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Plants serve as host to numerous microorganisms. The members of these microbial

communities interact among each other and with the plant, and there is increasing

evidence to suggest that the microbial community may promote plant growth, improve

drought tolerance, facilitate pathogen defense and even assist in environmental

remediation. Therefore, it is important to better understand the mechanisms that

influence the composition and structure of microbial communities, and what role the

host may play in the recruitment and control of its microbiome. In particular, there is

a growing body of research to suggest that plant defense systems not only provide a

layer of protection against pathogens but may also actively manage the composition of

the overall microbiome. In this review, we provide an overview of the current research

into mechanisms employed by the plant host to select for and control its microbiome.

We specifically review recent research that expands upon the role of keystone microbial

species, phytohormones, and abiotic stress, and in how they relate to plant driven

dynamic microbial structuring.

Keywords: microbial community, jasmonic acid, salicylic acid, ethylene, keystone species, abiotic stress, biotic

stress, microbiota

1. INTRODUCTION

The sessile nature of plants limits their capacity to deal with an immediate and localized
disturbance, irrespective of whether the disturbance is caused by biotic or abiotic stress. It therefore
stands to reason that plants have evolved systems to manage the impact of these collective and
respective stresses. From a biotic microbial view point, plants play host to a number of organisms
that reside in the phyllosphere, endosphere, and rhizosphere, influencing how a plant reacts to its
environment. If viewed in the context of an ecological unit, the community of organisms is known
as the holobiont. Further incorporating the environment results in what is collectively known as
the phytobiome, where the possible plant-microbe-stress interactions are given in Figure 1.

The holobiont has a much greater evolutionary potential for dealing with biotic and abiotic
stress than the plant itself. Therefore, it is potentially more sustainable to manage abiotic/biotic
stresses in a holistic andmultifacetedmanner. The plant employs a combinatorially complex system
of receptors and signals to adapt to different stressors (Hacquard et al., 2017). Unraveling the
complexity of the system is not a trivial task, with researchers providing different perspectives for
elucidating a contextual understanding of the dynamics of plant-microbiome interaction.
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FIGURE 1 | Possible interactions in the phytobiome between the plant, abiotic stress, keystone microbes, and microbial communities. Illustrated are the respective

compartments of the holobiont, only the phyllosphere indicates keystone microbial interaction though the other compartments may have the same type of

interactions. The phyllosphere may also be epithytic or endophytic. The cross-interaction between different compartments may be mediated at a community level, or

by means of individual (keystone) microbes. In addition, the plant may also interact with whole communities or by means of individual microbes.

The improved understanding of the interactions between
the plant and its microbiome has broadened our knowledge
on the capabilities of the plant to influence its microbiome
and vice versa. In interacting with its microbiome, plants have
the capacity to release chemical signals into their environment.
The signals can either have a positive or negative effect on
other plants or members of the microbiome. Root exudates,
comprised of allelochemicals, have been associated with signaling
in plant-microbe interaction and can also facilitate plant to
plant communication (Bais et al., 2004). Exudates with potential
allelopathic properties can help the plant both positively and
negatively select for members of their phytobiome (Bertin et al.,
2003; Sasse et al., 2018), allowing the plant to establish a
rhizosphere and soil microbiome that may also be beneficial
or detrimental to other plants and microbes. The concept of
influencing the plant phytobiome has also been explored in
biocontrol strategies, e.g., strategies against nematodes (Stirling,
2017). The ability of the plant, together with individual members
of its microbiome, to control and shape the overall microbiome
influences a plant’s growth and stress response. A better
understanding of the resultant interplay between defense and
control may allow for an optimized holobiont that can benefit,
among others, agricultural and bioremediation efforts (Ojuederie
and Babalola, 2017; Pappas et al., 2017; Ab Rahman et al., 2018).

The microbes that a plant hosts are broadly classified
as pathogenic or non-pathogenic. The nature of the non-
pathogenic interaction may be beneficial, mutualistic,
commensal, or neutral and pathogenic interactions may be
parasitic or amensal. The plant can play host to biotrophs, who
receive nourishment from a living host cell, necrotrophs, who
receive nourishment from a dead host cell, and hemitrophs,
who switch between the different nourishment states (see
Figure 2). The nature of plant-microbe relationships and
the ability of the plant to influence select neighbors may
potentially benefit the plant’s own growth or defense (Bulgarelli
et al., 2013; Mikiciński et al., 2016). Nutritional deficiencies
in the plant can also alter the transcriptional profile of its
microbiome and thereby mitigate the impact of nutritional
stress (Carvalhais et al., 2013). Additionally, the plant’s
abiotic stress tolerance and disease resistance may not
be a mutually exclusive processes. For example, common
mechanisms exist between phytohormone-based pathogen
defense responses and the plant’s ability to tolerate drought
and salt stress (Cho et al., 2013; Huang et al., 2018). At
a community level, evidence suggests that the ability of
the plant host to shape its microbial community may also
serve as an additional layer of defense to disease and stress
(Hacquard et al., 2017; Berendsen et al., 2018).
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Interaction between plants and microbes has generally been
studied with respect to individual (or small collections of)
microbes. Additionally, the focus has often been on how the
microbe negatively or positively impacts the plant and not how
a plant may influence the selection of microbes under biotic
or abiotic stress. However, there is dynamic feedback between
a plant and a microbe that may impact the plant’s microbial
community (Bever et al., 2012). The reciprocal nature of the
interactions between the plant and its microbial community
is poorly understood. It is therefore not only important to
determine how individual microbes may impact the plant,
but also how the plant may impact its community. There
is also evidence to suggest that the plant itself may not be
the only determinant in microbial diversity, suggesting the
environment and abiotic factors are also important to consider
when identifying plant-microbial interactions (Kennedy et al.,
2004; Whitaker et al., 2018). There is still much that we can
learn about the interplay between the different elements of
the phytobiome, including (1) how do the individual microbes
influence the plant-mediated structure, (2) how can the plant
shape its microbiome through signaling and nutrient availability,
and (3) what role does the abiotic stress play in the plant’s ability
to influence microbial community members and structure? We
review recent contributions to the understanding of the impact
that keystone members of the microbiome may have on the
plant and other community members.We also review the current
understanding of the extent to which a plant may shape its
microbial community. Finally we look at how abiotic stress
on the plant influences the microbial community. Each of the
mechanisms that a plant employs to interact with its microbial
community and abiotic stresses is part of a complex dynamic
system that influences plant growth and stress tolerance.

2. KEYSTONE MICROBIAL SPECIES

Improving our ability to manipulate plant phenotypes, including
growth, is of great interest for agricultural, industrial, and
ecological restoration efforts, among others. Understanding the
mechanisms that underpin pathogen resistance, abiotic stress
tolerance, and range shifts (including the ability to establish
crops in marginal agricultural land) is of particular importance
in the face of shifting climate conditions. An important
mechanism through which a plant shapes its microbiome
and larger ecosystem is through interactions with keystone
microbial species. The concept of keystone species was developed
by ecologist Robert T. Paine (Paine, 1966, 1969) and has
since been applied to many different fields and with varied
meanings. The classical idea of a keystone is attractive because
it represents a top-down mechanism of ecosystem control that
humans can potentially understand and manipulate (Busby
et al., 2017; Trivedi et al., 2017; Hamonts et al., 2018). A few
well-known macroecological examples in which keystones play
important roles in stabilizing species diversity and ecosystem
function are marine rocky intertidal zones dominated by the
top predator starfish Pisaster ochraceus (Paine, 1966), riparian
habitats dominated by extended Populus phenotypes (Whitham

FIGURE 2 | Diagram of plant-microbe symbiosis, excluding negative effects

on microbes. Circle nodes in the diagram indicate microbes, square nodes

indicate the plant. Positive effects are indicated with “+,” negative effects with

a “−,” and neutral effects by a “o”.

et al., 2003), kelp forests that disappear without otters (Estes
and Palmisano, 1974), and the very landscape of Yellowstone
National Park following the reintroduction of gray wolves
(Ripple et al., 2001).

Interest in applying the keystone species concept to microbial
communities and the plantmicrobiome has grown in recent years
(Meyer and Leveau, 2012; Ze et al., 2012; Berry and Widder,
2014; Copeland et al., 2015). In the phytobiome, the concept
of a keystone is attractive as a means of understanding how
the plant controls its microbiome. Several authors have used
computational network approaches and experimental methods to
identify putative keystones. However, few studies have attempted
to validate the role of putative keystones. Moreover, investigation
of the mechanisms by which a plant recruits a keystone
microbe for the purpose of manipulating its microbiome and
larger ecosystem has only recently begun. Early studies show
promising results and suggest that further research into keystone
species recruitment would contribute significantly to the fields of
sustainable agriculture, conservation, and ecological restoration.

2.1. Identification and Validation of
Keystone Species
Identifying and validating keystone species is inherently complex.
By definition, classical keystones increase alpha and beta diversity
and stabilize ecosystem function via top-down mechanisms and
are typically described as being rare or low in abundance,
having few direct interactions with other community members.
In the phytobiome, keystones are theorized to play vital roles
in helping establish the core microbiome (Harrison et al.,
2018). In contrast to members of the core microbiome, for
which low-level taxonomic composition may vary but ensemble
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function is conserved (Lemanceau et al., 2017), keystones
perform unique functions inherently tied to their identity. While
core microbes also perform important functions for the host
plant and its community, removal of a core member does not
necessarily lead to dissolution of the community. The keystone’s
status as a community linchpin means its functional role and
very presence are often difficult to separate from those of
its community members—a “control” community without the
keystone simply does not exist or function in any comparable
fashion. Furthermore, identifying low abundance and rare
microbes that exert top-down control or have an otherwise out-
sized effect on community structure requires deep or single-
cell sequencing of soil and plant samples (Oberholster et al.,
2018). However, currently used statistical methods filter out
low abundance taxa and those not present in the majority of
samples to avoid biasing analyses (Berry andWidder, 2014; Agler
et al., 2016; Duhamel et al., 2018; Oberholster et al., 2018), thus
rare taxa recovered by deep sequencing are likely to be pruned
a priori.

Some studies have taken the approach of focusing on
organisms previously theorized to be keystones and then
attempting to characterize the putative functional role they
fulfill in the community (Agler et al., 2016; Duhamel et al.,
2018), while others approach the problem from the opposite
direction by seeking out rare organisms that could be candidates
for carrying out well-studied functions of interest (Ze et al.,
2012). These approaches essentially utilize the classical keystone
concept to narrow the hunt for the needle in the haystack.
While these studies clearly demonstrate that microbes do
fulfill “classical” keystone roles, it is likely that a broader
or more flexible definition will become necessary as research
in this arena progresses; the “classical” keystone model was
developed within the macroecological realm and therefore
may not sufficiently encapsulate uniquely microbial keystone
characteristics (Meyer and Leveau, 2012). This unexplored
frontier means that attempting to find new keystone taxa—
particularly in uncharacterized systems—is difficult because the
characteristics and roles unique tomicrobial keystones are largely
unknown at this stage. In contrast to description of keystones
at the macroecological scale, recent studies have found evidence
that microbial keystonesmay be ephemeral, performing a specific
function in a particular environment or developmental stage,
but playing a less prominent role in others (Duhamel et al.,
2018; Oberholster et al., 2018). For example, many vertically
transmitted microbes that are dispersed on seed surfaces (such as
Alternaria fulva onAstralagus lentiginosus seeds) fulfill important
roles in early holobiont development that affect the long-term
composition of the phytobiome (Harrison et al., 2018).

Interest in using co-occurrence networks to identify putative
microbial keystones has been rapidly growing (Berry andWidder,
2014; Copeland et al., 2015; Agler et al., 2016; Banerjee et al.,
2018). Such networks are often created by calculating the
correlation of pairwise OTU abundances. Several papers have
used computational methods to identify network microbial
“hubs” (OTUs that have a high number of connections within
the community). However, hub taxa are not necessarily keystones
(Berry and Widder, 2014; Rottjers and Faust, 2018). Using

co-occurrence as a proxy for biologically meaningful interactions
is problematic. Understanding microbiome interactions relies
upon properly identifying the true sphere and scale in which
interactions take place. The lack of directly observed interactions
presents an immense challenge because the niches which
partition true interaction from mere co-occurrence are an
unknown prior and vary greatly, often in ways not understood
by researchers. For example, the interior of a single leaf presents
a multitude of ecologically distinct microhabitats. Among niches,
microbes may have few or zero interactions but still “co-occur”
because they are present in the same macrohabitat, i.e., the leaf
(Berry and Widder, 2014; Hamonts et al., 2018). Nevertheless,
in uncharacterized microbiomes, network methods can offer
valuable insight regarding community dynamics and serve as a
first step in the process of identifying the keystone taxa that serve
as the linchpins in community structure.

2.2. Evidence for Plant-Driven Keystone
Interactions
The majority of studies on microbial keystones have not
investigated the mechanisms underpinning host interactions,
perhaps because methods to explicitly identify and validate the
effects of keystone species are still largely under development.
However, there appears to be promising evidence that plants
are actively recruiting keystone microbes. Using a combination
of field experiments and network analyses to investigate the
rhizosphere communities of sunflower and sorghum crops,
Oberholster et al. (2018) identified 47 hub taxa and putative
keystone microbes deemed to be necessary for maintaining
network structure, including Proteobacteria, Rhizoplanes,
Flavisolibacter, Povalibacter, Nitrososphaera, Lysobacter, and
Sphingomonas. Although investigating plant-keystone-species
interactions was outside the scope of the study, Oberholster et al.
(2018) found that the abundance of taxa in the rhizosphere varied
with soil chemistry and plant developmental stage. Furthermore,
changes in soil chemistry were correlated with plant species and
plant developmental stage. Phylogenetic diversity of the sorghum
rhizosphere was significantly correlated with soil carbon and
nitrogen concentrations, whereas sunflower rhizosphere
diversity was correlated with potassium, calcium, magnesium,
and phosphorus. Together they suggest that differences in plant
root exudates likely contributed to the structure of rhizosphere
communities, potentially through putative keystone taxa.

Despite the fact that formal investigation of keystone species is
still in early days, mycorrhizal fungi have long been recognized as
playing an essential role in structuring the microbiome of plant
hosts. Both arbuscular mycorrhizal (AM) and ectomycorrhizal
(ECM) fungi have been described as keystone species (Gamper
et al., 2010; Soka and Ritchie, 2015; Oberholster et al., 2018), and
much can be drawn from mycorrhizal fungal host interactions.
Duhamel et al. (2018) found a strong association between
plant species and rhizosphere communities in greenhouse and
field experiments. In greenhouse experiments in which three
plant species (Pinus muricata, Baccharis pilularis, and Ceanothus
thyrsiflorus) were planted in media containing a tripartite mix
of soils from each plant’s native range (and thus each plant’s
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native microbial community), the final composition of each
plant’s microbiome most strongly resembled that of each host
plant’s native range. The significant similarity in community
structure between greenhouse and native soils supports the idea
that plants can play an active role in selecting their microbiome
structure. In agreement with Oberholster et al. (2018), Duhamel
et al. (2018) found that community composition and keystone
prominence changed over time. For example, members of the
genera Rhizopogon and Suillus (both belonging to Suillineae) are
keystone mutualists; these ECM basidiomycetes are abundant
during development of P. muricata seedlings and under
conditions similar to those that occur during range expansion,
but are rare during other phases such as in well-established
monodominant stands. Although the mechanism by which P.
muricata recruits keystones such as Suillus pungens was not
investigated by Duhamel et al. (2018), the obligate relationship of
Pinus species with ECM has long been of interest. Suillus species
in particular have been shown to facilitate Pinus invasions, as
was demonstrated for S. luteus and P. contorta (Hayward et al.,
2015). Kikuchi et al. (2007) found that S. bovinus germinated
when co-cultured with P. densiflora, and could be induced to
germinate in the absence of the host by treatment with flavonoids
previously reported from root exudates, including hesperidin,
morin, rutin, quercitrin, naringenin, genistein, and chrysin. Liao
et al. (2016) found that relationships between members of Pinus
and Suillus were species-specific, and that compatible Pinus and
Suillus pairings elicited expression of unique gene sets including
genes related to production of fungal small secreted proteins
and host leucine-rich repeat-containing R proteins. Moreover,
the JA and ET pathways were found to be upregulated during
incompatible pairings (but interestingly, SA was not).

In contrast to beneficial keystones that increase microbial
alpha and beta diversity (Herren and McMahon, 2018),
pathogenic keystones tend to reduce diversity. Agler et al. (2016)
found a significant correlation between the obligate biotrophic
oomycete Albugo laibachii and host genotype in Arabidopsis
thaliana. The authors found that phyllosphere alpha and beta
diversity were dramatically reduced following infection. Similar
to the effects of beneficial keystones, community structure was
stabilized in infected hosts relative to pathogen-free hosts. Agler
et al. (2016) did not investigate the mechanisms involved in
susceptibility or resistance toA. laibachii; however, closely related
A. candida has been shown to alter host metabolism in A.
thaliana (Chou et al., 2000). Ruhe et al. (2016) showed that
rather than killing the host or severely decreasing fitness, A.
laibachii maintains a level of infection that is tolerable to the
host. Additionally, there is evidence that A. laibachii is largely
able to tolerate host defense mechanisms and suppresses only
a small portion of host activity. Ruhe et al. (2016) reasoned
that the immune tolerance is an adaptation over non-host
evolved pathogens that would serve as competitors to A. laibachii
or kill the host. Even though A. laibachii is classified as a
pathogen due to predominantly negative effects on the host,
leaving the host’s defense response intact to compete against
more virulent pathogens has a less negative impact on A.
thaliana. Furthermore, the “keystone” role of A. laibachii is in
stabilizing the post-infection community composition, which

prevents other pathogens from invading while plant immunity
is already compromised.

In consideration of the challenges associated with identifying
and validating keystone species, it is not a surprise that there is
a shortage of studies investigating plant-driven mechanisms for
recruiting or maintaining relationships with keystones. However,
some inferences can be made based on previous studies that
investigated host mechanisms with regards to a single organism
or a simple community (many of which will be described in
subsequent sections and should influence the future direction of
keystone research). Synthetic (constructed) communities offer a
promising avenue for isolating host mechanisms (Bodenhausen
et al., 2014). Niu et al. (2017) constructed a seven member
synthetic community on maize roots and discovered through
iterative removal of members that the community collapsed
without Enterobacter cloacae. In addition, when the community
was intact, it functioned to suppress Fusarium verticillioides. Niu
et al. (2017) did not investigate the host mechanisms involved
in these interactions, but we argue doing so is a natural next
step that will yield valuable fundamental information. Although
simplified communities are likely to miss some important host-
microbe dynamics, they are a good place to start for gaining
basic understanding. In addition, the use of microfluidics can
facilitate the dissection of complex plant-microbe interactions by
facilitating the fine-scale manipulation and imaging of real-time
plant recruitment of and colonization by microbes (Massalha
et al., 2017; Stanley and van der Heijden, 2017). Furthermore,
microfluidic methods allow plant exudates, phytohormones, and
internal signaling cascades to be characterized using proteomic,
transcriptomic, and other techniques to gain new insight into
host mechanisms that operate at specific spatial-scales. To
date, these methods have largely been used to study culturable
microbes. However, the use of ensemble culturing techniques
such as those used by Agler et al. (2016) could facilitate study of
unculturable and rare taxa, which would provide more nuanced
and realistic insights into holobiont dynamics. Furthermore,
the use of such techniques in combination with time-series
experiments would inform how plant recruitment of keystones
varies with developmental stage, which would in turn improve
our understanding of the core microbiome changes over time.

3. PLANT DEFENSE MODULATION OF THE
MICROBIOME FROM A HOST GENE AND
PHYTOHORMONE PERSPECTIVE

Concepts such as evolutionary pressure and dynamical feedback
have shaped our understanding of plant-microbe interactions.
A recognized hypothesis of the plant immune system, referred
to as the zigzag model, characterizes the defense response as
a successive pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI), set of responses. PTI is viewed as the
first line of defense and involves protein recognition receptors
(PRRs) on the cell surface. PRRs bind often conserved microbial
compounds referred to as microbe (pathogen) associated
molecular patterns, or MAMPs (PAMPs). The binding of
microbial compounds by PRRs then elicits a signal cascade
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of defense responses that inhibit microbial growth. ETI is the
second line of defense, comprised of intracellular resistance (R)
genes that contain nucleotide binding leucine rich repeat (NB-
LRR) domains. Resistance genes code for proteins that bind
microbial virulence effector proteins. Binding of the effector
proteins then triggers a signal cascade that often results in cell
death. PTI can be evaded by the microbe, eliciting successive
ETI responses. ETI responses can also be evaded by the microbe,
creating an evolution of responses by the plant and evasion
by the microbe. However, the model views the PTI and ETI
responses as distinct, and implicitly views the PTI responses as
more conserved evolutionary than the ETI. The standard PTI-
ETI model contradicts observations indicating that PRR may
evolve similarly to R genes, and that certain R genes may play
a similar role to PRR genes (Cook et al., 2015). The review by
Cook et al. (2015) suggests that the plant immune system is an
interacting set of co-evolving responses that occur both within
and outside the cell, and is a response that involvesmultiple signal
cascades. Phytohormones are a fundamental part of the resultant
defense signal.

General defense related phytohormones form part of what is
referred to as the plant’s systematic acquired resistance (SAR) and
induced systemic resistance (ISR) (Pieterse et al., 2012; Fu and
Dong, 2013).

Of the various phytohormones, ethylene (ET), jasmonic acid
(JA), and salicylic acid (SA) have been classically characterized
in some plant defense role (Pieterse et al., 2012) and have
been shown to preferentially impact certain bacterial phylla in
a community (Carvalhais et al., 2014). There is an emerging
interest in the potential of phytohormones to shape the plant’s
microbial community. Given the importance of the microbial
community in plant defense, growth, and sustainability, it
is therefore important to understand the hormone-microbial
dynamic. We therefore describe recent evidence toward the
role of ET, JA, and SA in shaping the microbiome community.
Additionally, we look at research into the interplay of the
respective hormone biosynthetic pathways and how they may
assist in microbial colonization of the plant.

3.1. Ethylene
Originally shown in oats Avena sativa and broad bean, Vicia faba,
the volatile hormone ET influences plant growth (Laan, 1934),
with many further studies further characterizing the role of ET
on plant growth and development (Burg and Burg, 1966; Smalle
et al., 1997; Sukumar, 2010). The role of ET in plant defense was
suspected due to a measured increased in ET biosynthesis during
early PTI response in Nicotiana tabacum (Bailey et al., 1990;
Sharon et al., 1993). It later became evident that ET signaling was
required for the expression of the receptor kinase (FLS2) which
binds bacterial flagelin (flg22) in A. thaliana and thereby triggers
the defense response (Mersmann et al., 2010). ET has also been
shown to be involved with stress tolerance (Thao et al., 2015).
There has been emerging interest in characterizing the role that
ET may play in not only defense from an individual microbe,
but also in how ET influences the community (Nascimento
et al., 2018). Mutant A. thaliana lines have provided an ideal
framework to work toward characterization of ET.

A synthetic community approach was used in A. thaliana to
determine host genetic factors that may influence phyllospheric
bacterial community structure (Bodenhausen et al., 2014).
Bodenhausen et al. found that ET-insensitive mutants, which
possessed a mutation in the EIN2 gene, displayed a significant
shift in the bacterial community structure at the genus level. They
identified an increase in the relative abundance of Variovorax,
a genus consisting of the metabolically diverse gram negative
Variovorax pardoxus (Han et al., 2011). It is difficult to determine
if increased abundance is directly associated with ET, or if
it is mediated by pathway cross talk, especially given that
Bodenhausen et al. observed a significant decrease in Variovorax
abundance in the SA-insensitive mutant.

Another experiment involving ein2 mutants also showed a
shift in the rhizosphere bacterial community composition in non-
autoclaved soil (Doornbos et al., 2011). However, the result was
not observed in autoclaved recolonized soil. The recolonization
of the autoclaved soil in particular consisted of either species
that survived the autoclave process or those species in the
surrounding environment, indicating that the initial microbial
community composition may play a role in the capacity of
ET to influence microbial structure. While the aforementioned
hypothesis was not explored in Doornbos et al. (2011), they did
observe supporting evidence in that bacterial community shifts
were observed prior to disease symptoms, and no significant
differences were observed in the absences of defense signaling.
The latter indicates that a potential selective pressure triggering
a defense response may be required to observe ET-mediated
microbial community shifts. An early shift in community before
disease symptoms may be justified in that ET is known as
a potential early response signal (Mersmann et al., 2010).
Therefore, an existing microbial community may provide the
necessary pressure to elicit an ET response that can shape the
community structure.

There is evidence to suggest that genotype effect on root
microbiome is much weaker than the potential effect on
the leaf microbiome (Wagner et al., 2016). While the full
genotypic differences were not fully characterized in the Wagner
et al. study, it was determined that leaves and roots differ in
glucosinolate concentrations. Glucosinolate may be regulated by
JA and ET signaling during rhizobacterial colonization (Pangesti
et al., 2016). Therefore, glucosinolate secondary metabolites may
provide a possible strategy for microbial community selection.

3.2. Jasmonic Acid
The role of JA in plant defense was first described as part
of an infection-mediated wound response (Farmer and Ryan,
1992). Other associations to wound healing and herbivory-
related defense have since been observed for components of the
lipid-derived hormone’s biosynthetic pathway (Li et al., 2005;
Schilmiller et al., 2007; Koo et al., 2009; Christensen et al., 2013).
JA has also been associated with plant necrotroph defense (Plett
et al., 2014; Wei et al., 2016).

There is evidence to suggest that the phytohormone JA
may have the capacity to shape the root microbial community
by means of root exudates (Bertin et al., 2003; Sasse et al.,
2018). In particular, evidence of root-associated allelopathic and
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chemotactic negative and positive selection for constituents of the
microbiome has been discussed in Bais et al. (2004). Arabidopsis
thaliana knock-out mutants myc2 and med25 were shown to
have disrupted JA signaling pathways that result in attenuated
wounding, herbivory, and defense responses as well as altered
root exudate profiles (Carvalhais et al., 2015). Carvalhais et al.
found correlations between specific exudate concentrations and
the abundances of several bacterial microbes. While the roles of
these exudate compounds in shaping the microbial community
are not yet fully understood, compounds such as tryptophan
and fructose are chemotactic to several bacteria (Ordal et al.,
1979; Yang Y. et al., 2015). One way JA might facilitate host-
driven selection of the plant microbiome is by fine tuning the
concentrations of root exudates that attract various microbes.

Furthermore, a recent root exudate study in maize found
benzoxazinoids, which is regulated by JA, exhibited the capacity
to alter the composition of the microbial community (Oikawa
et al., 2001; Hu et al., 2018). Here, Hu et al. also experimented
with the effect of benzoxazinoid inoculation on soil, which
identified improved herbivory defense, exhibited genotype
dependent growth reduction, and increased levels of JA. It has
previously been shown that benzoxazinoids are chemotactic
for Pseudomonas putida KT2440, which elicit JA priming and
thereby resistance to particular fungi (Neal et al., 2012; Neal
and Ton, 2013). A differential secondary metabolite analysis
of genotype root exudates in Monchgesang et al. identified
differential concentration of glucosinolate, SA catabolites, and
dihydrohydroxy JA, indicating JA associated genotypic influences
on root exudation (Mönchgesang et al., 2016). JA’s influence
of root exudates may in turn influence the rhizosphere
microbiota, given the strong correlation between genotype root
exudation and the rhizosphere bacterial community structure
(Micallef et al., 2009). However, direct experimentation is
needed to test JA’s influence and better understand the potential
mechanisms involved.

3.3. Salicylic Acid
The role of SA in plant defense was first described in
tobacco, against tobacco mosiac virus (White, 1979), where
supplementation of diluted aspirin induced a defense response.
SA has since been described as an important component in plant
defense signaling (Shah, 2003). It is believed that SA forms part
of the plant’s defense strategy against biotrophes, as opposed to
necrotrophes which are more associated with the JA and ET
pathways (Glazebrook, 2005).

In its capacity to regulate the microbiome, SA has been shown
tomodulate the composition of the rootmicrobiome at the family
level in A. thaliana (Lebeis et al., 2015). Arabidopsis knockout
mutant lines were used, where essential components of the SA,
JA, and ET pathways were targeted. Expectedly, mutants with the
three respective pathways knocked out showed a lower survival
rate. Apart from the microbial compositional shift, it was shown
that certain bacterial endophytic families may actually require
SA-related processes to colonize. Exogenous supplementation
of SA resulted in an observed altered microbial community
profile indicating potential SA-mediated preferential selection for
microbial families (Lebeis et al., 2015). Treating ginsing with

phenolic acids over a six-year period resulted in rhizosphere
fungal community shifts (Li et al., 2018). Li et al. observed
dramatic relative abundance changes of taxa at both the genus
and phylum levels, with SA-associated changes significantly
different from control. However, a study in wheat observed
no significant SA-induced root microbial diversity shifts in a
72 h time window (Liu et al., 2018). There is recent evidence
examining the heterogeneity of the SA pathway, whereby in
wheat the induction of SA may result in various different
chemical and even physiological responses (Gondor et al., 2016).
It is therefore unclear whether the underlining mechanism is
temporal-, genotype-, or community-specific.

3.4. Cross-Talk and the Interplay Between
Pathways
Given the potential capacity of ET, JA, and SA to modulate
the microbiome, it is often unclear how much cross-talk there
is between pathways; however, there is evidence of significant
interplay between the respective defense pathways (Koornneef
et al., 2008; Diezel et al., 2009; Song et al., 2014; Yang Y.X.
et al., 2015). The interplay of phytohormones can be antagonistic,
with microbes being able to exploit the antagonism to facilitate
colonization and thus evade host defense responses (Jacobs
et al., 2011; Plett et al., 2014; Jha et al., 2018). The microbes
themselves may utilize effector molecules to actively manipulate
the phytohormone pathways and elicit antagonism between the
pathways (Kazan and Lyons, 2014). The classical interpretation
of the interplay between JA, SA, and ET is reviewed in Yang
Y.X. et al. (2015). Unfortunately, little has been done thus far
in untangling the potential pathway interaction and their effect
on the microbial community. Here we therefore discuss recent
evidence that may suggest the capacity of pathway cross-talk to
manipulate and shape the microbiome.

As indicated above in the study of Bodenhausen et al.
(2014), a statistically significant difference was observed in
Variovorax abundance in both the ET and SA associated
A. thaliana knockout mutants. There is the potential
that Variovorax abundance is actually managed by the
interaction between these respective pathways, given that
ET and SA generally have a positive interaction and that
Variovorax has been shown to be positively correlated with SA
(Badri et al., 2013; Yang Y.X. et al., 2015).

The phytohormone abscisic acid (ABA) is well-known in its
role in drought stress, salinity stress and as a modulator of plant
defense signaling. It has been shown to negatively impact the SA-
associated defense pathway, both positively and negatively affect
JA-associated defense, and has been shown to affect ET-associated
pathogen defense (Pieterse et al., 2012; Takatsuji and Jiang, 2014).
In potting soil, exogenous application of ABA has resulted in
preferential selection for Cellvibrio, Limnobacter, and Massilia
microbes at the genus level (Carvalhais et al., 2014). However,
cross-talk between ABA and the other phytohormone defenses,
in terms of the effect on whole microbial communities, is largely
still unexplored. Additionally, the mechanism of ABA’s affect
on whole microbiomes is poorly understood. Certain microbial
species have been shown to leverage ABA cross-interaction
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either by producing ABA or effecting ABA biosynthesis, thereby
effecting plant-microbe dynamics (Jiang et al., 2010; Ho et al.,
2013; Takatsuji and Jiang, 2014).

4. ABIOTIC PLANT STRESS AND THE
IMPACT ON MICROBIAL COMMUNITIES

Environmental stressors, including drought stress, temperature
stress, and salinity stress, impact plant development, metabolic
activity, and the ability for the plant to interact with
its phytobiome. The altered phytohormonal signaling and
community structure alters the plant’s ability to resist stress,
resist disease, and alters the capacity for nutrient acquisition
(Hawkes and Connor, 2017). While many studies have been
performed on the response of the microbiome to abiotic stress
and the potential beneficial and deleterious effects on the host, it
is less clear how the host influences its microbiome under abiotic
stress conditions.

4.1. Drought Stress
Drought stress has a significant impact on plant growth,
development, metabolism, and mortality (Allen et al., 2010).
Changes in the host in response to drought, in addition
to changes in environmental conditions, induce plant-specific
(Naylor et al., 2017) and compartment-specific (Santos-Medellín
et al., 2017) selection of microbial communities; however, many
drought responses, including changes in the microbiome, are
conserved across species (Naylor et al., 2017) and soil types
(Santos-Medellín et al., 2017).

Actinobacteria is commonly enriched in drought across a
wide range of different compartments and plant species (Naylor
et al., 2017; Santos-Medellín et al., 2017; Garcia et al., 2018;
Timm et al., 2018; Xu et al., 2018). In Sorghum, drought
causes developmental delays in the root microbiome, selecting
for monoderms (Xu et al., 2018). During drought, there was
an association between increased carbohydrates in the roots
and increased carbohydrate transporters in Actinobacteria (Xu
et al., 2018), suggesting altered root metabolites may play a role
in selecting certain species. Additionally, monoderms are less
affected by the increase in ROS by the plant during drought stress,
relative to diderms (Shade et al., 2012). Host ROS metabolism
genes were shown to be associated with Streptomyces (a genus of
Actinobacteria) in Populus leaves (Garcia et al., 2018), potentially
showing a more universal drought association between the host
and its phytobiome. ROS metabolism has been shown to be a
general change across species, omics levels, and compartments
in drought (Fang et al., 2015; Abraham et al., 2018; Garcia et al.,
2018; Zandalinas et al., 2018) that has impacts beyond that
of Actinobacteria.

ROS metabolism transcription and defense response
transcription are correlated during drought with a variety
of taxa including Rhizophagus and nematodes (Garcia et al.,
2018). ROS have been shown to modulate the host microbiome,
including mitigating nematode infection (Nath et al., 2017) in
soybeans (Beneventi et al., 2013) and in tomatoes (Vos et al.,
2013). ROS have also been show to be beneficial in regulating

rhizobial symbiosis in Medicago truncatula (Andrio et al., 2013).
In addition to ROS, other hormones with defense affecting
properties, such as ABA, are able to alter the host microbiome.
ABA is upregulated in drought in a variety of plants, including
Populus, Arabidopsis, Sorghum, etc. (Daszkowska-Golec, 2016;
Sah et al., 2016; Kalladan et al., 2017; Garcia et al., 2018).
Upregulation of ABA is associated with increased disease
susceptibility in a variety of plants (Xiong and Yang, 2003; Gao
et al., 2016; Pye et al., 2018). However, the plant’s ability to
withstand disease under stress has been shown to be plant- and
disease-specific (Sinha et al., 2016). Furthermore, combined
drought and disease stress has been shown to have an increased
ability to mitigate disease (Pandey et al., 2015).

Metabolite production and exudates of the plant, including
carbohydrates, amino acids, and other nutrients, are altered in
response to drought stress (Bouskill et al., 2016; Tripathi et al.,
2016; Abraham et al., 2018; Timm et al., 2018). Under more mild
drought conditions, rhizodeposition is increased, while under
more severe drought conditions, rhizodeposition is decreased,
causing the exudate profile to be related to the severity of the
drought experienced (Preece and Peñuelas, 2016). The change
in metabolite profile with the plant also correlates with changes
in the bacterial community, with root community composition
in Arabidopsis shown to be dependent on the exudate profiles
of the host plant (Badri et al., 2013). Under drought, an
increase in hydrolytic enzymes responsible for breaking down
complex carbohydrates such as lignin, cellulose, and other plant
metabolites within the microbial communities has been shown
(Bouskill et al., 2016). Additionally, bacteria can alter ethylene
production within the plant with ACC deaminase (Arshad et al.,
2008), which in turn alters plant growth and metabolite profiles
to the benefit of plants and microbes (Mayak et al., 2004; Zhang
et al., 2018). Not only can the host plant alter its exudate profile to
recruit organisms, the microbial community can influence what
compounds are being exuded, potentially creating a reciprocal
relationship between the community and exudate profile. It is
currently unknown howmuch of the exudate profiles are a plant-
driven process and how much the microbial community can
influence that process.

4.2. Temperature and Salinity Stress
Temperature stress can often accompany drought stress and
has an impact on the fluidity of plant membranes (Sangwan
et al., 2002), plant metabolism (Koscielny et al., 2018), ROS
activation (Kotak et al., 2007), and protein misfolding (Scharf
et al., 2012). Under colder temperatures, root nodulation is
decreased in beans, lentils, and peas (Junior et al., 2005), and
many organisms that live in the nodules have lower survivability
(Singh et al., 2012). Under higher temperatures, a plant is less
able to combat pathogens (Mendes et al., 2011), allowing for
colonization of disease-causing organisms. However, some of
the disease suppression lost during high heat can be associated
with the loss of microorganisms that naturally inhibit plant
diseases (van der Voort et al., 2016). Conversely, in a wheat
high temperature seedling plant, high temperatures induce a
WRKY transcription factor that promotes resistance to Puccinia
striiformis infection (Wang et al., 2017).
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In addition to drought and temperature stress, salinity stress
also limits the types of plants that can grow in a given area.
High salinity can cause ionic and osmotic stress that limits plant
growth and damages plant cells (Zhu, 2002). Also, under salinity
stress, plants have increased ROS generation, ABA synthesis,
and accumulation of carbohydrates within the plant (Gupta and
Huang, 2014), resulting in a similar response to water stress.
Plants also respond similarly to drought in that ACC deaminase
also can confer salinity resistance to the host plant (Qin et al.,
2014). Many studies have been performed that have identified
potential plant growth promoters under high salinity stress
(Yuan et al., 2016; Hussain et al., 2018; Fouda et al., 2019).
For example, 14 halotolerant microbes were shown to improve
canola root growth under salt stress by decreasing ethelyne
production (Siddikee et al., 2010). Additionally, Piriformospora
indica was correlated with an increase in barley antioxidants
under salt stress (Baltruschat et al., 2008). Salt tolerance can
also be promoted by fungi, such as Montagnulaceae potential
improving nitrogen availability in Suaeda salsa under salt stress
(Yuan et al., 2016). Despite many studies identifying potential
plant growth promoters under saline stress, there is limited
knowledge of host plants influencing selection of community
structure under salinity stress.

5. REMAINING CHALLENGES

It is clear that there are recent efforts toward identifying plant
specific modes of action to control its microbiome. However,
in a number of cases it is challenging to determine whether
any mode of action was plant-mediated, microbial-mediated,
or environment-mediated. Furthermore, the complex and
potentially reciprocal nature of interaction adds to the challenge
of identifying plant control mechanisms, which is evident when
identifying and understanding phytohormone-based control
mechanisms. Phytohormone pathways are interconnected, and
they mediate abiotic stress responses in complex and sometimes
antagonistic manners. The multi-layer interplay must then be
delineated to understand the plant-microbe dynamic. Apart from
the possible plant-associated complexity, there is the dynamic
among the microbial community that must also be understood.
Individual taxa in a microbiome may have a large effect on the
whole microbiome structure, and the plant-based mechanisms
may effect influential members.

5.1. Toward Understanding Combinatorial
Plant Mechanisms
Diverse plant accession libraries provide a good framework
to begin to compartmentalize and understand the dynamic of
combinatorial interactions. For example, the A. thaliana mutant
lines have provided a wealth of information on plant mechanisms
that may influence microbial populations; however, they do
not address the potential for confounding interactions between
pathways. Additionally, the mutant lines on their own do not
address the question of whether or not a respective pathway
is necessary for the observed microbial shift. Approaches
that use the supplementation of plant associated compounds

identifying interplay between pathways and microbes need
to be further addressed. Mutant lines with a combination
of potential pathways effected, or general quantitative trait
loci (QTL) studies, may be able to address the interaction
confounding factors. Unfortunately, using model organisms
such as Arabidopsis may not provide generalized results
to all species given the variety in hormone pathways and
physiological-based mechanisms that plants have for interacting
with their microbial communities. There can be significant
difference in the phytohormonal pathways between plant species
(De Vleesschauwer et al., 2014), with the differences being
associated with the biosynthetic pathway itself or the associated
function of the pathway (Gondor et al., 2016). Additionally,
certain plant species may be more amenable to hormonal
amendment than others (De Vleesschauwer et al., 2014). It
would therefore be prudent to investigate other, non-model,
organisms in a variety of environments with the abovementioned
techniques. Furthermore, multiple aspects of a study would
need to be manipulated, such as hormone abundance, abiotic
stressors, biotic stressors, and presence or absence of a microbial
community members (including putative keystone species),
to elucidate potential combinatorial effects between genotype,
hormones, stress, and microbes.

5.2. Approaches to Unravel Microbial
Community Dynamics
Synthetic or constructed communities provide an efficient
approach to model microbial diversity. In contrast to axenic
controls that allow for the ability to hypothesize about the
colonization capacity or pathogenicity of an individual microbe,
synthetic communities allow for the discovery of higher level
interactions between plants and the microbial community. To
therefore begin to understand the complex ecosystem may
require an ecosystem point of view, including those based upon
constructed communities in controlled environments (http://
eco-fab.org/). However, synthetic communities may not be able
to capture all of the complex site to site variation observed in
natural environments, given that site variation can be a dominant
factor in microbial diversity for certain plants (Whitaker et al.,
2018). Nevertheless, constructed communities provide a model
from which we can begin to reason, hypothesize, and understand
the plant’s role in dynamic microbial community interactions.

Using computational biology approaches in combination with
experimental field and lab methods, including tools such as
microfluidics and constructed communities will help advance
understanding regarding plant recruitment of keystonemicrobes.
Further understanding of host-mediated recruitment of its
microbiome will in turn improve our ability to effectively and
efficiently construct or manipulate plant-microbe systems for
improved agricultural and ecological restoration efforts.

5.3. The Holobiont
A significant body of literature focuses on the soil or rhizosphere;
however, we know that other compartments, including the
root microbiota, can also influence above-ground phenotypes
(Pangesti et al., 2017). Root exudates have a reciprocal impact
on the microbial community and are influenced by the abiotic
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stress, biotic stress, and phytohormones. Some drought stresses
cause irreversible changes to root exudates (Gargallo-Garriga
et al., 2018), which can be important when trying to engineer
a community to promote plant growth under a variety of
environmental conditions. Therefore, it is important to study
plant-mediated effects on other compartments, but determining
if effects are compartmental cross-talk, abiotic stress, or direct
plant associated is still an open problem.
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Mikiciński, A., Sobiczewski, P., Puławska, J., and Maciorowski, R. (2016). Control
of fire blight (Erwinia amylovora) by a novel strain 49M of Pseudomonas

graminis from the phyllosphere of apple (Malus spp.). Eur. J. Plant Pathol. 145,
265–276. doi: 10.1007/s10658-015-0837-y

Mönchgesang, S., Strehmel, N., Schmidt, S., Westphal, L., Taruttis, F., Müller, E.,
et al. (2016). Natural variation of root exudates in Arabidopsis thaliana-linking
metabolomic and genomic data. Sci. Rep. 6:29033. doi: 10.1038/srep29033

Nascimento, F. X., Rossi, M. J., and Glick, B. R. (2018). Ethylene and
1-Aminocyclopropane-1-carboxylate (ACC) in plant–bacterial interactions.
Front. Plant Sci. 9:114. doi: 10.3389/fpls.2018.00114

Nath, M., Bhatt, D., Prasad, R., and Tuteja, N. (2017). “Reactive oxygen species
(ROS) metabolism and signaling in plant-mycorrhizal association under
biotic and abiotic stress conditions,” in Mycorrhiza-Eco-Physiology, Secondary

Metabolites, Nanomaterials, eds A. Varma, R. Prasad, and N. Tuteja (Cham:
Springer), 223–232.

Naylor, D., DeGraaf, S., Purdom, E., and Coleman-Derr, D. (2017). Drought
and host selection influence bacterial community dynamics in the grass root
microbiome. ISME J. 11:2691. doi: 10.1038/ismej.2017.118

Neal, A. and Ton, J. (2013). Systemic defense priming by Pseudomonas putida

KT2440 in maize depends on benzoxazinoid exudation from the roots. Plant
Signal. Behav. 8:e22655. doi: 10.4161/psb.22655

Neal, A. L., Ahmad, S., Gordon-Weeks, R., and Ton, J. (2012). Benzoxazinoids in
root exudates of maize attract Pseudomonas putida to the rhizosphere. PLoS
ONE 7:e35498. doi: 10.1371/journal.pone.0035498

Niu, B., Paulson, J. N., Zheng, X., and Kolter, R. (2017). Simplified and
representative bacterial community of maize roots. Proc. Natl. Acad. Sci. U.S.A.
114, E2450–E2459. doi: 10.1073/pnas.1616148114

Oberholster, T., Vikram, S., Cowan, D., and Valverde, A. (2018). Keymicrobial taxa
in the rhizosphere of sorghum and sunflower grown in crop rotation. Sci. Total
Environ. 624, 530–539. doi: 10.1016/j.scitotenv.2017.12.170

Oikawa, A., Ishihara, A., Hasegawa, M., Kodama, O., and Iwamura, H. (2001).
Induced accumulation of 2-hydroxy-4, 7-dimethoxy-1, 4-benzoxazin-3-one
glucoside (HDMBOA-Glc) in maize leaves. Phytochemistry 56, 669–675.
doi: 10.1016/S0031-9422(00)00494-5

Ojuederie, O., and Babalola, O. (2017). Microbial and plant-assisted
bioremediation of heavy metal polluted environments: a review. Int. J.

Environ. Res. Publ. Health 14:1504. doi: 10.3390/ijerph14121504
Ordal, G. W., Villani, D. P., and Rosendahl, M. S. (1979). Chemotaxis

towards sugars by Bacillus subtilis. Microbiology 115, 167–172.
doi: 10.1099/00221287-115-1-167

Paine, R. T. (1966). Food web complexity and species diversity. Am. Natur. 100,
65–75. doi: 10.1086/282400

Paine, R. T. (1969). The pisaster-tegula interaction: prey patches, predator
food preference, and intertidal community structure. Ecology 50, 950–961.
doi: 10.2307/1936888

Pandey, P., Ramegowda, V., and Senthil-Kumar, M. (2015). Shared and
unique responses of plants to multiple individual stresses and stress
combinations: physiological andmolecularmechanisms. Front. Plant Sci. 6:723.
doi: 10.3389/fpls.2015.00723

Pangesti, N., Reichelt, M., van de Mortel, J. E., Kapsomenou, E., Gershenzon, J.,
van Loon, J. J., et al. (2016). Jasmonic acid and ethylene signaling pathways
regulate glucosinolate levels in plants during rhizobacteria-induced systemic
resistance against a leaf-chewing herbivore. J. Chem. Ecol. 42, 1212–1225.
doi: 10.1007/s10886-016-0787-7

Pangesti, N., Vandenbrande, S., Pineda, A., Dicke, M., Raaijmakers, J. M., and
Van Loon, J. J. (2017). Antagonism between two root-associated beneficial
Pseudomonas strains does not affect plant growth promotion and induced
resistance against a leaf-chewing herbivore. FEMS Microbiol. Ecol. 93:fix038.
doi: 10.1093/femsec/fix038

Pappas, M. L., Broekgaarden, C., Broufas, G. D., Kant, M. R., Messelink, G. J.,
Steppuhn, A., et al. (2017). Induced plant defences in biological control of
arthropod pests: a double-edged sword. Pest Manage. Sci. 73, 1780–1788.
doi: 10.1002/ps.4587

Pieterse, C. M., Van der Does, D., Zamioudis, C., Leon-Reyes, A., and
Van Wees, S. C. (2012). Hormonal modulation of plant immunity. Annu.

Frontiers in Plant Science | www.frontiersin.org 12 July 2019 | Volume 10 | Article 862

https://doi.org/10.1016/j.soilbio.2004.07.032
https://doi.org/10.1073/pnas.1705884114
https://doi.org/10.1105/tpc.114.125419
https://doi.org/10.1111/j.1462-2920.2004.00638.x
https://doi.org/10.1007/s00572-007-0131-8
https://doi.org/10.1111/j.1365-313X.2009.03924.x
https://doi.org/10.1104/pp.108.121392
https://doi.org/10.1071/CP17259
https://doi.org/10.1016/j.pbi.2007.04.011
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1105/tpc.104.029108
https://doi.org/10.1016/j.sjbs.2018.07.007
https://doi.org/10.1371/journal.pgen.1006348
https://doi.org/10.1016/j.pedobi.2018.08.001
https://doi.org/10.1073/pnas.1618584114
https://doi.org/10.1016/j.plantsci.2003.10.025
https://doi.org/10.1126/science.1203980
https://doi.org/10.1104/pp.110.154567
https://doi.org/10.1007/s00442-011-2138-2
https://doi.org/10.1093/jxb/erp053
https://doi.org/10.1007/s10658-015-0837-y
https://doi.org/10.1038/srep29033
https://doi.org/10.3389/fpls.2018.00114
https://doi.org/10.1038/ismej.2017.118
https://doi.org/10.4161/psb.22655
https://doi.org/10.1371/journal.pone.0035498
https://doi.org/10.1073/pnas.1616148114
https://doi.org/10.1016/j.scitotenv.2017.12.170
https://doi.org/10.1016/S0031-9422(00)00494-5
https://doi.org/10.3390/ijerph14121504
https://doi.org/10.1099/00221287-115-1-167
https://doi.org/10.1086/282400
https://doi.org/10.2307/1936888
https://doi.org/10.3389/fpls.2015.00723
https://doi.org/10.1007/s10886-016-0787-7
https://doi.org/10.1093/femsec/fix038
https://doi.org/10.1002/ps.4587
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jones et al. Plant Host-Associated Mechanisms for Microbial Selection

Rev. Cell Dev. Biol. 28, 489–521. doi: 10.1146/annurev-cellbio-092910-
154055

Plett, J. M., Daguerre, Y., Wittulsky, S., Vayssières, A., Deveau, A., Melton,
S. J., et al. (2014). Effector MiSSP7 of the mutualistic fungus Laccaria

bicolor stabilizes the Populus JAZ6 protein and represses jasmonic acid
(JA) responsive genes. Proc. Natl. Acad. Sci. U.S.A. 111, 8299–8304.
doi: 10.1073/pnas.1322671111

Preece, C., and Peñuelas, J. (2016). Rhizodeposition under drought and
consequences for soil communities and ecosystem resilience. Plant Soil 409,
1–17. doi: 10.1007/s11104-016-3090-z

Pye, M. F., Dye, S. M., Resende, R. S., MacDonald, J. D., and Bostock, R. M.
(2018). Abscisic acid as a dominant signal in tomato during salt stress
predisposition to Phytophthora root and crown rot. Front. Plant Sci. 9:525.
doi: 10.3389/fpls.2018.00525

Qin, S., Zhang, Y.-J., Yuan, B., Xu, P.-Y., Xing, K., Wang, J., et al. (2014).
Isolation of ACC deaminase-producing habitat-adapted symbiotic bacteria
associated with halophyte Limonium sinense (Girard) Kuntze and evaluating
their plant growth-promoting activity under salt stress. Plant Soil 374, 753–766.
doi: 10.1007/s11104-013-1918-3

Ripple, W. J., Larsen, E. J., Renkin, R. A., and Smith, D. W. (2001). Trophic
cascades among wolves, elk and aspen on Yellowstone National Park’s northern
range. Biol. Conserv. 102, 227–234. doi: 10.1016/S0006-3207(01)00107-0

Rottjers, L., and Faust, K. (2018). Can we predict microbial keystones? Nat. Rev.
Microbiol. 17:193. doi: 10.1038/s41579-018-0132-y

Ruhe, J., Agler, M. T., Placzek, A., Kramer, K., Finkemeier, I., and Kemen, E. M.
(2016). Obligate biotroph pathogens of the genus albugo are better adapted
to active host defense compared to niche competitors. Front. Plant Sci. 7:820.
doi: 10.3389/fpls.2016.00820

Sah, S. K., Reddy, K. R., and Li, J. (2016). Abscisic acid and abiotic stress tolerance
in crop plants. Front. Plant Sci. 7:571. doi: 10.3389/fpls.2016.00571

Sangwan, V., Örvar, B. L., Beyerly, J., Hirt, H., and Dhindsa, R. S. (2002).
Opposite changes in membrane fluidity mimic cold and heat stress
activation of distinct plant MAP kinase pathways. Plant J. 31, 629–638.
doi: 10.1046/j.1365-313X.2002.01384.x

Santos-Medellín, C., Edwards, J., Liechty, Z., Nguyen, B., and Sundaresan,
V. (2017). Drought stress results in a compartment-specific restructuring
of the rice root-associated microbiomes. MBio 8, e00764–17.
doi: 10.1128/mBio.00764-17

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do
plant exudates shape the root microbiome? Trends Plant Sci. 23, 25–41.
doi: 10.1016/j.tplants.2017.09.003

Scharf, K.-D., Berberich, T., Ebersberger, I., and Nover, L. (2012). The plant
heat stress transcription factor (Hsf) family: structure, function and evolution.
Biochim. Biophys. Acta 1819, 104–119. doi: 10.1016/j.bbagrm.2011.10.002

Schilmiller, A. L., Koo, A. J., and Howe, G. A. (2007). Functional diversification
of acyl-coenzyme A oxidases in jasmonic acid biosynthesis and action. Plant
Physiol. 143, 812–824. doi: 10.1104/pp.106.092916

Shade, A., Peter, H., Allison, S. D., Baho, D., Berga, M., Bürgmann, H., et al.
(2012). Fundamentals of microbial community resistance and resilience. Front.
Microbiol. 3:417. doi: 10.3389/fmicb.2012.00417

Shah, J. (2003). The salicylic acid loop in plant defense. Curr. Opin. Plant Biol. 6,
365–371. doi: 10.1016/S1369-5266(03)00058-X

Sharon, A., Fuchs, Y., and Anderson, J. D. (1993). The elicitation of
ethylene biosynthesis by a Trichoderma xylanase is not related to the cell
wall degradation activity of the enzyme. Plant Physiol. 102, 1325–1329.
doi: 10.1104/pp.102.4.1325

Siddikee, M. A., Chauhan, P., Anandham, R., Han, G.-H., and Sa, T. (2010).
Isolation, characterization, and use for plant growth promotion under salt
stress, of ACC deaminase-producing halotolerant bacteria derived from coastal
soil. J. Microbiol. Biotechnol. 20, 1577–1584. doi: 10.4014/jmb.1007.07011

Singh, S., Najar, G., and Singh, U. (2012). Phosphorus management in field
pea (Pisum sativum)-rice (Oryza sativa) cropping system under temperate
conditions. Indian J. Agric. Sci. 82:494.

Sinha, R., Gupta, A., and Senthil-Kumar, M. (2016). Understanding the impact
of drought on foliar and xylem invading bacterial pathogen stress in chickpea.
Front. Plant Sci. 7:902. doi: 10.3389/fpls.2016.00902

Smalle, J., Haegman, M., Kurepa, J., Van Montagu, M., and Van Der Straeten,
D. (1997). Ethylene can stimulate Arabidopsis hypocotyl elongation in the

light. Proc. Natl. Acad. Sci. U.S.A. 94, 2756–2761. doi: 10.1073/pnas.94.
6.2756

Soka, G., and Ritchie, M. (2015). Arbuscular mycorrhizal symbiosis, ecosystem
processes and environmental changes in tropical soils. Appl. Ecol. Environ. Res.
13, 229–245. doi: 10.15666/aeer/1301_229245

Song, S., Huang, H., Gao, H., Wang, J., Wu, D., Liu, X., et al. (2014). Interaction
between MYC2 and ETHYLENE INSENSITIVE3 modulates antagonism
between jasmonate and ethylene signaling in Arabidopsis. Plant Cell 26, 263–
279. doi: 10.1105/tpc.113.120394

Stanley, C. E., and van der Heijden, M. G. A. (2017). Microbiome-on-a-chip:
new frontiers in plant-microbiota research. Trends Microbiol. 25, 610–613.
doi: 10.1016/j.tim.2017.05.001

Stirling, G. R. (2017). “Biological control of plant-parasitic nematodes,” in Diseases

of Nematodes (CRC Press), 103–150.
Sukumar, P. (2010). The role of auxin and ethylene in adventitious root formation

in Arabidopsis and tomato (Ph.D. thesis). Wake Forest University, Winston-
Salem, NC, United States.

Takatsuji, H., and Jiang, C.-J. (2014). “Plant hormone crosstalks under biotic
stresses,” in Phytohormones: A Window to Metabolism, Signaling and

Biotechnological Applications, eds L.-S. Tran and S. Pal (New York, NY:
Springer), 323–350.

Thao, N. P., Khan, M. I. R., Thu, N. B. A., Hoang, X. L. T., Asgher, M., Khan,
N. A., et al. (2015). Role of ethylene and its cross talk with other signaling
molecules in plant responses to heavy metal stress. Plant Physiol. 169, 73–84.
doi: 10.1104/pp.15.00663

Timm, C. M., Carter, K. R., Carrell, A. A., Jun, S.-R., Jawdy, S. S.,
Vélez, J. M., et al. (2018). Abiotic stresses shift belowground populus-
associated bacteria toward a core stress microbiome. MSystems 3, e00070–17.
doi: 10.1128/mSystems.00070-17

Tripathi, P., Rabara, R. C., Reese, R. N., Miller, M. A., Rohila, J. S.,
Subramanian, S., et al. (2016). A toolbox of genes, proteins, metabolites
and promoters for improving drought tolerance in soybean includes the
metabolite coumestrol and stomatal development genes. BMC Genomics

17:102. doi: 10.1186/s12864-016-2420-0
Trivedi, P., Delgado-Baquerizo, M., Trivedi, C., Hamonts, K., Anderson, I. C.,

and Singh, B. K. (2017). Keystone microbial taxa regulate the invasion
of a fungal pathogen in agro-ecosystems. Soil Biol. Biochem. 111, 10–14.
doi: 10.1016/j.soilbio.2017.03.013

van der Voort, M., Kempenaar, M., van Driel, M., Raaijmakers, J. M., and Mendes,
R. (2016). Impact of soil heat on reassembly of bacterial communities in the
rhizosphere microbiome and plant disease suppression. Ecol. Lett. 19, 375–382.
doi: 10.1111/ele.12567

Vos, C., Schouteden, N., Van Tuinen, D., Chatagnier, O., Elsen, A., De Waele, D.,
et al. (2013). Mycorrhiza-induced resistance against the root–knot nematode
Meloidogyne incognita involves priming of defense gene responses in tomato.
Soil Biol. Biochem. 60, 45–54. doi: 10.1016/j.soilbio.2013.01.013

Wagner, M. R., Lundberg, D. S., Tijana, G., Tringe, S. G., Dangl, J. L., andMitchell-
Olds, T. (2016). Host genotype and age shape the leaf and root microbiomes of
a wild perennial plant. Nat. Commun. 7:12151. doi: 10.1038/ncomms12151

Wang, J., Tao, F., An, F., Zou, Y., Tian, W., Chen, X., et al. (2017). Wheat
transcription factor TaWRKY70 is positively involved in high-temperature
seedling plant resistance to Puccinia striiformis f. sp. tritici. Mol. Plant Pathol.

18, 649–661. doi: 10.1111/mpp.12425
Wei, L., Jian, H., Lu, K., Filardo, F., Yin, N., Liu, L., et al. (2016). Genome-

wide association analysis and differential expression analysis of resistance to
Sclerotinia stem rot in Brassica napus. Plant Biotechnol. J. 14, 1368–1380.
doi: 10.1111/pbi.12501

Whitaker, B. K., Reynolds, H. L., and Clay, K. (2018). Foliar fungal endophyte
communities are structured by environment but not host ecotype in
Panicum virgatum (switchgrass). Ecology 99, 2703–2711. doi: 10.1002/
ecy.2543

White, R. (1979). Acetylsalicylic acid (aspirin) induces resistance to tobacco
mosaic virus in tobacco. Virology 99, 410–412. doi: 10.1016/0042-6822(79)
90019-9

Whitham, T. G., Schweitzer, J. A. S., Shuster, S. M. S., Imp, G. I. N. A. M. W.,
Fischer, D. G. F., Bailey, J. K. B., et al. (2003). Community and Ecosystem
Genetics : a consequence of the extended phenotype special feature. Ecology
84, 559–573. doi: 10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2

Frontiers in Plant Science | www.frontiersin.org 13 July 2019 | Volume 10 | Article 862

https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1073/pnas.1322671111
https://doi.org/10.1007/s11104-016-3090-z
https://doi.org/10.3389/fpls.2018.00525
https://doi.org/10.1007/s11104-013-1918-3
https://doi.org/10.1016/S0006-3207(01)00107-0
https://doi.org/10.1038/s41579-018-0132-y
https://doi.org/10.3389/fpls.2016.00820
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.1046/j.1365-313X.2002.01384.x
https://doi.org/10.1128/mBio.00764-17
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1104/pp.106.092916
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1016/S1369-5266(03)00058-X
https://doi.org/10.1104/pp.102.4.1325
https://doi.org/10.4014/jmb.1007.07011
https://doi.org/10.3389/fpls.2016.00902
https://doi.org/10.1073/pnas.94.6.2756
https://doi.org/10.15666/aeer/1301_229245
https://doi.org/10.1105/tpc.113.120394
https://doi.org/10.1016/j.tim.2017.05.001
https://doi.org/10.1104/pp.15.00663
https://doi.org/10.1128/mSystems.00070-17
https://doi.org/10.1186/s12864-016-2420-0
https://doi.org/10.1016/j.soilbio.2017.03.013
https://doi.org/10.1111/ele.12567
https://doi.org/10.1016/j.soilbio.2013.01.013
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1111/mpp.12425
https://doi.org/10.1111/pbi.12501
https://doi.org/10.1002/ecy.2543
https://doi.org/10.1016/0042-6822(79)90019-9
https://doi.org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jones et al. Plant Host-Associated Mechanisms for Microbial Selection

Xiong, L., and Yang, Y. (2003). Disease resistance and abiotic stress tolerance in
rice are inversely modulated by an abscisic acid–inducible mitogen-activated
protein kinase. Plant Cell 15, 745–759. doi: 10.1105/tpc.008714

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K., et al.
(2018). Drought delays development of the sorghum root microbiome and
enriches for monoderm bacteria. Proc. Natl. Acad. Sci. U.S.A. 115, E4284–
E4293. doi: 10.1073/pnas.1717308115

Yang, Y., M. Pollard, A., Höfler, C., Poschet, G., Wirtz, M., Hell, R., et al. (2015).
Relation between chemotaxis and consumption of amino acids in bacteria.Mol.

Microbiol. 96, 1272–1282. doi: 10.1111/mmi.13006
Yang, Y.-X., Ahammed, G., Wu, C., Fan, S.-Y., and Zhou, Y.-H. (2015).

Crosstalk among jasmonate, salicylate and ethylene signaling pathways in
plant disease and immune responses. Curr. Protein Peptide Sci. 16, 450–461.
doi: 10.2174/1389203716666150330141638

Yuan, Z., Druzhinina, I. S., Labbé, J., Redman, R., Qin, Y., Rodriguez, R.,
et al. (2016). Specialized microbiome of a halophyte and its role in helping
non-host plants to withstand salinity. Sci. Rep. 6:32467. doi: 10.1038/
srep32467

Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., and Gómez-Cadenas, A.
(2018). Plant adaptations to the combination of drought and high temperatures.
Physiol. Plant. 162, 2–12. doi: 10.1111/ppl.12540

Ze, X., Duncan, S. H., Louis, P., and Flint, H. J. (2012). Ruminococcus bromii is
a keystone species for the degradation of resistant starch in the human colon.
ISME J. 6, 1535–1543. doi: 10.1038/ismej.2012.4

Zhang, G., Sun, Y., Sheng, H., Li, H., and Liu, X. (2018). Effects of the inoculations
using bacteria producing ACC deaminase on ethylene metabolism and growth
of wheat grown under different soil water contents. Plant Physiol. Biochem. 125,
178–184. doi: 10.1016/j.plaphy.2018.02.005

Zhu, J.-K. (2002). Salt and drought stress signal transduction in plants. Annu. Rev.
Plant Biol. 53, 247–273. doi: 10.1146/annurev.arplant.53.091401.143329

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Jones, Garcia, Furches, Tuskan and Jacobson. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Plant Science | www.frontiersin.org 14 July 2019 | Volume 10 | Article 862

https://doi.org/10.1105/tpc.008714
https://doi.org/10.1073/pnas.1717308115
https://doi.org/10.1111/mmi.13006
https://doi.org/10.2174/1389203716666150330141638
https://doi.org/10.1038/srep32467
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1038/ismej.2012.4
https://doi.org/10.1016/j.plaphy.2018.02.005
https://doi.org/10.1146/annurev.arplant.53.091401.143329
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Plant Host-Associated Mechanisms for Microbial Selection
	1. Introduction
	2. Keystone Microbial Species
	2.1. Identification and Validation of Keystone Species
	2.2. Evidence for Plant-Driven Keystone Interactions

	3. Plant Defense Modulation of the Microbiome From a Host Gene and Phytohormone Perspective
	3.1. Ethylene
	3.2. Jasmonic Acid
	3.3. Salicylic Acid
	3.4. Cross-Talk and the Interplay Between Pathways

	4. Abiotic Plant Stress and the Impact on Microbial Communities
	4.1. Drought Stress
	4.2. Temperature and Salinity Stress

	5. Remaining Challenges
	5.1. Toward Understanding Combinatorial Plant Mechanisms
	5.2. Approaches to Unravel Microbial Community Dynamics
	5.3. The Holobiont

	Author Contributions
	Funding
	Acknowledgments
	References


