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There is considerable evidence in the literature that beneﬁcial rhizospheric microbes can alter plant morphology, enhance plant
growth, and increase mineral content. Of late, there is a surge to understand the impact of the microbiome on plant health.
Recent research shows the utilization of novel sequencing techniques to identify the microbiome in model systems such as
Arabidopsis (Arabidopsis thaliana) and maize (Zea mays). However, it is not known how the community of microbes identiﬁed
may play a role to improve plant health and ﬁtness. There are very few detailed studies with isolated beneﬁcial microbes
showing the importance of the functional microbiome in plant ﬁtness and disease protection. Some recent work on the cultivated
microbiome in rice (Oryza sativa) shows that a wide diversity of bacterial species is associated with the roots of ﬁeld-grown rice
plants. However, the biological signiﬁcance and potential effects of the microbiome on the host plants are completely unknown.
Work performed with isolated strains showed various genetic pathways that are involved in the recognition of host-speciﬁc
factors that play roles in beneﬁcial host-microbe interactions. The composition of the microbiome in plants is dynamic and
controlled by multiple factors. In the case of the rhizosphere, temperature, pH, and the presence of chemical signals from
bacteria, plants, and nematodes all shape the environment and inﬂuence which organisms will ﬂourish. This provides a basis
for plants and their microbiomes to selectively associate with one another. This Update addresses the importance of the
functional microbiome to identify phenotypes that may provide a sustainable and effective strategy to increase crop yield
and food security.

In recent years, the term plant microbiome has received
substantial attention, since it inﬂuences both plant health
and productivity. The plant microbiome encompasses the
diverse functional gene pool, originating from viruses,
prokaryotes, and eukaryotes, associated with various
habitats of a plant host. Such plant habitats range from
the whole organism (individual plants) to speciﬁc organs
(e.g. roots, leaves, shoots, ﬂowers, and seeds, including
zones of interaction between roots and the surrounding
soil, the rhizosphere; Rout and Southworth, 2013). The
rhizosphere is the region of the soil being continuously
inﬂuenced by plant roots through the rhizodeposition of
exudates, mucilages, and sloughed cells (Uren, 2001; Bais
et al., 2006; Moe, 2013). Thus, plant roots can inﬂuence
the surrounding soil and inhabiting organisms. Mutually,
the rhizosphere organisms can inﬂuence the plant by
producing regulatory compounds. Thus, the rhizospheric
microbiome acts as a highly evolved external functional
milieu for plants (for review, see Bais et al., 2006; Badri
et al., 2009b; Pineda et al., 2010; Shi et al., 2011; Philippot
et al., 2013; Spence and Bais, 2013; Turner et al., 2013a;
Spence et al., 2014). In another sense, it is considered as a
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second genome to a plant (Berendsen et al., 2012). Plant
rhizospheric microbiomes have positive or negative
inﬂuence on plant growth and ﬁtness. It is inﬂuenced
directly by beneﬁcial mutualistic microbes or pathogens
and indirectly through decomposition, nutrient solubilization, nutrient cycling (Glick 1995), secretion of plant
growth hormones (Narula et al., 2006; Ortíz-Castro et al.,
2008; Ali et al., 2009; Mishra et al., 2009), antagonism of
pathogens (Kloepper et al., 2004), and induction of the
plant immune system (Pieterse et al., 2001; Ramamoorthy
et al., 2001; Vessey, 2003; Rudrappa et al., 2008, 2010). The
establishment of plant and rhizospheric microbiome interaction is a highly coordinated event inﬂuenced by the
plant host and soil. Recent studies show that plant host
and developmental stage has a signiﬁcant inﬂuence on
shaping the rhizospheric microbiome (Peiffer et al., 2013;
Chaparro et al., 2014).
There are various factors involved in the establishment
of the rhizospheric and endophytic microbiome. They
are greatly affected by soil and host type (Bulgarelli et al.,
2012; Lundberg et al., 2012). Apart from these factors,
other external factors such as biotic/abiotic stress, climatic
conditions, and anthropogenic effects also can impact the
microbial population dynamics in particular plant species.
Plant host species differences can mainly be perceived
from the secretory exudates by microbes. The root exudates
act as a crucial driving force for multitrophic interactions in
the rhizosphere involving microbes, neighboring plants,
and nematodes (Bais et al., 2006). Thus, it is important to
understand root exudate-shaped microbial community
proﬁling in establishing phenotypes involved in plant
health. Microbial components associated with plant hosts
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have to respond to these exudates along with utilizing
them in order to grow competitively in a complex interactive root environment. Commonly, there are three
groups of microbes present in the rhizosphere, commensal,
beneﬁcial, and pathogenic microbes, and their competition
for plant nutrition and interactions confer the overall soil
suppressiveness against pathogens and insects (Berendsen
et al., 2012).
Traditionally, the components of the plant microbiome
were characterized by isolating and culturing microbes
on different media and growth conditions. These culturebased techniques missed the vast majority of microbial
diversity in an environment or in plant-associated
habitats, which is now detectable by modern cultureindependent molecular techniques for analyzing whole
environmental metagenomes (comprising all organisms’
genomes). Over the last 5 years, these culture-independent
techniques have dramatically changed our view of the
microbial diversity in a particular environment, from
which only less than 1% are culturable (Hugenholtz et al.,
1998). After discovering the importance of the conserved
16S ribosomal RNA (rRNA) sequence (Woese and Fox,
1977) and the ﬁrst use of denaturing gradient gel electrophoresis (DGGE) of the ampliﬁed 16S rRNA gene in
the analysis of a microbial community (Muyzer et al.,
1993), there was a sudden explosion of research toward
microbial ecology using various molecular ﬁngerprinting
techniques. Apart from DGGE, thermal gradient gel
electrophoresis, and ﬂuorescence in situ hybridization, clone
library construction of microbial community-ampliﬁed
products and sequencing emerged as other supporting
techniques for better understanding of microbial ecology
(Muyzer, 1999). Furthermore, there are many newer
techniques used to understand the microbiome, from
metagenomics to metaproteomics (Friedrich, 2006;
Mendes et al., 2011; Knief et al., 2012; Rincon-Florez
et al., 2013; Schlaeppi et al., 2014; Yergeau et al., 2014).
These techniques cover the whole microbiome, instead of
selecting particular species, unlike conventional microbial
analysis. However, their presence was not yet correlated
well with the phenotypic manifestation (phenome) they
establish in the host plant.
As a consequence of population growth, food consumption is also increasing. On the other hand, cultivable
agricultural land and productivity are signiﬁcantly reduced due to global industrialization, drought, salinity,
and global warming (Gamalero et al., 2009). This problem
is only addressed by practicing the sustainable agriculture that protects the health of the ecosystem. The basic
principle of sustainable agriculture is to signiﬁcantly reduce the chemical input, such as fertilizers, insecticides,
and herbicides, while reducing the emission of greenhouse gas. Manipulation of the plant microbiome has
great potential in reducing the incidence of pests and
diseases (van Loon et al., 1998; Kloepper et al., 2004;
Van Oosten et al., 2008), promoting plant growth and
plant ﬁtness, and increasing productivity (Kloepper and
Schroth 1978; Lugtenberg and Kamilova, 2009; Vessey,
2003). Single strains or mixed inoculum treatments induced resistance to multiple plant diseases (Jetiyanon
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and Kloepper, 2002). In recent years, several microbial
biofertilizers and inoculants were formulated, produced, marketed, and successfully used by farmers
worldwide (Bhardwaj et al., 2014). Although plants
are being considered as a metaorganism (East, 2013),
our understanding of the exact manifestation of this
microbiome on plant health in terms of phenotypes is
insufﬁcient. Of late, there is a surge to understand and
explore the genomic wealth of rhizosphere microbes.
Hence, this Update will focus mainly on existing
knowledge based on the root microbiome, its functional
importance, and its potential relationship to the establishment of a host phenome, toward achieving sustainable agriculture.
CHARACTERIZATION OF THE SOIL MICROBIOME

Plant microbiomes are diverse, consisting of detrimental pathogens, potential endophytes, and beneﬁcial
symbionts (Beattie and Lindow, 1995; Rosenblueth and
Martínez-Romero, 2006). As the soil matrix is considered
a favorable niche (Lavelle and Spain, 2001), the bacterial
density can reach up to 106 to 107 cells cm22 (Hirano
and Upper, 2000; Lindow and Brandl, 2003). But, classically,
the microbial diversity was evaluated by isolating and
culturing on different nutrient media and growth conditions. Various plant nutritional and regulatory requirements are fulﬁlled by microbial activities inside, on the
surface, and in proximate soil surroundings (Vessey,
2003; Lugtenberg and Kamilova, 2009). These nutritional
requirements mainly include nitrogen, phosphorous,
and iron. In addition, elements such as nitrogen, phosphorous, and iron also have the ability to regulate plant
growth by stimulating the production of plant growth
regulators. To screen the potential bacteria involved in
plant growth promotion, culture-based methods were
routinely used to date (Forchetti et al., 2007; Beneduzi
et al., 2008; Taulé et al., 2012). These techniques generally include simple plate assays or growing the microbes
in broth to ﬁnd plant beneﬁcial activities. They are also
used to ﬁnd the genetic components behind these beneﬁcial phenotypes and their characterization. However,
the culture-dependent approaches miss the majority of
the nonculturable microbial diversity in the microbiome.
In addition, there are very few studies that suggest the
involvement of plant-mediated recruitment of the rhizospheric microbiome.
The exact revelation of the microbial population in
the rhizosphere and on the root surface is solely dependent on the sampling and sequencing techniques
used, and this poses a difﬁcult challenge. Furthermore,
the ways and representative numbers for extracting
microbes from rhizospheric samples are also crucial in
this analysis. There are several factors, including plant
host genotype, soil type, and cultivation practices
(discussed in detail in the following sections), that are
key drivers in shaping the rhizospheric microbial
community (Philippot et al., 2013; Turner et al., 2013a;
Huang et al., 2014). By using the stable isotope probing
(SIP) technique, Haichar et al. (2008) found that the
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root exudates of various plants (wheat [Triticum aestivum], maize [Zea mays], rape [Brassica napus], and Medicago truncatula grown in similar soil) are involved in
shaping the rhizospheric bacterial community. The rhizospheric microbes assimilating root exudates were
separated by analyzing only the DGGE proﬁle of
[13C]DNA (ﬁxed by plants from a controlled 13CO2 environment), whereas the organisms utilizing soil organic
matter were analyzed using [12C]DNA. This study
revealed that certain groups of bacteria, such as order
Sphingobacteriales and genus Myxococcus, can exclusively utilize root exudates from all plants, while bacteria from the order Sphingomonadales are found to
utilize carbon sources from both root exudates and soil
organic matter. Importantly, some of the bacterial groups
(genus Enterobacter and order Rhizobiales as generalists)
are commonly present in all four plant species. This result implies that some bacteria can have wide host survival ability, overcoming host speciﬁcity limitations,
although some bacteria can fall into the stringent nutritional requirement category, which are attracted to and
supported by speciﬁc host root exudate compounds.
In the analysis of the whole microbiome, the initial
effort was started with the discovery of a conserved
16S rRNA gene sequence and its application and PCR
in the identiﬁcation of microorganisms (Woese and
Fox, 1977; Mullis et al., 1987). To date, there are rigorous
improvements achieved with these techniques, yielding
to metagenomics, in order to study and understand the
microbiome in a holistic perspective in a short period.
Very recently, these technological advancements were
extensively reviewed and analyzed in terms of potentials, drawbacks, and demands (Whiteley et al., 2006;
Berlec, 2012; Dini-Andreote and van Elsas, 2013; RinconFlorez et al., 2013). These methods include starting with
whole metagenome sampling, followed by puriﬁcation,
separation, and sequencing, and ﬁnally data analysis
and interpretation. Especially, the sequencing technology is going through rapid development, as it provides
wide and in-depth views of metagenomics, and today is
broadly named high-throughput sequencing (HTS) or
next-generation sequencing. These HTS techniques include use of the 454 Genome Sequencer (Roche Diagnostics), the HiSeq 2000 (Illumina), and the AB SOLiD
System (Life Technologies; Lundberg et al., 2012; Peiffer
et al., 2013; Rincon-Florez et al., 2013; Yergeau et al.,
2014). Furthermore, other advanced techniques, such as
DNA/RNA-SIP and DNA arrays (PhyloChip and functional gene arrays), also have promising features in the
analysis of microbiomes, especially their functional parts
(Friedrich, 2006; Mendes et al., 2011; Rincon-Florez et al.,
2013; Uhlik et al., 2013). At present, there is a transition
from metagenomics to metatranscriptomics, as the latter
answers the diversity and functional part of the microbiome, rather than only showing the diversity, like the
former. It was also recently perceived that the functional
versatility and function-based diversity of the microbiome are likely to be dominant factors in niches rather
than mere diversity (Barret et al., 2011; Chaparro et al.,
2012; Turner et al., 2013b).

In metatranscriptomics approaches, RNA-SIP, quantitative reverse transcription-PCR, and complementary DNA
analysis coupled with pyrosequencing provide advanced
functional insights into microbiome activities in the soil and
rhizosphere (Leininger et al., 2006; Whiteley et al., 2006;
Uhlik et al., 2013). Particularly, the importance of RNA-SIP
was emphasized in future studies for temporal analysis of
the ﬂow of root-derived carbon and the differentiation of
primary and secondary microbial utilizers, which have
higher rates of labeling than their genes and need not
depend on cell division, unlike DNA-SIP (Haichar et al.,
2008; Bressan et al., 2009; Uhlik et al., 2013). By overcoming the general constraints of quantitative PCR and
microarray technology in analyzing the gene expression
of a complex community, these advanced technologies
still face enormous challenges. These challenges include
selecting either mRNA or rRNA alone according to a study
objective, achieving wider coverage of an ecological RNA
pool, increasing the sensitivity of sequencing to reach
ecologically important data. Peiffer et al. (2013) have
shown the signiﬁcant community differences among 27
maize inbred lines (genetic variation in a single species)
with common enriched populations in the maize rhizosphere. They also included a pilot study to select suitable
primer sets (out of four previously reported sets) and
found the V3-V4 region of the 16S rRNA gene (primers
515F and 806R) to be most suitable, due to its enrichment
of classiﬁable sequences as well as its reduced ampliﬁcation of maize plastid-related sequences. This attempt
implies the vital consideration of primer selection before
performing any wide metagenomics or metatranscriptomics
studies. However, metaproteomics has an entirely different approach, targeting the active functional part of the
microbiome, and involves extracting the metaproteome
from samples and using mass spectrometry for peptide
ﬁngerprinting (Keiblinger et al., 2012; Kolmeder and de
Vos, 2014). Both metatranscriptomics and metaproteomics
are in the early stages of development and face many
challenges due to sampling constraints (removing humics and clays) and data acquisition (Keiblinger et al.,
2012). Analyzing and assigning clusters of orthologous
groups of proteins from metagenomic and metaproteomic
(existing and future) data are another important processcentric approach and need to be complemented by other
techniques to determine the diversity and functional relatedness of the rhizospheric microbiome (Barret et al.,
2011; Keiblinger et al., 2012).
After the introduction of molecular techniques to
analyze the whole community of bacteria, the great
plate count anomaly (Amann et al., 1995) surfaced to
the scientiﬁc community. Henceforth, almost all microbial
community studies will involve molecular ﬁngerprinting
techniques, along with the culture-dependent techniques
that are still valuable for deeper understanding of individual characterizations and are useful for studying
interactions with host plants. Although there are many
technical innovations in HTS that lead to insightful and
wider understanding of the microbiome phylotypes and
functions, Dini-Andreote and van Elsas (2013) have emphasized its hindrance in testing ecological hypotheses
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and the current need of a paradigm shift from HTS (or
inclusive efforts) to studies of fundamental questions about
yet-unexplored plant-soil-microbiota systems, especially
toward phenotypic diversity of the rhizospheric microbiome on both spatial and temporal levels.
FACTORS DETERMINING THE SOIL MICROBIOME
STRUCTURE AND FUNCTION

In the complex and dynamic plant root interaction
with the microbiome, both biotic and abiotic factors play
critical roles for microbiome composition, richness, and
diversity. Biotic factors, such as host genotypes, cultivars,
developmental stages, proximity to root, and root architecture, and abiotic factors, such as temperature, soil
pH, seasonal variation, and the presence of rhizospheric
deposits, act as chemical signals for microbes and inﬂuence the microbiome community structure and function
(for review, see Berg and Smalla, 2009; Dennis et al.,
2010; Berendsen et al., 2012; Chaparro et al., 2012; Minz
et al., 2013; Philippot et al., 2013; Spence and Bais, 2013;
Turner et al., 2013a). However, the extent to which both
abiotic and biotic factors contribute to microbial communities is not fully understood.
DETERMINATION OF MICROBIOME BY HOST
Host Genotype

Plant host speciﬁcity is well understood in the case
of phytopathogenic interaction with fungi or bacteria
(Raaijmakers et al., 2009). The classical case of rhizobiumlegume symbiotic interactions is well studied and shows
highly host-speciﬁc interactions (Long, 1989). Earlier
studies that determined microbial communities using
automated ribosomal intergenic spacer showed that
differential plant developmental stages inﬂuence the rhizospheric microbial communities in maize roots (Baudoin
et al., 2002), pea (Pisum sativum), wheat, and sugar beet
(Beta vulgaris; Houlden et al., 2008), M. truncatula (Mougel
et al., 2006), and Arabidopsis (Arabidopsis thaliana;
Micallef et al., 2009; Chaparro et al., 2014). Recently initiated high-throughput analysis characterized the core
microbiome in the model plant Arabidopsis and indicated that the host genotype has a small but measurable
effect on the microbes inhabiting the endophyte compartment of the root (Bulgarelli et al., 2012; Lundberg
et al., 2012). In another study involving wheat, pea, and
oat (Avena sativa), plants were grown for 4 weeks in
similar bulk soil and the microbiomes were evaluated.
Interestingly, the microbiomes were found to be different
from each other, with a profound change in the balance
of prokaryotes and eukaryotes between different plant
species. Oat and pea exerted strong selection on eukaryotes, whereas selection by wheat was much weaker
(Turner et al., 2013b). In a similar way, modern maize
inbreds planted in ﬁve environmental locations and estimated for the microbiome at ﬂowering time were found
to have heritable variation in the rhizosphere microbial
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community composition (Peiffer et al., 2013). However,
the conclusion that the genetic component of the maize
allele may play a role in variation in the microbiome is
still hypothetical (Peiffer et al., 2013; Peiffer and Ley,
2013). A recent experiment with the establishment of
rhizosphere communities in three cultivars of potato
(Solanum tuberosum) grown in two distinct ﬁeld sites
revealed that only 4% of operational taxonomic units
were dependent on the host genotype by 40% soil-speciﬁc
abundance (Weinert et al., 2011). Interestingly, potato
cultivars showed differences in microbes belonging to the
families of bacteria that have been studied extensively for
their ability to control plant pathogens (Weinert et al.,
2011), and in another study, it was shown that plant age
and genotype of sweet potato (Ipomoea batatas) also
inﬂuenced the root microbiome (Marques et al., 2014).
Similarly, the structure and function of the rhizospheric
bacterial community associated with Arabidopsis at four
different plant development stages (seedling, vegetative,
bolting, and ﬂowering) were analyzed and showed that
there were no signiﬁcant differences in bacterial community structure (Chaparro et al., 2014). Interestingly, the
microbial community at the seedling stage was found to
be distinct from the other developmental time points
(Chaparro et al., 2014). Intriguingly, rice (Oryza sativa)
mutant lines of a common symbiosis pathway gene,
calcium/calmodulin-dependent protein kinase (CCaMK),
had signiﬁcant impact on the rhizospheric microbiome
while testing under both paddy and upland ﬁeld conditions (Ikeda et al., 2011). That study showed a signiﬁcant decrease in the population of class A proteobacteria
(an environmentally ubiquitous group) in a recessive
homozygous (R) CCaMK mutant under both tested
conditions due to a crucial shift in the population of
its component orders: Sphingomonadales and Rhizobiales. Likewise, there was an increased abundance
of Anaerolineae (Chloroﬂexi), Clostridia (Firmicutes),
and a subpopulation of Actinobacteria (Saccharothrix
spp., unclassiﬁed Actinosynnemataceae) in R plants under
paddy and upland conditions.
In another study, Shakya et al. (2013) showed that a
high percentage (more than 90%) of operational taxonomic units (OTUs) speciﬁc to sampled mature Populus
deltoides trees from two watersheds of North Carolina
and Tennessee in two seasons (spring and fall) had the
dominant phyla Proteobacteria (56.1%), Actinobacteria
(17.5%), and Acidobacteria (10%). However, dominance
of Proteobacteria was replaced by Actinobacteria from
spring to fall in the Tennessee samples. The core rhizosphere OTUs were within the orders Burkholderiales
and Rhizobiales. This study further attempted to investigate the impact of host genotype and phenotype on community structure, where more than 40% variation of factors
was statistically unexplained and only approximately 20%
was signiﬁcantly contributed in two habitats of the tree
belowground: rhizosphere and endosphere. This study
did not directly explain any host-speciﬁc variance in rhizospheric bacterial community structure, instead postulating
an indirect inﬂuence of changing soil properties (through
rhizodeposits and exudates) that showed statistically
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signiﬁcant inﬂuence on the rhizospheric microbiome.
These studies (Ikeda et al., 2011; Shakya et al., 2013)
still pose open-ended questions. What are the speciﬁc
genes/alleles that control microbial communities?
And what are the speciﬁc host factors that are involved
in the orchestration of the microbial populations?
Therefore, the hypothesis that microbial community
composition could be related directly to host genotype
requires further appraisal based on a wider range of
plant genotypes.
Alteration in Host Signaling Pathways

In response to biotic and abiotic stress, plants activate
complex jasmonic acid (JA) and salicylic acid signaling
pathways that lead to localized and systemic defenses
(Dangl and Jones, 2001; Glazebrook, 2005; De Vos et al.,
2006; van Loon et al., 2006; Pozo et al., 2008; Pieterse
et al., 2012). The variation in the salicylic acid and JA
signaling defense pathways affects the abundance, diversity, and composition of the natural bacterial microbiome of Arabidopsis, and susceptible genotypes have a
higher abundance of microbial communities (Kniskern
et al., 2007). It was shown that activation of a plant’s JA
defense pathway signiﬁcantly altered the rhizosphere
microbial community (Carvalhais et al., 2013; for review,
see Ramamoorthy et al., 2001; Pieterse et al., 2003;
Lugtenberg and Kamilova, 2009). On the other hand,
production of a single exogenous glucosinolate signiﬁcantly altered the microbial community on the roots
of transgenic Arabidopsis (Bressan et al., 2009). Recently, the ﬁrst evidence of the recruitment of beneﬁcial
root microbes after aboveground herbivory and pathogenic bacterial attack was shown: aerial aphid feeding
and pathogenic microbial attack increased the population
of the nonpathogenic rhizobacterium Bacillus subtilis in
the rhizosphere of sweet pepper (Capsicum annuum) and
Arabidopsis plants (Rudrappa et al., 2008; Yang et al.,
2011; Lakshmanan et al., 2012; Lee et al., 2012). These
studies reveal a new type of interaction and raise the
question of how multiple herbivory/pathogen attacks
would affect the colonization of root-associated microbes.
These studies showed that even a minor modiﬁcation in
plant roots could have important repercussions for soil
microbial communities. However, the chemical cue that
triggers the increased colonization under aerial herbivory
has not been discovered yet.
Alteration in Root Secretions

Rhizodeposition represents approximately 11% of net
ﬁxed carbon and 27% of carbon allocated to roots (Jones
et al., 2009). This rhizodeposition contains both low- and
high-Mr compounds. The low-Mr compounds are more
abundant in exudates and include amino acids, organic
acids, phenolic compounds, simple sugars, and other
small secondary metabolites (Walker et al., 2003; Bais
et al., 2006). Root exudates generally vary substantially
between different plant species and genotypes and can

depend on a variety of factors, such as nutrient levels,
disease, stress, and even the microbial community itself
(Lankau, 2011). This variation in chemicals, such as chemotactic or signaling molecules to orchestrate changes in
microbial composition, may inﬂuence the composition
and dynamics of microbial communities (Shaw, 1991; de
Weert et al., 2002; Jain and Nainawatee, 2002; Horiuchi
et al., 2005; Bais et al., 2006; Badri and Vivanco, 2009;
Neal et al., 2012; Badri et al., 2013a). The secretion of
sugars and sugar alcohols is regulated by plant developmental stages, which may help to orchestrate the
assemblage of the rhizospheric microbiome on roots
(Chaparro et al., 2013, 2014). In addition, it was concluded that speciﬁc developmental stages in plants may
secrete different phytochemicals (Chaparro et al., 2014).
The speciﬁc role of root exudates in the shaping of the
rhizosphere is further conﬁrmed by showing different
groups of natural compounds derived from plant root
exudates synergistically modifying the root microbiome
(Badri et al., 2013b). The known components of cucumber
(Cucumis sativus) root exudates p-coumaric acid and
vanillic acid showed differential effects on the soil microbiome: p-coumaric acid increased the pathogenic fungal
taxa that degrades the p-coumaric acid (Zhou and Wu,
2012), while vanillic acid promoted the plant growthpromoting rhizobacteria Bacillus spp. (Zhou and Wu,
2013). Microbiome composition was also affected by
altering the composition of root exudates. Speciﬁcally,
this was done by increasing the phenolic compounds as
compared with sugars by creating an ATP-binding cassette transporter mutant in Arabidopsis (Badri et al., 2009a).
It was further supported by the reduction of phenolic
exudates in transgenic rice (inhibition of Phe ammonia
lyase gene expression) that resulted in decreased microbial
communities (Fang et al., 2013). The above-mentioned
studies supported the concept that plant root secretion
may play a strong role in shaping the rhizospheric community structure and function (for review, see Berendsen
et al., 2012; Huang et al., 2014).
In recent years, plant-microbe interaction studies
were carried out with speciﬁc plants and microbes,
and low-Mr organic acids in the root exudates, such as
L-malic acid, citric acid, and fumaric acid, were shown
to act as chemoattractants to establish root colonization
(Rudrappa et al., 2008; Lakshmanan et al., 2012;
Lakshmanan and Bais, 2013; Tan et al., 2013; Liu et al.,
2014). These studies suggest that biotic or abiotic stress
regimes may modify the secretion of organic acids in
the root exudates and attract speciﬁc microbes and alter
the structure and composition of the microbiome
(Broeckling et al., 2008; Houlden et al., 2008; Rudrappa
et al., 2008; Lakshmanan et al., 2012; Lakshmanan and
Bais, 2013; Tan et al., 2013; Liu et al., 2014). Tricarboxylic acids, such as malic acid and citrate, are suitable
carbon sources for many microorganisms (López-Bucio
et al., 2000; for review, see Pineda et al., 2010). Carbon
enrichment of the rhizosphere, especially carboxylate
excretion and acidiﬁcation at the root surface, might
have a strong impact on structuring rhizospheric microbial communities (Marschner et al., 2002).
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POTENTIAL IMPACT OF THE SOIL MICROBIOME
ON THE HOST: FROM GENOME TO PHENOME

The rhizospheric microbiome can impact plant growth
and development, as their interactions are coevolved and
coadapted over time and space (Bakker et al., 2012).
Microbiomes vary in composition, diversity, and abundance according to many factors. Consequently, the impact on the host also inﬂicts changes in the microbiome.
Interdependence and interplay between the soil microbiome, edaphic factors, and the host result in the overall
quality of plant productivity. Apart from being a
predictor of soil quality (Sharma et al., 2010), the soil
microbiome exerts increased disease suppressiveness
against pathogens with respect to elevated microbial
richness and diversity (Nannipieri et al., 2003; Garbeva
et al., 2004; Mendes et al., 2011). Mendes et al. (2011) analyzed and compared microbiomes of disease-suppressive
and -conducive soils (against Rhizoctonia solani) of sugar
beet. The soils were subsequently treated to remove
suppressiveness or mixed to obtain six different soil
types based on a PhyloChip-based metagenomic approach. Although there was no signiﬁcant difference
found in the number of OTUs (more than 30,000 in all),
the abundance of particular classes, which correlates to
the soil suppressiveness, showed signiﬁcant differences
between the different soil types. The major microbial
components of soil suppression found in this study include the g- and b-proteobacteria (Pseudomonadaceae,
Burkholderiaceae, and Xanthomonadales) and the
Firmicutes (Lactobacillaceae), especially more abundant
during R. solani infection, implying the possibility of a
host-induced microbiome to combat pathogenic attack.
This study was further extended by culture-dependent
methods, where one of the major Pseudomonadaceae
group members was shown to be antagonistic against
R. solani infection and tracked the key genetic element
as a nonribosomal peptide synthetase gene.
This study (Mendes et al., 2011) is particularly thorough,
as it applied concurrent analysis using both culturedependent and -independent approaches and demonstrated the ability of a sympatric soil microbiome to
increase Arabidopsis growth under drought conditions
(Zolla et al., 2013). Against the convention of a single
bacterial application to combat drought, this study
unraveled the importance of the soil microbiome as a
whole in alleviating drought stress. The study considered
analyzing both the drought-response genes in the host
and the molecular proﬁle of the soil microbiome involved
in the process. In the microbiome analysis, there were 33
genera in the core microbiome of Arabidopsis soil that
were already reported to be part of the core microbiome
of this species. Among them, the 14 OTUs were more
highly abundant in the Arabidopsis microbiome compared
with other nonsympatric (pine [Pinus spp.] and maize) soil
microbiomes. These 14 OTUs cover species including
Micromonospora, Streptomyces, Bacillus, Hyphomicrobium,
Rhizobium, Burkholderia, and Azohydromonas spp. Furthermore, it was concluded that various soil microbes
play a role in improving the host’s ability to sense and
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respond to drought. Another study, by Badri et al.
(2013a), has demonstrated the signiﬁcant effect of various
soil microbiomes (from different hosts) on the metabolome of Arabidopsis in response to herbivory. The
production of phenolics, amino acids, sugars, and sugar
alcohols (components of the leaf metabolome tested) is
signiﬁcantly altered by the application of various soil
microbes, in turn inﬂuencing the feeding of herbivores. In
particular, there was a positive correlation observed between the production of amino acids and the reduction in
herbivory. This allows us to speculate that such a connection and impact from belowground and aboveground
plant organs may not only be involved in herbivory but
also in manipulating other multitrophic interactions with
microbes, animals, and neighboring plant species.
There are some interesting pieces of evidence showing the signiﬁcant contribution of the soil microbiome to
plant community dynamics through a negative feedback mechanism (Janzen-Connell effect), leading to the
coexistence of strong and diverse competitors in close
proximity sharing an ecological niche (Bever, 2003;
Fitzsimons and Miller, 2010). This effect comes from
the negative impact of soil-borne pathogens and predators, which limits the establishment of a diverse plant
community, whereas the positive feedback is from host
mutualists, thus delineating both effects originating at
the multidimensional cost of virulence and mutualism
(Bever et al., 2012). There are both positive and negative
soil community feedback activities playing crucial roles
in the establishment of plant population structure. Some
studies have demonstrated the inevitable role of certain
endosymbionts (either arbuscular mycorrhizal fungi or
diazotrophs) in the initial establishment of species in a
new environment or community conversion due to positive
feedback, but likely leading to exotic species dominance
instead of establishing a diverse plant community
(Rejmanek and Richardson, 1996; Larson and Siemann,
1998; Klironomos, 2002; Fitzsimons and Miller, 2010).
However, this positive feedback will have a potential
role to play in an agricultural system, where single
monoculture crops are used instead of a diverse species
population. In contrast, through negative feedback, the
remnant whole-soil microbial communities from native
ecosystems can help achieve the restoration of native
plant communities. The plant diversity was well restored
in a tallgrass prairie by microbia-mediated negative
feedback from native plant soil (Fitzsimons and Miller,
2010). However, a separate study explored the microbial
community structure and composition (Rosenzweig et al.,
2013), and there were no connective studies between the
soil microbiome and ecological restoration projects.
Hence, these feedback mechanisms should be analyzed
along with microbiome structure and function by coupling metagenomics, which will enhance our knowledge
of the signature microbiome involved in such mechanisms. In addition, the negative feedback is almost essential to ecosystem restoration and engineering, which is
a serious global concern due to the pressure of global
warming and other growing anthropogenic activities
disturbing the integrity of many ecosystems. Sometimes
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the positive soil community feedback is also believed to
confer host-speciﬁc symbionts to certain species that are at
risk of extinction. On realizing the signiﬁcance of microbiomes as a whole, it is necessary to ﬁnd and design new
preservation techniques for those microbiomes. Since
techniques for preserving individual microbes are advancing, these improvements can be adopted and
modiﬁed accordingly to be used for the preservation of
the microbiome for both future applications and scientiﬁc experiments.
The endosymbiotic microbiome of a plant host is
another important resource of many functional genes
and metabolites, with speciﬁc roles established in host
stress tolerance, defense against pathogens, and nutrition.
The endosymbiotic microbiome, for its contribution toward stress tolerance, defense, and nutrient acquisition, is
often referred to as stress tolerance endosymbiotic systems, defensive endosymbiotic systems, and nutritional
endosymbiotic systems, respectively (White et al., 2014).
Interestingly, plants have evolved to extract nutrients
from endosymbiotic bacteria by either oxidative nitrogen
scavenging (especially from diazotrophs) or other phagocytic digestive systems (Paungfoo-Lonhienne et al., 2010;
White et al., 2012). Many of the endosymbiosis-based
activities occur at plant roots, due to their entangled
communications with the abundant soil microbiome,
which acts as a source to provide host-speciﬁc microbial partners. These observations ascertain that our
understanding of the evolutionary and functional signiﬁcance of the root endophytic microbiome is scant and
demands a lot more technological advancement in the
future. Both the epiphytic and endophytic microbiomes
may have signiﬁcant impact on plant growth and defense,

but studies in this area are scarce. This necessitates a timely
surge to expand our knowledge from metagenomics to
metaphenomics, which comprises the functional (phenotypic) components of the soil/rhizospheric microbiome
with regard to a plant host’s phenome. Furthermore, there
is increasing evidence demonstrating the effect of the
microbiome in metaorganisms for its role in shaping fundamental physiological phenotypes such as aging (Heintz
and Mair, 2014). The basic search in this direction will start
with phenome-based sampling of the microbiome and
subsequent scrutiny to address how the functional microbiome is shaped and how it connects to the plant host
phenome (Fig. 1). It was understood from earlier isolated experiments and applications of individual microbes (by their plant growth-modulating phenotypes
like nitrogen ﬁxation, phosphate solubilization, etc.)
that microbes play a role in shaping a host’s phenotype
(Fig. 2). Now, it is time to move forward from this
dissected approach to a holistic one, as it exists in nature.
IMPLICATION OF THE SOIL MICROBIOME ON
SUSTAINABLE AGRICULTURE AND
FOOD SECURITY

In order to feed a present population of 6.9 billion,
the world will need a new vision for agriculture. Delivering food security, the process of increasing food
production, and improving food quality to sustain
population growth without compromising environmental safety has been called a global green revolution
(Gupta, 2012). Sustainable agriculture development is
needed to mitigate these issues. The ultimate goal of
sustainable agriculture, according to the U.S. National

Figure 1. Rhizospheric microbiome composition based on a high-throughput analysis of three plant species, Arabidopsis,
maize, and rice (adapted from Ikeda et al. [2011], Lundberg et al. [2012], and Peiffer et al. [2013]). The possible involvement of
plant-derived factors involved in shaping the rhizospheric microbiome composition is shown. The usefulness and potential
applications of the microbiome to host phenome establishment are discussed. [See online article for color version of this figure.]
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Figure 2. Impact of single-isolate studies on model systems. To date, the majority of single-isolate studies have shown the
impact on plants of both biotic and abiotic stress regimes. The phenotypes induced by single-isolate treatments are encouraging, yet several fundamental questions remain unanswered and are discussed. A and B, Electron microscopic images of
B. subtilis FB17 (A) and a single isolate of Pseudomonas fluorescens (B). C and D, Visualization on biofilm of B. subtilis on
Arabidopsis roots (C) and P. fluorescens on potato roots (D). E and F, Phyllosphere-associated Methylobacterium spp. (E) and
endophytic Burkholderia phytofirmans strain PsJN-inside grapevine (Vitis vinifera; F). The dotted arrows show the application of
single isolates through roots or leaves. Image sources are as follows: B is from http://www.buzzle.com/articles/pseudomonasfluorescens.html; D is reproduced, with permission, from Krzyzanowska et al. (2012); E is reproduced, with permission, from
Kutschera (2007); and F is adapted from http://endophytes.eu. [See online article for color version of this figure.]

Research Council, is to develop farming systems that
are productive, proﬁtable, energy conserving, environmentally sound, conserving of natural resources, and
that ensure food safety and quality. It is our view that
the most promising strategy to reach this goal is to
substitute hazardous agrochemicals (chemical fertilizers
and pesticides) with environmentally friendly preparations of beneﬁcial microbes, which could improve the
nutrition of crops and livestock and also confer protection from biotic (pathogens and pests) and abiotic
(including pollution and climatic change) stresses.
There is a vast literature available for the identiﬁcation,
isolation, and utilization of microbes as a major substitute for chemical input for crop protection (for review, see Bhattacharyya and Jha, 2012; Doornbos et al.,
2012). Increasing the soil microbial species richness was
shown to be a predictor of plant health and productivity
(van der Heijden et al., 2008; Lau and Lennon, 2011;
Schnitzer et al., 2011; Wagg et al., 2011). The beneﬁcial
effects and mechanisms of microbes on plant health and
696

ﬁtness and their utilization in agriculture are widely
studied and documented (Higa and Parr, 1994; Horrigan
et al., 2002; Johansson et al., 2004; Bhattacharyya and
Jha, 2012; Chaparro et al., 2012; Wu et al., 2013). The
potential microbial isolates are formulated using different organic and inorganic carriers either through
solid or liquid fermentation technologies (summarized
in Table I). They are delivered as individual strains or
mixtures of strains through seed treatment, biopriming,
seedling dip, or soil application. Further optimization of
microbial isolates and the formulation process is needed
through extensive research to introduce them in sustainable agricultural practices. Apart from the application of individual microbes, identifying healthy and
functionally diverse microbiomes and their application
for enhancing crop yield represent another big and
necessary challenge to venture, after ﬁnding that the
whole microbiome is an essential and indispensable
portion, as being a second genome of the plant host, the
metaorganism.
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Table I. Commercial products of plant growth-promoting rhizobacteria in plant health and disease management
Bioagent

Trade Name/Formulation

Agrobacterium radiobacter strain K1026
A. radiobacter strain K84
Azospirillum brasilense/Azotobacter chroococcum
A. brasilense
B. subtilis MB1600
B. subtilis strain FZB24
Bacillus chlororaphis 63-28
Bacillus cereus BPO1
Bacillus pumilus GB 34
B. pumilus QST2808
B. subtilis GB03
Bacillus amyloliquefaciens GB99
Bacillus licheniformis SB3086
Burkholderia cepacia
P. fluorescens A506
Pseudomonas syringae ESC-100
Pseudomonas chlororaphis
Pseudomonas cepacia
Streptomyces griseovirdis K61
B. subtilis + B. amyloliquefaciens
Pseudomonas spp. + Azospirillum spp.

Nogall,
Galltrol, Diegall
Gmax Nitromax
Azo-Green
BaciGold, HiStick N/T, Subtilex
Rhizo-Plus, Serenade, Rhapsody, Taegro, Tae-Technical
AtEze
Pix plus
Concentrate; YieldShield
Sonata ASO, Ballard
Companion, System 3, Kodiak, Kodiak HB, Epic
Quantum 4000
EcoGuard, Green Releaf
Blue Circle, Deny, Intercept
BlightBan A506, Conquer, Victus
Bio-Save 10, 11, 100, 110,1000, and 10 LP
Cedomon
Intercept
Mycostop
Bio Yield
BioJet

CONCLUSION AND FUTURE PERSPECTIVES

The plant root microbiome is a complex community
formed by the organism that may be detrimental or
beneﬁcial to the host plant. Unfortunately, studies on
the interactions of host-beneﬁcial and host-pathogenic
organisms have been carried out in isolation. Experimental evidence is needed to understand the root
microbiome in plant health and how each plant is able
to control the composition of its belowground associates.
However, recent studies have focused on evaluating belowground microbial community diversity. Its inﬂuence
on host structure has advanced our understanding of
this exciting interaction (Bulgarelli et al., 2012; Lundberg
et al., 2012; Peiffer et al., 2013; Chaparro et al., 2014; for
review, see Chaparro et al., 2012; Turner et al., 2013a;
Huang et al., 2014; Spence et al., 2014). Furthermore,
scientiﬁc attempts are required to expand our molecular
understanding of the plant-microbiome interaction and
its impact on plant health and productivity. Still, the key
player(s) in terms of microbiome structure have not been
identiﬁed. Accordingly, there is a big gap in the identiﬁcation of the molecular components involved in the
interaction between the host plant and the microbial
population. Moreover, these recent microbiome analyses
tried merely to identify its structure and complexity
rather than to determine how these microbial assemblages
are altering the plant phenome, which is essential to explore toward its utilization. In addition, there would be
cross talk via signal transduction between aboveground
and belowground plant tissues that can be altered by an
external biotic or abiotic stress inﬂuencing the rhizospheric microbiome (Rudrappa et al., 2008; Yang
et al., 2011; Lakshmanan et al., 2012; Lee et al., 2012).
Plant health and ﬁtness are greatly impacted by the
microbiota, and this will continue to be an important

research area, considering that plant ﬁtness and crop
productivity need to be carefully monitored for food
security. A comprehensive understanding of the effects of
the microbes on staple crops will allow the development
of technologies that can exploit the natural alliances
among microbes and plants and provide new avenues to
increase yields beyond conventional plant genetics and
breeding. Conclusively, further scientiﬁc endeavors in the
direction of preserving, applying, and analyzing the
whole microbiome for improving plant health and stress
tolerance will ensure actualizing the human resources
and ﬁnancial and intellectual investments that we made
in studying microbiomes.
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