, ABA, JA, and ET [108, 109].
These studies have resulted in the discovery of key regulato-
ry and resistance genes [110].

Plants have an efficient defense response towards mi-
crobes. A multilayer defense response triggers in the mi-
crobes and plants on the entry of a microbe into a plant. This
response relies on the reserves required to sustain the de-
fense. The induced responses need fewer resources com-
pared to the constitutive response. Mostly the environmental
surroundings stimulate plants to deliver the constitutive re-
sponse. The major consequence of plant-microbe interaction
is guided by genotypes of host and microbes and environ-
mental circumstances. Interaction of plants with pathogenic
microbes such as bacteria, viruses and fungi result in infec-
tious ailments impacting only the plant kingdom. The bene-
fits related to such interactions aid in understanding a natural
phenomenon which affects daily life and could result in their
application in sustainable resources, environmental clean-up,
the effect on atmospheric gases, and reducing environmental
impact. Plant defense mechanisms comprise a mixture of
inducible and constitutive responses. Constitutive responses
comprise biochemical defenses and barriers, whereas induci-
ble responses are local in nature and advance with systematic
action mode initiating from recognizing the pathogen to the
defense expression of genes. The prevailing biochemical
defenses include pathogen identification by the host plant,
signal transduction and gene expression. Plant tissues act
against the pathogen by programmed cell death in a localised
response. However, in systemic defense, the signal spreads
from the interaction site, facilitated by various molecules
that work as plant messengers (for example, ethylene and
nitric oxide). The messenger molecules are important in in-
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creased expression of profiling information for different
stresses under in vitro conditions. Various plant-pathogen
interactions studied through the omics approach are present-
ed in Table 3.

Kawahara et al. [147] reported on the transcriptome in-
vestigation of blast fungus and rice in infected plant tissue.
240 transcripts of secreted proteins, encoding fungi such as
glycosyl hydrolases, LysM domain-constituting protein and
cutinases were identified which behave as effector genes in
instigating the early infection processes. The pathogenesis
associated proteins and phytoalexin biosynthetic genes
showed upregulation in rice. Transcriptome characterization
of Sclerotina sclerotiorum and pea interaction discovered
142 ESTs with encoded secretory peptides and 93ESTs re-
sponsible for virulence, and 277 pea ESTs important for bio-
tic and abiotic stresses [94]. De Cremer ef al. [116] observed
the downregulation and upregulation of terpenoid and phe-
nylpropanoid pathway genes and photosynthetic genes on
incubation of B. cinerea with lettuce for 48 h. Liao et al.
[114] studied the involvement of genes in energy metabolism
and in the redox reaction transcripts encrypting glutathione
S-transferase (GST) which were considerably amassed in
Arabidopsis on interacting with Botryosphaeria dothidea.
Aragona et al. [148] performed functional characterization of
RNA sequence data for analysing effectors and virulent
mechanisms of the pathogen. Zhao et al. [121] identified
prime regulatory genes associated with resistance response
towards Cladosporium fulvum in the tomato plants having
Cf-19. Transcriptomics was used to analyse variations be-
tween the resistant response of plants constituting Cf-19
gene (CGN18423) and the susceptible plants carrying Cf-0
gene at intervals of 0, 7 and 20 days after the inoculation.
Neu et al. [122] observed the interactions between roses and
biotrophic and hemibiotrophic leaf pathogen. They observed
the transcriptomic changes using next-generation sequencing
supported by an extensive cDNA analysis which was further
validated by high-throughput qPCR.

Transcriptomics has played a key role in interpreting the
concept of fungi related diseases in plants. The studies con-
ducted by Hane et al. [149] helped in identifying genes
among the pathogens (such as AG8, AG3 and AG1-1A) with
functions that are unique to R. solani. Transcriptomic analy-
sis of plant-related bacteria with the help of gene expression
microarray approach using RNA sequencing technology re-
veals that genes are expressed differently under some condi-
tions. Transcriptomics studies related to plant and bacteria
studies were performed on separate bacteria cultures from
the host plant. RNA sequencing is used to detect genes re-
sponding to the plant extract [150]. However, the plant tran-
scriptomes considerably outnumber the bacterial transcrip-
tomes that are basically house-keeping ribosomal RNAs.
Thus, attaining proper strength of bacterial mRNA tran-
scripts for the sequencing and differential gene expression is
quite problematic. Various bacterial isolates transcriptomics
studies denoting bacterial gene and plant gene expression
were performed by Roux ef al. [151], Pankievicz et al. [152]
and Paungfoo-Lonhienne et al. [153]. Two closely related
methods for enriching the P. syringae transcriptome in Ara-
bidopsis leaf infection model were employed by Nobori ef
al. [154]. They used a novel isolation buffer which facilitates
the stabilization of the bacterial RNA during leaf grinding.
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Table 3.  Study of plant-pathogen interactions by omics techniques.

Sharma et al.

Pathogen Host Plant References
Transcriptomics
Hyaloperonospora arabidopsidis Arabidopsis thaliana [111]
Sclerotinia sclerotiorum Pisum sativum [112]
Phytophthora infestans Solanum tuberosum [113]
Botryosphaeria dothidea Populus tomentosa [114]
Blumeria graminis f. sp. tritici Triticum [115]
Botrytis cinerea Lactuca sativa [116]
Mycosphaerella musicola Musa acuminata [117]
Phytoplasma Cocos nucifera [118]
Phytoplasma Glycine max [119]
Marssonina coronaria Malus domestica [120]
Marssonina coronaria Malus baccata [121]
Cladosporium fulvum Lycopersicon esculentum [122]
Diplocarpon rosae Rose Plant [123]
Podosphaera pannosa Rose Plant [124]
Colletotrichum graminicola Zea mays [125]
Proteomics
Pseudomonas syringae pv. tomato Solanum lycopersicum [126]
Puccinia hordei Hordeum vulgare [127]
Candidatus Phytoplasma vitis Vitis vinifera [128]
Mung bean yellow mosaic virus Vigna mungo [129]
Pseudomonas syringae pv. actinidiae Actinidia chinensis [130]
Erwinia amylovora Apple rootstocks [131]
Magnaporthe oryzae Oryza sativa [132]
Botryosphaeria dothidea Populus [133]
Moniliophthora perniciosa Theobroma cacao L. [134]
Verticillium dahliae Tomato Plants [135]
Cladosporium fulvum Tomato Plants [136]
Metabolomics
Fusarium tucumaniae Glycine max [137]
Rhizoctonia solani Glycine max [138]
Botrytis cinerea Vitis vinifera [139]
Pseudomonas syringae pv. tomato Arabidopsis thaliana [140]
Phytophthora infestans Solanum tuberosum [141]
Fusarium proliferatum Asparagus officinalis [142]
Fusarium graminearum Triticum [143]
Plasmopara viticola Grapevine [144]
Verticillium dahliae Arabidopsis thaliana [145]
Tuta absoluta Solanum lycopersicum [146]
Pyricularia oryzae Rice [147]
Phytophthora sojae Soybean Hypocotyls [148]
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The technique involved filtration and centrifugation to sepa-
rate the bacterial cells from the plant cells before RNA isola-
tion. Other methods involved depleting the plant-derived
transcripts by customized probes. RNA sequencing tech-
nique helps in detecting transcriptome regulations like anti-
sense RNA, gene operons, riboswitches, small non-coding
RNA, and antisense RNA [155, 156].

Metatranscriptomics involves sequencing of whole bacte-
rial community from the environmental samples. It results in
an understanding of the transcriptional state of several mi-
crobes. In Arabidopsis, metatranscriptomics was used for
identifying the bacterial genes in the rhizosphere which gets
expressed differently during the development [157, 158].
Metatranscriptomics was performed on willow rhizosphere
to discover the influence of microbial communities in the
field of phytoremediation, presenting the earliest examples
of such a discovery in plant science [159]. The main ad-
vantage of using this approach was to recognize the possibil-
ity of microbial traits occurring in a plant microbiome with-
out the cultivation of their members. However, there are few
limitations related to this approach such as the complexity of
plant microbiome and inherent traits [19] due to the contam-
ination of plant-associated microbiota specimens with DNA,
RNA or proteins of the host. Around 90% of plant sequences
were attained from DNA preparations of root samples from
Arabidopsis [19].

With the cost of sequencing declining, the use of tran-
scriptomics and metatranscriptomics has increased to gather
knowledge about gene expression of bacteria. Transcriptom-
ic investigation aids in the changing aspects and the regula-
tion of actively transcribed genes for detection, thus posing
an advantage over genomic analysis. Metatranscriptomics
though has some limitations such as transcripts can seldom
be allocated to specific microbes constituting good quality
reference genomes. Hybridization based nano string technol-
ogy is an alternative to sequencing-based transcriptomic ap-
proaches which allows improvement in bacterial transcript
detection in mixed plant microbiota samples of a transcript.
Thus, improvement in the methods for enrichment and bacte-
rial transcripts detection is relevant to a wide range of plant-
bacteria systems, and in future these techniques will enhance
the knowledge of plant-related bacterial functions.

3.2.3. Proteomics

Proteomics approaches are mostly related to liquid chro-
matography and tandem mass spectrometry techniques and
are used to study plant-pathogen interactions. Proteomics
plays an important role in protein identification and their
changes upon infection. It reveals a variety of bacterial pro-
teins in the environment using semi-quantitative methodolo-
gy. These methods include analysis of collected samples,
protein isolation, extraction and fractionation through mass
spectroscopy and further assessment against a proteome da-
tabase. Proteomics determines the constituents of functional
protein produced by the cell rather than identifying the pos-
sibility to make them. It also provides information on the
exact number of active pathways in the sample. Some studies
related to proteomics have brought forward plant-pathogen
interaction. Rph15 gene is an important strain in the devel-
opment of resistance breeding. It is resistant to about 350
isolates of Puccinia hordei, a pathogen causing leaf rust foli-
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ar disease in barley. Bernardo ef al. [125] used LC-MS/MS
analysis to profile the protein and observe the resistant and
susceptible isogenic lines and study the Rph 15-based de-
fense response. Various pathogen-associated proteins were
discovered in Rph 15 resistant line at 4 dpi which are associ-
ated with carbohydrates metabolism, protein degradation,
defense mechanism and photosynthesis.

Margaria et al. [126] performed a proteomic study
through 2D gel analysis of Flavescence doree (a grapevine
disease occurring due to phytoplasma) infecting the grape-
vine. This study identified 48 proteins that were expressed
differently. Isocitrate dehydrogenase and glutathione S-
transferase proteins hold an important antioxidant function in
infected plants. The response of plants towards pathogenic
fungus was studied by several authors [160, 161]. Kundu et
al. [127] observed the proteomic profiling of Vigna mungo,
when mung bean interacted with the yellow mosaic virus.
They detected the expression of 109 different proteins. They
observed that electron transports of the photosystem II were
main targets during the pathogenesis process and during the
downregulation of photosynthetic proteins in some geno-
types. Infection of tomato by Pseudomonas syringae results
in bacterial speck disease and was observed by iTRAQ pro-
teomic methods which further identified 2,369 proteins in
the leaves of tomato, among which 477 proteins are Pst re-
sponsive.

Parker et al. [124] observed the major upregulated pro-
teins such as glutathione S-transferase, thioredoxin and su-
peroxide dismutase. Several literature reviews based on the
proteomic applications to study interactions between plant
and pathogens were studied by Delaunois et al [162],
Ashwin et al. [163] and Wright [164]. Li et al. [165] ob-
served 38 proteins expressed differently in banana infected
with Fusarium oxysporum (Cubense tropical race 4, Foc4).
They found that antifungal protein production, PR proteins,
cell-wall strengthening proteins were basically concerned
with resistant genotypes. Proteins which are involved in
scavenging of ROS, PCD and photosynthesis were highly
impacted. Broad-spectrum analysis and screening of proteins
in various strains and genotypes would result in the selection
of resistant plants and beneficial strains for future utilization
in agricultural sectors. Li et al. [131] performed proteomic
studies to compare the plant-pathogen interactions between
susceptible and the resistant ecotypes of poplar infected by
Botryosphaeria dothidea. They identified the resistant pro-
teins of B. dothidea by observing the molecular mechanisms
of poplar and pathogen interactions. The susceptible and
resistant ecotypes of poplar towards B. dothidea were stud-
ied by nanoflow liquid chromatography and tandem MS us-
ing label-free quantitative method. They identified 588 pro-
teins categorized into 21 biological processes involving 80
metabolic enzymes, 72 types of hydrolytic enzymes and 29
proteins of unknown function. The interactions between Ca-
cao genotypes and pathogen Moniliophthora perniciosa were
studied by Santos and his co-workers [132] using prote-
omics. They compared the proteomic changes between the
two genotypes of cacao by observing resistance and suscep-
tibility towards witches’ broom disease on inoculation of M.
perniciosa at intervals of 72 hrs (early stages) and 45 days of
biotrophic and necrotrophic stages of the plant-pathogen
interaction.
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Metaproteomics can be used for measuring the metapro-
teome of phyllosphere in forest trees [166] to observe dif-
ferent proteins produced by PGP bacterial strains as a re-
sponse to root exudates [167]. It also recognizes the pro-
teins and organisms important for oxidation and nitrogen
fixation in paddy fields [168]. Proteomics might be re-
stricted due to low protein value, less concentration and
low sensitivity owing to host proteins and complicated mi-
crobes. Metaproteogenomics was used in the Vorholt lab
where proteins occurring in the microbial communities
were determined from the metagenomes generated by plant
microbiota. This technique increased the number of pro-
teins which can be identified by publicly available data-
bases [90]. Use of proteomics for describing plant-related
communities of bacteria has limitations owing to several
factors like comparatively low bacterial protein, lower ex-
pression levels in complex plant-related samples and sub-
sequent detection limits and the requirement for a complete
reference database. More proteomics studies should be car-
ried out concerning plant-bacteria interactions.

3.2.4. Metabolomics

Metabolomics is also a novel technique for studying
plant-microbe interactions. Several bacterial genes like nodu-
lation genes produce Nod factors during nodulation of roots
which affect the host plant or the metabolism by microbes.
The variations in levels of a metabolite can be observed by
specific treatments. This technique was used for demonstrat-
ing the chemical exudation process from grassroots during
development, thus affecting the assembly of the rhizospheric
community. This chemical succession by bacterial enrich-
ment in the substrate preferred the consumption of exuded
metabolites, primarily the aromatic organic acids [169]. Ne-
grel et al. [142] identified the lipid markers of Plasmopara
viticola infection in grapevines through metabolomics stud-
ies (non-targeted). P. viticola results in downy mildew in
grapevines causing a lot of damage. They used MS-based
metabolomic non-targeted approach for identifying the po-
tential of specific metabolites of Plasmopara. The infection
of Phytophthora sojae caused in soybean hypocotyls was
studied by Zhu et al. [146] using metabolomics. They exam-
ined the metabolic variations between two hypocotyl lines of
soybean, i.e. susceptible line (S), 06-070583 and resistant
line (R), Nannong 10-1at points of 12 hpi and 36 hpi on in-
oculation of P. sojae and further observed the metabolic var-
iations between S and R line. They observed 90 different
accumulated metabolites and variations between S and R
lines. Thus, metabolomics has been used to study a lot of
plant-pathogen interactions [135-146].

However, there are many limitations related to metabo-
lomic analysis in plant-microbe systems which have not been
widely accepted. Moreover, the cost involved, equipment
and technical expertise important for performing metabolic
studies make it a less viable approach. Also, there are only a
few public metabolomic reference databases which make it
difficult to associate a given metabolite to a particular organ-
ism. Still, metabolomics is an influential tool for detecting
and quantifying small molecules and the molecular varia-
tions at the interface of plant-microbe interaction.

Sharma et al.

3.2.5. Interaction Transcriptomics between Plants and As-
sociated Microorganisms

Reports concerning the transcriptional profiling of plants
and microbes are still rare thus, more research should be
done to study the close association between plants and mi-
crobes. Nodule formation in interactions between legume
and rhizobium is well documented by gene expression and
developmental changes in the roots [170]. Despite dual ge-
nome symbiosis chips development, the analysis of gene
expression of the host and symbiotic microbe was mostly
concerned with the study of nitrogen-fixing nodules.
Brechenmacher et al. [171] reported that the interactions
between the root of the plants and AMF are characterized for
expression of the gene in the plant roots, however few genes
are involved in the mycorrhiza constituents. Thus, DNA mi-
croarrays containing both microbial and host genes have
been developed. Analysis of microarrays was carried out by
an Affymetrix Gene Chip comprising 38000 genes of soy-
bean and 15800 genes of Phytophthora sojae [172]. Analysis
of transcriptome was further performed between fungal
pathogen of the rice blast, Magnaporthe oryzae and rice
which resulted in the determination of biotrophy-related ef-
fector proteins which might help the plant during hyphal
invasion [173]. Such analysis should be supplemented with a
proper bioinformatics approach involving databases generat-
ed by plant-related Gene Ontology Consortium [174]. Few
examples include genomes of Pseudomonas syringae, i.e.,
Dickeya dadantii 3937, pv tomato DC3000, Magnaporthe
oryzae fungus, few oomycete and Agrobacterium tumefa-
ciens.

Zhang et al. [175] performed a transcriptome analysis of
Halomonas sp. strain MC1(an endophyte) to study its plant
growth-promoting potential on Mesembryanthemum crystal-
linum (Ice Plant) and identify the genes involved in provid-
ing salt tolerance to the plant. The BLAST analysis of 16S
rDNA sequencing of strain MC1 followed by the construc-
tion of its phylogenetic tree revealed its close relationship
with genus Halomonas sp. (Fig. 4). They were able to
demonstrate that under salt stress, the bacteria strain MC1
itself was able to adapt and resist salt stress, thus enabling
Ice Plant to survive under these conditions. This was
achieved by MC1’s capability to regulate metabolic and cel-
lular processes as well as regulating carboxylic and organic
acid catabolic activities. This indicates a shift from other
studies performed [176, 177] that highlight the capability of
bacteria to induce salt stress resistance in plants.

3.2.6. Multispecies Transcriptomics for Deciphering Plant-
Microbe Interactions

A better understanding of the relationship between plant
and microbial genes observed through multi-species tran-
scriptomics has helped in developing new approaches to-
wards disease resistance. A multidisciplinary technique to
get an inclusive knowledge about the approaches of systems
biology is clearly required. Datasets from transcriptomics,
genomics, proteomics and metabolomics studies lead to
identification and integration of prime biological processes
and making predictions through modeling. This method
helps in developing an understanding of ectomycorrhizal
interactions among the roots of Populus tremuloides (Aspen)
and Laccaria bicolor. Larsen and his co-workers [178]
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Fig. (4). Genome-wide assessment. (a) Circular plot of reads mapped to the Halomonas sp. MC1 genome. (b) Phylogenetic tree constructed
on the basis of 16S rDNA sequences of neighboring species using the neighbor-joining method. The bars represent 0.02 substitutions per
nucleotide position [175]. Open Access under a Creative Commons Attribution License. No changes or alterations were made in the figure.
https://www.mdpi.com/2076-2607/8/1/88/htm. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

reported short read next-generation transcriptomic sequenc-
ing data obtained from ectomycorrhiza to identify well ex-
pressed genes responsible for fixed pathways of metabolism.
Ectomycorrhizal metabolome model was developed for pre-
dicting different metabolites (glutamate, allantoin and gly-
cine) synthesized from fungus L. bicolor and may be utilized
by aspen. Consequently, aspen provides sugars such as glu-
cose and fructose to the fungus. These results suggest the
involvement of transcriptomic data from these complex sys-
tems [178]. Thus, this will help in the identification of both
RNA molecules and the functions of individual genes and
will lead to the proteins and metabolites production during
the interactions between plant and microbes. A simplified
form of this method can be applied using genome-based
models which are applicable for metabolic flux analysis.
Here, the microbial communities act as a closely associated
superorganism where the genome-based models for the in-
teracting plants integrate compartmentalization levels and
differentiate metabolic processes in mitochondria, peroxi-
somes, cytoplasm, vacuole and chloroplasts. The genome-
based models were developed based on the key metabolites
of C4 plants, Arabidopsis and 25 species of bacteria [179].
Quantitative data from metabolite profiling and expression
of gene (metabolomics) can be involved in both types of

models.

4. INFORMATION GAPS AND FUTURE PERSPEC-
TIVES

Plants constitute an enormous treasure of microbiome,
which remains to be explored for the identification of associ-
ated bacterial communities. This may be interesting for
plants that exist under unique ecosystems or with exceptional
lifestyles (carnivores, parasites). Though there has been a
huge progress in understanding plant microbiome, there is a
need to develop further understanding of the processes that
surmount to community formation and function in plants.
Metagenomic examination and comparison of plant-related
communities result in novel functional and phylogenetic
views. Proteomes, transcriptomes and initial metagenomes
have been extensively studied [90]. A fascinating example of
plant-microbe interaction is the coexistence of photosynthe-
sis in plant and microbes on the leaves of Tamarix plant
[180]. Benefits of a microbial community can be assessed
through functional analysis. Other useful information that
can be derived through this analysis unravels induction
pathways and activation patterns between strains and eco-
types. Amplicon sequencing of 16STRNA gene segments
reveals important information related to dominant coloniz-
ers. The quantities of gene amplicon depend on the primer
efficiency, extraction methods and their variation in copy-

number.
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The study of plant microbiome can be an effective tool to
formulate strategies for sustainable agriculture, e.g. biocon-
trol, developing biofertilizers using microbial inoculants,
products for stress protection. The future holds great pro-
spects for plant microbiome in plant biotechnology and
breeding. The extension of the plant microbiome as an inte-
grated biomarker should be considered to maximize the ben-
efits of the entire microbiome. Better plant microbiome cata-
loguing may serve as a key to prevent the outbreak of dis-
eases in plants as well as human pathogens transgression in
plants. Recent studies have proven the involvement of the
human microbiome in diseases and the association of patho-
gen outbreak with support from pathogenic species. While
human pathogens have been extensively studied, plant path-
ogens have remained a mystery [2]. Plant microbiome may
also hold the key to improving other microbiomes. Compar-
ing microbiome structures may yield phylogenetic diversity
identification among similar/related microbiomes e.g. mi-
crobiomes between human and plant habitats. Food not only
delivers essential nutrients, but also microorganisms into the
human microbiome. Studies have revealed the heavy influ-
ence of surrounding vegetation and human inhabitants on the
domestic microbiome. These complex natured interactions
and connections among microbiomes need further explora-
tion.

CONCLUSION

The methods involving omics have strengthened our
knowledge in studying interactions between plant and mi-
crobes in the field of bioremediation, stress tolerance and
nitrogen fixation. Intensive research to discover the methods
and impacts of plant and pathogen interaction to increase
defense response of the host have been observed in several
crop systems. Changes detected under abiotic and biotic
stress levied on the host correspond to the modification of
the reactive oxygen species (ROS) sifting molecular constit-
uents. Early research focused on unraveling nitrogen fixation
methodology and functions of flavonoids. Observations are
underway to identify the most efficient strains and possible
influences at play in the process. Omics has proven effective
in characterizing known constituents such as nod factors,
inositol monophosphatase, nifH, and fixA. Omics studies
have also been carried out to identify unknown proteins that
help in fixing nitrogen using genistein (a known isoflavone
for nodulation regulation). During interactions between plant
and pathogen, ROS-scavenging and PR constituents’ synthe-
sis are primarily improved. The profile of biological constit-
uents and their microbial interactions can be studied using
the omics technique. These researches should be formulated
because of the close linkage between gene expression in par-
asitism and symbiosis between microbes and plants. These
studies help to identify resistant genes and their respective
Avr proteins during the interaction. The analysis of end
products of toxins produced by the pathogen helps in the
evolution of strategies to increase the productivity of plants.
Omics technology helps in analysing the complex cellular
mechanism during the interactions of plant and microbes in
various ways. Genomics helps in comparing different hosts,
microbe and interaction between host and microbe. The evo-
lution of new strains and their interactions with plants can be
researched by applying comparative and integrated genomics
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which can make significant progress in developing sustaina-
ble agriculture strategies.
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