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Abstract

Plant microbiome also known as it’s second or extended genome,
regulates and influences plant’s metabolism and growth. The plant
microbiome members promote nutrient uptake, tolerance against
abiotic and biotic stresses and regulate host immune system. Although
there is plenty of information available on role of rhizosphere
microbiome for plant growth, but still there is dearth of knowledge
for the vast majority of rhizosphere microorganisms. This is mainly
due to their unknown growth requirements or inability to grow on
any known growth media. To support plant growth under stress
conditions, the information on presence of specific microorganism
in rhizosphere microbiome along with the role it plays is very much
essential. Here, we review the generalized role of plant microbiome
in different plant functions, information generated till date specifically
on wheat metagenomics, role of rhizosphere microorganisms in abiotic
stress management in other crop plants and the breeding in wheat in
light with wheat metagenomics or metagenome engineering through

breeding.
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growth, metagenomics

1. Introduction

In line with the name given to the microorganisms
inhabiting the human body, the plant-associated
microorganisms are referred as the plant microbiome or
second or extended genome. So the plants are not the
simple organism as we think but they are superorganisms
that depend upon to a certain extent on their microbiome
for performing specific functions and features. The plant
microbiome comprises different classes of microorganisms
that includes viruses, bacteria, archaea, fungi and
oomycetes. The number of microorganisms, which
colonizes plants, can reach in cell densities much higher
than the number of cell in a plant (Fig. 1). Similarly, the
numbers of microbial genes present in plant rhizosphere
are higher than the number of genes present in a plant
(Fig. 1). The members of the rhizosphere microbiome
exert significant effect on germination of seeds, vigor of
the seedlings, growth and further development of plants,
incidence of diseases and overall productivity by way of
supporting nutrient uptake, exerting tolerance against
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biotic and abiotic components of the environment and
regulation of the plant immune system (Berendsenet al,
2012; Bakker et al., 2013; Mendes et al., 2013; Turner
et al., 2013; Berg et al, 2014; Lakshmanan et al, 2014;
Perez-Jaramillo ez al, 2016). There are reports available
where it has been said that in only few cases, the natural
selection in plants helps in acquiring the resistance against
belowground pathogens and the plant to a certain extent
depends upon the rhizospheric microorganisms for its
defense against pathogens (Cook et al, 1995). There
are also reports available where the specific microbial
consortia present in disease suppressive soils protect the
plant from infection by the soil borne pathogens (Mendes
et al., 2011).

In return to the support received from the rhizosphere
microorganisms, the plants supply the carbon sources to
feed the rhizospheric microorganisms and consequently
determine their composition (Nelson, 2004; Berendsenet
al., 2012).The plant rhizodeposits are comprised of root
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exudates, border cells and mucilage, and all these have
role in determining the microbial activity and the diversity
in the rhizosphere. All facets of interactions between
plants and the rhizospheric microorganisms involving root
exudates, process of root exudates mediated rhizospheric
interactions, ways of affecting the microbial community
through root exudates, significance of microbial
community in such interactions and consequently the
benefits plant receive through these interactions have
been reviewed and depicted in Fig. 2 (Huang ¢t al., 2014).
The prevailing biotic and abiotic factors also influence the
root exudation process and root exudates composition,
which further determine the microbial composition of
the rhizosphere (Lakshmanan et al, 2012). Further in
this study, the role of microbe-associated molecular
patterns (MAMPs) of Arabidopsis leaves in promotion of
colonization by Bacillus subtilis strain FB17 via expression
of root malic acid (MA) transporter (ALMT1) has also
been discussed.

It can be inferred that plants may regulate the rhizospheric
microbiome to their favour by promoting the growth of
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microorganisms which are beneficial to their growth and
health (Cook et al, 1995). However, there are counter
views also, where it has been said that root exudates are
nothing but passively released overflow/waste material of
the plant (Hartmann ez al, 2009; Jones ez al., 2009; Dennis
et al., 2010). Till now most of the studies on interactions
between plants and microorganisms are restricted to
leaf pathogens, symbiotic relationship between roots
and rhizobia and the mycorrhizal fungi. However, a
majority of the rhizospheric microbiome has remained
untouched and their role in different plant functions like
growth, health and tolerance against abiotic and biotic
stresses is still at infancy stage. Hence, it is imperative
to decipher the plant microbiome in order to identify
the microorganisms or the genes for their exploitation
in improving plant growth, extending tolerance to biotic
and abiotic stresses, and plant health. In this context
Mendes et al. (2013) has rightly stressed that it is essential to
understand the processes, which determine and stimulate
the compositional changes in the rhizosphere microbiome,
to safeguard plant productivity.
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Fig. 1. Pictorial depiction of microorganisms present in the plant rhizosphere. The size of circles’, except for virus-
es, represent the average numbers of genes in the representative species; the genome size or size range is depicted
within parentheses. The approximate numbers of different microorganisms for their abundance are indicated with-
in square brackets (Brady, 1974; Alexander, 1977; Lynch, 1988; Meeting, 1992; Buee et al., 2009; Mendes et al., 2013).
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Fig. 2. Plant root exudates mediated rhizospheric interactions: right side-species level, bottom - multitrophic interactions,

left side - community level (Huang et al., 2014).

2. Metagenomics of wheat
The Wheat being one of the leading cereal crops of

the country, has got attention for breeding new lines/
genotypes for higher grain yield, grain quality, resistance
against various diseases, and tolerance to abiotic stresses.
To a limited extent work has also been carried out to
understand the rhizosphere microbiome for enhanced
plant growth and grain yield. However, no serious attempt
has been made to understand the whole rhizosphere
microbiome using the techniques like metagenomics, by
which the whole community of microorganisms can be
studied and their relationship can be interpreted with plant
growth, grain yield or plant’s ability to sustain against
biotic and abiotic stresses. The work on various aspects
of wheat crop like the effect of agronomic practices on
rhizosphere microbiome and activation/inactivation of
natural nutrient cycling processes, isolation of specific
gene/enzyme/protein with ability to biodegrade the
lignocellulosic compounds, microbiome of cereal based
starters to prepare fermented foods, effect of fungicide
application on root microbiome of succeeding wheat crop,
variation in levels of microbiome in respect to genotypes
and the effect of burning of straw in fields have been
compiled along with role of rhizosphere microbiome
in exerting the tolerance against abiotic stress in other

related crops.
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2.1 Isolation of lignocellulose biodegrading genes from different
sources: In a study carried out to identify the consortia
responsible for the degradation of once-used wheat straw,
switchgrass and corn stover using molecular fingerprinting,
bacterial 16S rRNA gene amplicon sequencing and
metagenomic analysis, taxonomically three distinct
consortia were found to be involved in degradation of
three plant biomasses (Jimenez et al, 2016). In all three
microbial consortia, the dominance of gylcosyl hydrolases,
a carbohydrate-active enzyme and protein family AA6,
AAI10 and AA2 were detected. In another study, a novel
multispecies microbial consortium responsible for the
degradation of lignocellulose and 5-hydroxymethylfurfural
bioconversion was identified using the targeted metagenomic
approach (Jimenez et al, 2014). Similarly two promising
B-glucosidase were isolated from the topsoil of the winter
wheat by using the functional metagenomics (Biver et al,
2014). These enzymes showed activity across a wider pH
(8-10) and temperature range (40-60 °C). While working on
the Holstein cattle rumen metagenomic library, Cheng et al.,
(2012) identified a novel gene fragment containing xylanase.
This enzyme was active at pH of 6.5 and 40 °C, and was
specific to xylan from softwood. This enzyme showed the
potential to improve biomass degradation and industrial
application. Similarly a feruloyl esterase (FAE) gene was
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isolated from rumen microbial metagenome by Wong et
al. (2013). Metagenomic approach has also been utilized
for exploring novel tannase from natural communities
(Yao et al., 2014).

2.2 Role in cereal-based fermented foods: An extensive
investigation of the microbiota of cereal-based fermented
food by Guyot (2012) has revealed the dominance of
lactic acid bacteria. The geno-typing of the isolates has
revealed a link between fermented food microbiota and
health benefits, especially in nutrition. In a study carried
out for microbiome of two traditional wheat based Nuruks,
a traditional natural inoculum, used in the brewing
of Makgeolli, one of Korea’s most popular alcoholic
beverages, the two Nuruks revealed a total of 153 and 53
OTUs, respectively. The alpha diversity indices suggest
that the two nuruks had different level of diversities and

predominated by different species of fungi (Bal et al, 2016).
2.3 Impact of fungicide application on succeeding wheat crop:

In a study where a foliar fungicide was applied 5-times
to chickpea and its effect was studied on the fungal
communities associated with two different types of root
systems of the subsequent durum wheat for two years,
a three way interaction involving types of roots, year
of application, and fungal community composition was
recorded. Application of fungicide on chickpea did not
show any significant effect on the wheat yields during
subsequent years. However, there were changes in root
fungal communities (Taheri et al,, 2015). The effect of
changes in root fungal communities of the wheat on its
grain yield has also been discussed in this study. In order
to characterize the disease suppressive soils (specific and
general suppression), theories have been developed by
Schlatter ¢t al. (2017), where in three examples of currently-
studied model systems with features representative of
both types of suppressiveness: suppression to take-all
(Gaeumannomyces graminis var. tritici), Rhizoctonia bare
patch of wheat (Rhizoctonia solani AG-8), and Streptomyces
have been discussed. In order to compare the two models
of disease suppression, a number of hypotheses about
the nature and ecology of microbial populations and
communities of suppressive soils have been proposed.
The potential and limitations of new molecular techniques
that can provide novel ways of testing these hypotheses

have also been outlined. Finally, the understanding

of the phytobiome and harnessing the potential of
indigenous soil microbes for facilitating sustainable

disease management in agriculture have been discussed.

2.4 Different agricultural practices and their impact on rhizosphere
microbiome: Metagenomic studies have been widely used
for assessing the role of different agricultural practices, soil
organic C, N-fertilizer, tillage, crop residues, crop rotation
or succession and agricultural/crop management on the
rhizosphere microbiome of wheat. In order to prove it, a
thirteen years long experiment was conducted in Brazil by
involving different agricultural practices like conventional
tillage, no tillage and crop succession or rotation with
wheat, where metagenomics revealed high proportion
(54%) of bacterial sequences. Tillage was found to
influence the microbial diversity to a greater extent
compared to other crop management practices. In case of
conventional tillage, microbial genera having role in crop
residue decomposition, cycling of nitrogen and carbon
and involved in breakdown of recalcitrant compounds
were significantly higher, predominated by Eucarya
reflecting higher tolerance to environmental stresses.
Contrary to this N-fixing Rhizobiales and bacteria from
Archaea group dominated in no tillage condition. These
microorganisms prefer organic matter rich habitats (Souza
et al., 2013). In an extended study, where different tillage
practices were tried, the same group reported a stable
microbial community with higher pesticides degradation
capability under no tillage condition. Contrary to this,
sequences pertaining to carbohydrate metabolism were
higher in conventional tillage practice, a sign of lower
organic matter content in the soil. Further, the crop
rotation practice exhibited higher sequences pertaining
to metabolism of amino acids and their derivatives along
with carbohydrate subsystems. It’s because of mixing
of various types of crop residues in soil in crop rotation
practice. The crop rotation also showed a high population
of microorganisms without any assigned function (Souza
et al., 2015). Similarly in conservation agriculture,
Jimenez-Bueno ez al. (2016) studied the effect of change
in soil environment on prominent bacterial taxa. The
rates of N-fertilizer application were recorded to affect
mainly the taxa involved in N-cycle, while members of
Actinobacteria and microorganisms involved in organic

matter decomposition were recorded to be affected by
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tillage. Management of organic matter was found to
affect the presence or absence of specific taxa. In order
to find out the effect of different agronomic practices on
sustainability of a soil, a detailed study was conducted
by Chavez-Romero ¢t al. (2016). In this study, the effect
of practices like crop residue management, tillage and
fertilizer application on bacterial community structure
and the microorganisms involved in biodegradation of
applied plant residues was studied. The permanent beds-
residue retained treatment exhibited significantly higher
levels of soil organic carbon compared with permanent
beds-residue burned or conventionally tilled beds-residue
incorporated. Converse to this, the permanent beds-residue
burned treatment exhibited significantly higher values of
pH and EC compared with soils received fertilizers or
no fertilizers in permanent beds-along with residues or
conventionally tilled beds-residue incorporated. The
bacterial community structure was found to be more
affected by organic carbon in soil, application of nitrogen
fertilizer and tillage-residue management in unimproved
soil compared with improved soil. The tillage-residue
management was the key factor in deciding the bacterial
community, and it was recorded to induce differences in
the genera having role in biodegradation of applied plant
residues. Once again it was proved that the practices like
application of nitrogen fertilizers and tillage-crop residue
management have role in defining the soil bacterial
community structure in the unimproved soil compared
to improved soil. The study carried out by Rascovan et
al. (2016) on rhizosphere microbiomes of soybean and
wheat, showed that the beta diversity of rhizospheric
microbiome was having relationship with the pH and
nitrate content of the soil. It was also suggested that the
plant development and vigor can be promoted by making
changing in composition of rhizosphere microbiome.
In general, the wheat rhizosphere was found to have
the common rhizospheric or bulk soil bacteria, and
Pseudomonas, Stenoprophomonas and Bacillus were the most

abundant (Velazquez-Sepulveda et al., 2012).

2.5 Microbiomes specific to wheat cultivars: In order to explore
the proposition that the variation in genotypes affect the
distribution of rhizospheric microbial phyla, a study was
conducted by Naz et al. (2014), by involving two wheat

cultivars and the rhizospheric bacterial diversity was
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studied at the flowering stage using 16S rRNA rhizosphere
libraries. The study reported a difference of 13, 50, 36,
78, 91 % at phylum, class, order, family and genera level,
respectively between two cultivars. Beneficial bacteria with
potential to affect plants and soil health were recorded from
both cultivars. In order to develop Brachypodium distachyon
as the model plant for monocotyledons especially cereals
like wheat, a detailed study was conducted to characterize
the rhizosphere microbiome and root exudates of this
plant (Kawasaki et al., 2016). The rhizosphere microbiota
and root exudates of Brachypodium distachyon were similar
to that of wheat, and were different to Arabidopsis. During
the investigation of the functional genes categories in the
microorganisms’ isolated from different regions of the root,
the microorganisms from around root tips were different

from microorganisms from bases of roots.

2.6 Rice straw burning and effect on soil microbiome: Two
methods of rice straw burning (dispersive and intensive)
were investigated for their effect on soil temperature and
survivability of microorganisms. Both methods were
recorded to enhance the soil temperature. However, it was
higher with intensive method compared with dispersive
method. Consequently, the effect on microorganisms
was also higher by the intensive method compared with
dispersive method. The recovery of microorganisms
was superior from soil on which intensive burning was
performed compared to soil with dispersive burning
(Tung et al., 2014).

3. Microbiome for supporting plant growth under abiotic
stress

Abiotic stresses are the unfavourable growth conditions
created by the non-living components of the environment.
The response of the plant depends upon the type and
the extremity of the stress. The stress can be related to
the low or high temperature, drought, water logging, salt
level, soil or air pollutants or the hazardous compounds
like heavy metals in the soil or water. Among different
mechanisms exercised by the plants for their survival
under abiotic stress conditions, the role of rhizospheric
microbiome is also in vogue. It has also been hypothesized
that the survival of some plants species under extreme
stress conditions is influenced by rhizosphere microbiome
(Jorquera et al., 2012). In a study by Mayak et al. (2004 a,
b), a soil bacterial isolate Achromobacter piechaudii ARVS,
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Table 1. Metagenomics work on different aspects of wheat

Host and location of study Approach Main findings References
i) Rhizosphere metagenomics of wheat or related genus
Pre-screening of the PCR amplifica-  Thirty operational taxonomic units, in- Velazquez-

resident genetic diversity of
wheat rhizosphere (Zamora
Michoacan, Mexico; 19° 59’
N, 102° 177 W, 1560 m.a.s.1.)

Wheat, oat, pea and an oat
mutant (sad1) deficient in
production of anti-fungal
avenacins (Norwich, UK)

Two cultivars of wheat (Is-
lamabad, Pakistan; 33° 40’
N, 73° 10’ E)

Rhizosphere microbiomes
of soybean and (Pampas,
Argentina)

Brachypodium distachyon, as
a rhizosphere model for
wheat (Canberra, ACT,
Australia; 35° 20° 17” S,
149° 07’ 96” E)

tion, construction
of libraries and
sequencing of
16S rDNA genes

RNA-based
metatranscrip-
tomics

16S rRNA bacte-
rial diversity with
RFLP analysis

16S-rRNA gene
pyrosequencing

Terminal restric-
tion fragment
length polymor-
phism of 16S
rRNA and ITS
genes of bacte-
ria and fungi,
respectively

cluding the Classes Alfaproteobacteria,
Betaproteobacteria, Deltaproteobacteria,
Gammaproteobateria, Actinobacteria, Bacilli,
Clostridia and uncultivable bacteria were re-
ported. In general the wheat rhizosphere was
found to have the common rhizospheric or
bulk soil bacteria and Pseudomonas, Stenoproph-
omonas and Bacillus were the most abundant.

Differences were reported in rhizosphere
microbiomes of different plant species
and from bulk soil. Considerable differ-
ences were noted in the rhizospheremicro-
biome of pea, compared to wheat and oat.

The rhizosphere microbiome of two culti-
vars exhibited microbial communities rep-
resenting 8 phyla, 14 classes, 14 orders, 23
families, 33 genera in addition to several
unspecified and un-characterized lineag-
es with good possibility of novel lineages.
The two cultivars exhibited a difference
of 13, 50, 36, 78, 91 % at phylum, class, or-

der, family and genera level, respectively.

The pH and nitrate content of the soil were
found to affect the distribution of regional vs lo-
cal diversity of the bacterial communities pres-
entinrhizosphere. It wasalso suggested that the
growth and quality of plants can be promoted
by making changes in the root microbiome.

Burkholderiales were recorded to dominate in
rhizospheremicrobiota of Brachypodium. Varia-
tion in composition of microbes was recorded
because of their location on roots, like tightly
or loosely bound to roots, present on nodal
or seminal roots and location along the roots.
The functional genes categories recorded
in microorganisms present on bases of roots
were different than on around root tips. The
rhizospheric microbiome and the root exu-
dates recorded in Brachypodium were match-
ing with those of wheat instead of Arabidopsis.

Sepulveda et al.
(2012)

Turner et al.

(2013)

Naz et al. (2014)

Rascovan et al.

(2016)

Kawasaki et al.

(2016)
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ii) Lignocellulosic biomass converting enzymes

Consortia responsible for
the degradation of once-
used wheat straw, switch
grass and corn stover
(Groningen,

The Netherlands; 53° 41’
N; 6° 90’ E)

Microbial consortia re-
sponsible for the degrada-
tion of lignocellulose and
5-hydroxymethylfurfural
bioconversion using carbon
and energy from wheat
straw (Groningen, The

Molecular finger-
printing, bacte-
rial 16S rRNA
gene amplicon
sequencing and
metagenomic
analyses

Targeted metage-
nomic approach
(log 16S rRNA
and ITS1 copies/
ml)

Taxonomically three distinct consortia were
found to be involved in degradation of three
plant biomasses. In all three microbial con-
sortia, the dominance of gylcosyl hydrolases
- a carbohydrate-active enzyme and protein
family AA6, AA10 and AA2 were detected.

A novel multispecies microbial consor-
tium responsible for the degradation of lig-
nocellulose and 5-hydroxymethylfurfural
bioconversion was identified, with hemi-

cellulolytic and oxidoreductase activities.

Jimenez et al.

(2016)

Jimenez et al.

(2014)

Netherlands)

B-glucosidase from the Functional Two promising B-glucosidase were isolated Biver et al.
topsoil of the winter wheat = metagenomics from the topsoil of the winter wheat. These (2014)
(Gembloux, Belgium; 50° enzymes showed activity across a wider pH

33"N, 4° 42" E) (8-10) and temperature range (40-60 °C).

iii) Cereal based starter/fermented foods

Cereal-based fermented Genotyping Lactic acid bacteria were found as the pre- Guyot (2012)

food (Montpellier, Cedex
05, France)

of isolates and
‘omic’ approach

Two traditional wheat based ITS 1 amplicon-

Nuruks, a very popular nat-
ural starter, used in Korea
for brewing of Makgeolli- a

popular alcoholic beverages

(Jeollabuk-do, Republic of
Korea)

pyrosequencing

dominating bacteria in the cereal-based
fermented food. The geno-typing of the iso-
lates revealed a link between microbial com-
munities in the fermented food and its ben-
efits in health, especially in nourishment.

The two Nuruks exhibited 153 and 53 op-
erational taxonomic units, respectively. The
alpha diversity indices suggest that the two
nuruks exhibited different level of diversi-
ties and predominated by different species
of fungi. The two nuruks resembled in pat-
terns of dominating species and the series
in which they appeared. It helped in set-
ting standard inoculums for further studies.

Bal et al. (2016)

iv) Effect of fungicide on rhizosphere microbiome of wheat

Foliar fungicide application
to chickpea and its effect on
the fungal communities as-
sociated with the following
durum wheat crop (Sas-
katchewan, Canada; 50° 18’
N, 107° 41' W)

ITS1 region of
root metagenom-

ic DNA

A significant impact of fungicide applica-
tion to chickpea on durum wheat yield was
not recorded in subsequent years. However,
there were changes in root fungal communi-
ties. The relationship between changes in
composition of fungi on roots and durum
wheat production has also been elaborated.

Taheri et al.
(2015)
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v) Effect of agronomic practices on rhizospheremicrobiome

Effect of different agricul-
tural practices, soil organic
C, N-fertilizer, tillage, crop
residues, crop rotation or
succession and agricultural/
crop management on the
rhizosphere microbiome

of wheat(Londrina, State

of Parana, Brazil; 23° 11’ S,
51°11' W, 620 m.a.s.1.)

Comparison of soil types
and crop management prac-
tices in a long term field
experiment (Londrina, State
of Parana, Brazil; 23° 11’ S,
51° 11' W, 620 m.a.s.l.)

Effect of change of soil en-
vironment (conventional or
conservation agriculture) on
key bacterial taxa of wheat
and maize (CIMMYT) Nor-
man E. Borlaug (CENEB)
Ciudad Obregon, Sonora,
Mexico; 27° 227 10” N, 109°
55" 51"E, 38 m.a.s.l)

Effect of crop residue man-
agement, tillage and fertil-
izer application practices
on bacterial community
structure and microbial
groups with their role in
wheat and maize residues
biodegradation (Sonora,
Mexico; 27° 33" N, 109° 09
W, 38 m.a.s.l.)

Shotgun
sequencing ap-
proach

Shotgun
sequencing ap-
proach

16S-rRNA gene
metagenom-
ics, and IndVal
analysis

16S-TRNA  gene

pyrosequencing

Tillage or no tillage was found to have more
pronounced effect compared to other crop
management practices. The conventional till-
age practice was found to support the growth
of microorganisms involved in decomposition
of crop residues, carbon and nitrogen utiliza-
tion and breakdown of recalcitrant compound.
Contrary to this no-tillage practice was found
to support the growth of microorganisms like
N-fixing Rhizobiales and Archaea, habitual of

growing in organic carbon rich environment

The microbial community was stable under
no-tillage condition and it also supported
higher degradation of pesticides. The conven-
tional tillage was predominated by sequences
pertaining to carbohydrate utilization, a re-
flection of low organic matter content. The
practice of crop rotation was recorded to
exhibit higher sequences pertaining to ami-
no acids and their derivatives utilization as
well as carbohydrate sub-system. It was at-
tributed to variety of crop residues added in
soil. It also exhibited high numbers of mi-
croorganisms without any specific function.

N-fertilizer application rates were recorded to
affect the taxa involved in nitrogen cycling,
while tillage in members of Actinobacteria and
microorganisms having role in organic matter
decomposition. Organic matter was recorded
to affect the taxa more than any other factor.

The unimproved soil showed significant ef-
fect of soil organic carbon, applied nitrogen
and tillage-residue management on the bac-
terial community composition compared
to improved soil. The tillage-residue man-
agement was found to be the critical fac-
tor in determining the bacterial genera with
their role in applied plant material degra-
dation. The effect of nitrogen fertilization
and tillage-crop residue management on
soil bacterial composition was more clear
in unimproved soil than in improved soil.

Souza ¢t al.
(2013)

Souza et al.

(2015)

Jimenez-Bueno

et al. (2016)

Chavez-Rome-
ro et al. (2016)
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isolated from an arid and saline environment has been
reported to significantly increase the growth of tomato and
pepper seedlings put to transient drought stress. Similarly,
the rhizobacteria have been reported to support the growth
of plants under flooding condition (Grichkoand Glick,
2001). Soil salinity is another abiotic stress, which affects
the plant growth by inducing osmotic and drought stresses.
Under salinity conditions, the halotolerant bacteria grow
in the company of the host plant and modulate the traits in
a fashion, which help the plant to grow. In one such report
on wheat grown under saline condition, 24 rhizobacterial
isolates out of 130, were found to be tolerant against high
levels of sodium chloride (Upadhyay et al, 2009). The
entire 24 isolates were found to produce indole-3-acetic
acid, while 10 isolates were phosphorus solubilizer, 8
siderophores producer, 6 gibberellin producer, and 2
with the nif H gene, indicating their nitrogen fixation
potential. Bacillus predominated among the bacterial
genus isolated from the saline conditions (Upadhyay et
al., 2009). Halotolerant bacteria have also been reported
from the Korea’s coastal soils and several of them have
been reported to support the plant growth under saline
stress conditions (Siddikee et al, 2010). In a study, Jha
et al. (2012) have reported several new halotolerant
diazotrophic bacteria (Brachybacterium saurashirense sp.
nov., Zhihenglivella sp., Brevibacterium casei, Haererehalobacter
sp., Halomonas sp., Vibrio sp., Cronobacter sakazakii,
Pseudomonas spp., Rhizobium radiobacter and Mesorhizobium
sp.) from the rhizosphere of Salicornia brachiate, a extreme
halophyte. These bacteria were also recorded to have
activities like indole acetic acid production, phosphate
solubilization, and 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase. Research workers have suggested
several possible mechanisms for altering rhizospheric
microorganisms mediated plant physiological response
under saline stress conditions. It includes; (i) osmolyte
accumulation induced water homeostasis, (2) plant
energetics by modulating the source-sink relationships,
(3) uptake of toxic ions and nutrients mediated through
alteration of host physiology, modification of physical
barriers around the roots, or by directly reducing the
foliar accumulation of toxic ions, and (4) change in crop
salt tolerance mediated through hormonal root-shoot
signaling (Dodd and Perez-Alfocea, 2012; Berg ¢t al., 2013).
Low temperature is another environmental stress

condition, which favours microorganisms habituated
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of growing under psychrotrophic conditions. Normally
nodule formation and nitrogen fixation is not favoured by
low temperature. However, in one such study, the legumes
belonging to the high arctic region have been found to
form nodules and fix nitrogen almost at same level as is
being done by legumes in temperate climates (Bordeleau
and Prevost, 1994). The information on use of microbial
inoculants for promoting the growth of horticultural and
agricultural crops under cold conditions is quite scanty.
Still in one report, Burkholderia phytofirmans PsJNhas
been reported to increase the growth of roots as well as
physiological activity of grapevine at temperatures as low
as 4°C (Barka ¢t al, 2006). Similarly, the coinoculation
of Bradyrhizobium japonicum with Serratia proteamaculans
at 15°C, sub-optimal temperature for soybean nodule
infection and nitrogen fixation, has been recorded to
promote the growth of soybean (Zhang et al., 1995;
1996). Attempts have also been made to find out the
mechanisms responsible for promotion of plant growth
at low temperature conditions (Katiyar and Goel, 2003;
Trivedi and Sa, 2008). In both cases, the cold tolerant
mutants of Pseudomonas fluorescens and P. corrugata strains
exhibited higher phosphorus solubilization at low
temperature compared to their wild type strains. The
genes responsible for cold tolerance and phosphorus
solubilization have not been worked out in both cases.
Unfavourable pH of soil or irrigation water and high
concentration of toxic compounds are the few other abiotic
factors that also affect plant growth. In one such study, a
2,4 diacetylphloroglucinol (DAPG)-producing P, fluorescens
strain has been reported to minimize the effect of low pH
in corn plants grown under low pH conditions (Raudales
et al., 2009). Rhizoremediationis the term much in vogue
recently and it is the process of bioremediating soil
pollutants by rhizospheric bacteria. During this process,
the plants’ root exudates promote the growth and activity
of pollutant degrading rhizobacteria (Kuiper ¢t al, 2004).
The use of some metagenomic techniques including 16S
rRNA gene pyrosequencing, have shown that certain
legumes including Z#ifolium respond in a systemic manner
to polycyclic aromatic hydrocarbons pollution (Kawasaki
et al., 2012). The shift in predominance of certain groups
of bacteria (Verrucomicrobia and Actinobacteria) in
the polluted rhizospheres, and substantial increase in
the numbers of betaproteobacterium Denitratisoma,
suggest that these groups or genus may have role in
the rhizoremediation process (Kawasaki et al, 2012).
In few cases, the role of fungi has also been reported in
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rhizoremediation of hydrocarbons (Cruz-Hernandez ez al.,
2012). The research carried out till date by various research
groups under different abiotic and biotic stress situations
have proved the worthiness of rhizosphere microbiome in
alleviating the adverse effects of abiotic and biotic stresses
on plant growth. It has the ability to provide an alternative
to genetic engineering and plant breeding. However, there

are certain questions which need to be answered.

i) Communication mechanism between plant growth
promoting rhizobacteria and the host plant

ii) Types of changes induced in plants; molecular as well

as metabolic,

iii) Mechanism of affecting the changes in overall
population and disease causing ability of plant pathogenic
microorganisms by the beneficial microorganisms.

4. Plant breeding and genetic engineering approaches for
modulating rhizosphere microbiome

The role of root exudates in regulation of varied types of
interactions between rhizosphere microbiome and the
plant viz., attraction of disease causing microorganisms
or the beneficial microorganisms and activation of plant
virulence factor in presence of pathogenic microorganisms
or the plant growth functions in presence of plant growth
promoting rhizobacteria, modulating the levels or the
composition of root exudates using conventional plant
improvement techniques or genetic engineering can
be a viable strategy for modulating the rhizosphere
microbiome. The approach of redirecting the composition
and the quality of the rhizospheric microbiome is known
as ‘rhizosphere engineering’ (Oger et al, 2004; Ryan
et al., 2009; Bakker et al, 2012), as it necessitates the
thorough knowledge of the complete spectrum of root
exudates and the signaling happening at molecular level
in the plant root environment involving the rhizosphere
microbiome and the host plant. The breeding programs
involving rhizosphere related traits and root exudates
characterization as part of their breeding programme are
rare and very few in numbers (Smith and Goodman, 1999;
Smith et al, 1999; Rengel, 2002; Wissuwa ¢t al., 2009)
and no program has been reported that evaluate new
genotypes for their interactive behavior with rhizosphere
microbiome (Bakker et al., 2012).

In an initial study, attempt has been made to find out
the genetic basis of interaction with rhizosphere bacteria

having role in restricting plant pathogens growth (Smith

et al., 1999). During the course of investigation in
several breeding lines of tomato, three QTLs have been
recognized and further attempt has been made to find
out the loci linked to resistance against Pythium torulosum,
role of Bacillus cereusin disease suppression and its growth
on the seeds. These QTLs were also found helpful in
elucidation of the dissimilarity among the recombinant
breeding lines to the extent of 38%. The study further
proved that the genetic variation of the host plant can
be used for enhancing the favorable association between
plants and the rhizosphere microbiome. Few genetic
engineering attempts have also been made to change the
pH of the root zone (Gevaudant et al., 2007; Yang et al,
2007), outflow of organic anion (Tesfaye ez al, 2001; Anoop
et al., 2003; Delhaize et al., 2004; Sasaki et al., 2004; Li
et al., 2005), or easy outflow of citrate (Furukawa et al,
2007; Wang et al., 2007). There are also several other
reports where the plants have been reported to excrete
out chemicals with their role in sensing bacterial quorum
(Gao et al., 2003; Bauer and Mathesius, 2004). In a study,
the genetically modified potato interfering in sensing of
bacterial quorum through expression of a lactonase gene,
has been reported to show a superior level of resistance
against Pectobacterium carotovorum (Dong et al., 2001).
Similarly the transgenic potato with enhanced production
level of 5-O-glucosyltransferase (Lorenc-Kukula et al,
2005) and pectatelyase (Wegener, 2001) also exhibited
enhanced resistance against P. carotovorum. Presently, our
understanding on in situ root exudation is quite limited,
and root exudation varies across environments, soil types,

and the growth stage/physiological conditions of the plant.

5. Conclusion and future prospects

Plant microbiome regulates and influences the physiology
and development of the plant. It contributes in nutrient
acquisition from soil, tolerance against stresses, resistance
against soil born pathogens and modulation of plant
immune system. Using routine cultural techniques,
it is possible to culture only very limited numbers of
microorganisms and studying them for beneficial traits.
However, the techniques like metagenomics are very handy
in studying the whole community in action, interaction
between different components of the community and
the metabolic pathways/genes active under a particular
environmental condition. The application of this technique

becomes more relevant under stress conditions because
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abiotic stresses affect the plant growth via root system
as the root system interacts both the above ground and
below ground environments simultaneously. Through this
review attempt has been made to compile the information
available on metagenomics study of wheat and to find out
its utility in developing climate resilient genotypes. In the
time to come the genotype specific microbiome will be
available and it will be used as biomarker for developing
climate resilient varieties. The consortia of beneficial
microorganisms will also come in picture for helping the
plants to survive under stress conditions or it will be used
to induce plant to excrete out specific set of roots exudates

providing survival advantage under stress conditions.
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