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Abstract
Plants harbor a complex immune system to fight off invaders
and prevent diseases. For decades, the interactions between
plants and pathogens have been investigated primarily through
the lens of binary interactions, largely neglecting the diversity
of microbes that naturally inhabit plant tissues. Recent
research, however, demonstrates that resident microbes are
more than mere spectators. Instead, the plant microbiome
extends host immune function and influences the outcome of a
pathogen infection. Both plants and the interacting microbes
produce a large diversity of metabolites that form an intricate
chemical network of nutrients, signals, and antimicrobial mol-
ecules. In this review, we discuss the involvement of the plant
microbiome in disease development, focusing on the
biochemical conversation that occurs between plants and their
associated microbiota before, during and after infection. We
also highlight outstanding questions and possible directions for
future research.
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Introduction
When attacked by pathogens, plants activate a complex
array of biochemical responses to prevent disease

establishment and spread [1]. Immune receptors, anti-
microbial proteins, and secondary metabolites have been
widely investigated and characterized as key
www.sciencedirect.com
components of the plant immune system [2]. However,
recent research indicates that there is more to it: mi-
crobes that live in association with plants (i.e., the
microbiome) can often extend plant immune function
and comprise an additional layer of protection against
diseases [3e5]. The molecular mechanisms that un-
derlie these protective effects are still largely unknown,
but they seem to fall into two general categories: (I)

inhibition of pathogens as a result of competitive
microbeemicrobe interactions (direct effect), and (II)
stimulation of the plant immune system by the micro-
biome (indirect effect) [3]. Importantly, the microbial
populations that colonize plant tissues are not a random
subset of the microbes that inhabit the surrounding
environment. Instead, plants can actively recruit spe-
cific microorganisms as a strategy to mitigate a variety of
stresses, including diseases [6]. Recruitment of bene-
ficial microorganisms can occur even before the disease
onset [7,8], and the beneficial effects of this recruit-

ment can be inherited by the next generations of
plants [9].

To recruit commensal microorganisms, plants use me-
tabolites, such as carbohydrates, organic acids, phenolic-
related compounds, and amino acids [10e12]. These
metabolites are abundantly released through plant
shoots and roots and serve as a source of nutrients that
sustain microbial growth. In turn, recruited microbes
can improve plant resistance against stresses, such as
nutrient deficiencies, drought, or diseases [6]. The

composition of these exuded metabolite pools is influ-
enced by environmental factors, the plant nutritional
status, age, and genotype, leading to a complex and
specific response of the microbial community [13e18].
On the other hand, microorganisms can also release
compounds that modulate plant exudation [19,20].
Thus, these molecules dictate the (highly complex)
communication between plants and their associated
microbiota, playing a central role in the response to
adverse conditions.

Due to the ecological and agronomic importance of the
communication established between plants and their
microbiota, many studies have sought to identify me-
tabolites that are involved in this interaction as well as
understand how they contribute to plant protection
against adverse conditions. By dissecting the functions
of these molecules in the communication between
Current Opinion in Plant Biology 2023, 72:102351
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2 Biotic interactions
plants and microorganisms, we may be able to develop
methods and strategies to protect plants against stress-
es. Here, we discuss the most recent studies on the
communication network in plantemicrobiome in-
teractions in the context of diseases. This review high-
lights how host plants modulate their microbiota to
prevent or mitigate infections, or even leave a legacy of
protection for future generations (Figure 1).
Before infection: pre-existing microbial
communities can prevent diseases
Under natural field conditions, the spread of an incoming
virulent pathogen is typically fast and highly destructive

to genetically homogeneous plant populations. Yet,
healthy individuals can often be found within close
proximity to diseased ones, even though they are
genetically compatible with the pathogen. Although the
dynamics of disease outbreaks are complex and poorly
Figure 1

The plant microbiome can determine the outcome of pathogen infections
disease development before, during and after infection. Plants may establish in
onset of diseases. Plant exudates containing primary or secondary metabolite
surrounding environment. In some instances, protective microbes can be transm
composition of their exudates, sometimes favoring the recruitment of beneficial
the soil, establishing a legacy that protects the next generations of plants. Th
crobes and pathogens has a significant role in determining disease outcomes
their chemical communication with the host have largely focused on roots. Fu
gained from the rhizosphere microbiome can be applied to the phyllosphere m
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understood, this apparently stochastic behavior under
homogeneous agricultural conditions is often attributed
to uneven pathogen load, differences in plant physio-
logical state, and heterogeneous soil physicochemical
properties [21e23]. Recently, however, the microbiome
has emerged as an important contributing factor.

Exciting new research demonstrates that the initial

microbiome composition of a plant can predetermine
the outcome of pathogen infection and, thus, disease
dynamics. For instance, a rice seed endophyte (Sphin-
gomonas melonis ZJ26) confers resistance against the seed-
borne pathogen Burkholderia plantarii [24]. This protec-
tive effect can be transmitted across generations and is
mediated by anthranilic acid, a secondary metabolite
produced by the endophyte that interferes with the
activation of virulence factors in the pathogenic strain.
Importantly, plants of the same cultivar lacking the
. The image illustrates how plant-associated microorganisms can influence
teractions with protective microbes before pathogens arrive, preventing the
s are usually responsible for attracting these beneficial microbes from the
itted through seeds. During infection, plants “cry-for-help” and change the
microbes. After infection, the recruited microbial community may persist in
e crosstalk underpinning these interactions among plants, protective mi-
and plant health. It should be noted that studies on plant microbiomes and
rther research is needed to understand the extent to which the knowledge
icrobiome.
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Plant-microbiome crosstalk and disease development Pereira et al. 3
endophyte are susceptible to the pathogen, highlighting
the sufficiency of the indigenous microbiota in
preventing disease. Indeed, increasingly studies indi-
cate that resistant and susceptible genotypes of the
same plant often harbor distinct native microbiota. In
the tomato cultivar Hawaii 7996, resistance against
Ralstonia solanacearum has been associated with the
prevalence of a specific Flavobacterium strain [25].

Interestingly, direct inoculation of flavobacteria or
rhizosphere transplantation from resistant plants
suppressed disease symptoms in the Moneymaker
tomato cultivar, which is susceptible to the pathogen.
Similarly, disease resistance in specific cultivars of wheat
[26], strawberry [27], common bean [28], and potato
[29] has been associated with the presence of a pro-
tective microbiota.

Plants can modulate the composition and function of
microbial communities in their surrounding environ-

ments through the release of a variety of chemically
diverse metabolites [10e12]. Because metabolite pools
are determined by environmental and genetic factors,
microbial communities associated with plant tissues are
highly plastic and vary across environments and in-
dividuals [13,30e32]. While many molecules function as
attractants, others can be harmful to specific microor-
ganisms, including pathogens. Thus, plants modulate
their microbiome not only with “carrots” but also with
“sticks”. This is well exemplified by coumarins, a class
of molecules that mediate iron uptake by the roots, but

also exhibit broad antimicrobial activity [33,34].
Exudation of coumarins reshape the Arabidopsis root
microbiome, causing the proliferation of some microbes
in detriment of others [35,36]. Interestingly, root
exudation of the coumarin scopoletin is induced by
beneficial bacteria that are highly tolerant to it [36].
This suggests that some microbes may stimulate the
exudation of specific plant antimicrobial metabolites to
clear the rhizosphere of competitors. In return, plants
could benefit from the elimination of potential patho-
gens from their rhizosphere and, in the case of couma-
rins, from an enhanced ability to respond to

iron shortages.

A much larger diversity of molecules, including primary
and secondary metabolites, can regulate the composi-
tion and function of plant microbiomes [37e39]. For
instance, the amino acid glutamic acid has been shown
to shift the microbial communities associated with
strawberry and tomato plants, promoting the enrich-
ment of specific bacterial taxa that presumably enhance
resistance against fungal pathogens [40]. The plant
specialized metabolites triterpenes and camalexins are

also involved in microbiome assembly. A group of spe-
cific triterpenes (i.e., thalianin, thalianyl fatty acid
esters, and arabidin) can selectively modulate the bac-
terial community in Arabidopsis roots and may contribute
to species-specific variations in microbiome composition
www.sciencedirect.com
[41]. Similarly, root-specific camalexin biosynthesis has
been shown to be important for plant growth promotion
by the beneficial rhizobacterium Pseudomonas ssp.
CH267 in Arabidopsis [14]. Modulation of microbial
communities is also illustrated by benzoxazinoids, a
class of specialized metabolites that are exuded in large
quantities by the roots of many cereal crop species [42].
Exudation of benzoxazinoids has been shown to attract

and stimulate the colonization of maize roots by the
growth-promoting bacterium Pseudomonas putida KT2440
under controlled conditions [43], while it has consis-
tently reduced the abundance of Flavobacteriaceae and
Comamonadaceae in maize roots under natural field
conditions [44]. Furthermore, maize mutants deficient
in benzoxazinoid production display large changes in
both fungal and bacterial communities in their rhizo-
spheres [45,46], which has been associated with
reduced defense responses against herbivory [46]. Such
studies demonstrate that specific plant metabolites play

a significant role in shaping the composition of the
microbiome, thereby contributing to plant health. Ge-
netic, environmental and developmental factors that
modify the pool of metabolites produced by a plant can
lead to changes in microbiome composition and,
consequently, affect plant health and development.

Recently, an elegant study showed that variation in the
initial rhizosphere microbiome of tomato plants explains
the future outcome of infection with the soil-borne
pathogen R. solanacearum [8]. In a parallel to medical

cohort studies, the authors repeatedly evaluated the
same plants throughout their life cycle under natural
field conditions. The final disease outcome was then
linked to the initial microbiome composition, revealing
that those plants that remained healthy had been
significantly more colonized by pathogen-suppressing
bacteria. Furthermore, disease outcome in this system
could be predicted at the level of individual plants based
on the composition of the rhizosphere microbiome, even
before changes in pathogen density were detected [7].
Although it is remarkable that microbiome composition
can diverge into different states with contrasting out-

comes for disease resistance, a fundamental question
remains unanswered: Why did some individuals develop
a protective microbiome while others did not? Presum-
ably, plant-derived metabolites contributed to the
recruitment of specific microbes during community as-
sembly. Understanding how the communication be-
tween plants and protective microbes occurs is a critical
topic for future research and may allow for microbiome
manipulation towards beneficial communities.
During infection: stress-induced
recruitment of protective microbes
Research over the past few years has shown that plant-
associated microbial communities can change signifi-
cantly in response to stresses [6]. Although the precise
Current Opinion in Plant Biology 2023, 72:102351
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mechanisms and genes involved are often unknown,
these changes have been largely associated with the
release of specific plant metabolites that promote the
recruitment and proliferation of beneficial microbes.
Enrichment of specific groups of Actinobacteria, mainly
Streptomyces, has been observed in the root system of
plants submitted to drought [31,47e51]. Remarkably,
some enriched strains have been shown to alleviate the

drought stress, underscoring the role of recruited mi-
crobes in the response to adverse conditions. Likewise,
plants submitted to nutrient deficiency, high salinity,
metal toxicity, salt stress, light limitation, variable
temperature, and pH variation display microbiome
shifts [35,36,52e56].

Biotic stresses also reshape the plant microbiome. In a
pioneer study, Rudrappa et al. (2008) demonstrated that
infection of Arabidopsis leaves by Pseudomonas syringae pv.
tomato DC3000 stimulated root colonization by the

protective bacterium Bacillus subtilis strain FB17 [57].
This recruitment was mediated by the exudation of
malic acid, which acted as an attractant for the beneficial
strain. Since then, it has been well established that
plants exposed to aboveground infections can recruit
beneficial microbes from the rhizosphere via root exu-
dates, a phenomenon denominated “cry-for-help” [9].
For instance, infection of Arabidopsis leaves with the
oomycete Hyaloperonospora arabidopsidis resulted in the
recruitment of three beneficial bacteria to the rhizo-
sphere. When applied to the soil, these strains promoted

disease protection through Induced Systemic Resis-
tance (ISR), a form of immunity triggered in the
aboveground parts by root-colonizing microbes [58]. In a
recent study, a field experiment showed that the
abundance of the protective bacterium Stenotrophomonas
rhizophila SR80 in wheat roots was highly correlated with
the presence of the pathogen Fusarium pseudograminea-
rum, suggesting that this beneficial strain was recruited
under natural conditions [59]. Importantly, systemic
recruitment of beneficial partners is not restricted to
infections by microbial pathogens. Aboveground infes-
tation of pepper and cabbage by herbivorous insects also

promoted the establishment of protective communities
in the roots, leading to subsequent resistance against
pathogens or pests [60e63]. Furthermore, the “cry-for-
help” response also appears to occur when roots are
attacked by pathogens. In this regard, systemic micro-
biome recruitment has been observed within the root
systems of cucumber, tomato, and barley. In split-root
experiments, inoculation of a pathogen on one side
changed the composition of the root exudate at a
spatially separated part, leading to the recruitment of
protective microbes away from the infection site

[64e66]. Together, these studies highlight the impor-
tance of bidirectional chemical communication between
plants and their microbiota during biotic stress.
Although the number of studies showing disease-
induced assembly of protective communities is rapidly
Current Opinion in Plant Biology 2023, 72:102351
increasing in the literature, examples of specific plant
molecules that mediate microbiome remodeling remain
scarce. Thus, a promising and relevant avenue for future
research is the identification and characterization of
such molecules.

In addition to the systemic effects highlighted above,
recent research also indicates that diseases affect the

resident microbiota that exist at the site of infection. For
instance, the microbial community of citrus leaves
infected with the fungal pathogen Diaporthe citri shifts
towards the enrichment of members predicted to harbor
antimicrobial traits [67]. Indeed, several bacteria isola-
ted from diseased plants showed protective activity
under controlled experimental conditions. Likewise,
infection of rice leaves with Magnaporthe oryzae resulted
in changes in the local communities of bacteria and
fungi [68]. Also, infection of Arabidopsis with the obli-
gate biotrophic oomycete Albugo sp. caused significant

alterations in the leaf microbiome [69]. Remarkably, a
recent work showed that Arabidopsis plants infected
with powdery mildew exhibit extensive changes in the
leaf microbiota, including a shift in microbial community
composition and a two-fold increase in bacterial load,
while the root microbiota remains relatively unchanged
[70]. It has to be noted, however, that none of these
studies identified what caused the local microbiome
rearrangements during pathogen infection. In particular,
the extent of the participation of plant molecules in
reshaping the microbiome at the infection site remains

unknown. Identifying such metabolites will be highly
informative and could support the development of new
strategies to interfere with diseases through the
enrichment of protective microbes at infection sites.

Consistent with the notion that plants can modify their
exudates in response to biotic stresses, comparative
studies have shown that root exudates of infected plants
are often more effective in attracting microbes than the
exudates of uninfected individuals. For instance, maize
plants infected with the fungus Fusarium graminearum
were more efficient in attracting the beneficial strain

Bacillus amyloliquefaciens OR2-30 to their roots than un-
infected controls [71]. In another elegant study, infec-
tion of Carex arenaria roots with Fusarium culmorum led to
the emission of volatile organic compounds (VOC) that
stimulated the migration of bacteria with antifungal
properties from distant areas in the soil [72]. The blend
of VOC emitted by uninfected plants had a weaker
attractant activity.

As expected of a chemical conversation, plant-associated
microorganisms also release metabolites that modulate

the composition of plant exudates [19,20]. Although
still poorly investigated in the context of biotic stresses,
this process might play a direct role in the outcome of
plant diseases. The interference of microbes in the
composition or secretion of plant exudates with
www.sciencedirect.com
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antimicrobial activity has already been reported, as
exemplified by the exudation of coumarins by Arabi-
dopsis roots in response to the beneficial bacterium
Pseudomonas simiae WCS417 [36]. In addition, the
biocontrol activity of Bacillus cereus AR156 has been
associated with its ability to induce the production of
antimicrobial molecules (i.e., lactic acid and hexanoic
acid) by tomato roots [73]. Likewise, the growth-

promoting bacterium Pseudomonas sp. strain RP2
induced changes in the root exudates of groundnut
plants, causing a higher exudation of benzoic acid and
salicylic acid, which inhibit the growth of the pathogenic
fungus Sclerotium rolfsii in plants inoculated with this
bacterium [74]. These studies indicate that members of
the plant microbiome may promote disease protection
by manipulating the composition and/or secretion of
root exudates. Microbial molecules that mediate this
effect, however, are yet to be described, but are likely
key components of the conversation established be-

tween plants and their microbiomes during path-
ogen infection.
After infection: the legacy
As highlighted above, plants exposed to biotic stresses

can actively recruit disease-suppressive microbes from
the surrounding soil. This strategy may not only benefit
the individuals that are under attack but may also provide
protection to the next generations of plants, establishing
a “memory” or “legacy” effect [9]. This phenomenon has
been well-illustrated in Arabidopsis infected with the
downy mildew pathogen H. arabidopsidis [75]. In this
study, beneficial bacteria that were recruited by infected
plants persisted in the soil and conferred enhanced dis-
ease protection to a subsequent generation of plants.
This concept was further extended by the cultivation of
successive generations of Arabidopsis plants infected

with the leaf pathogen P. syringae pv tomato in the same
soil [76]. After five generations, plants grown in this
preconditioned soil showed an altered microbial com-
munity in their roots and displayed enhanced disease
resistance. Thus, plants can inherit beneficial micro-
biomes from previous generations as a ‘soil-borne legacy’
[9], a fascinating idea that relates with the long-
recognized concept of ‘disease suppressive soils’.

As the name suggests, disease suppressive soils are char-
acterized by the low incidence of diseases caused by

soilborne pathogens and typically develop following
severe outbreaks in fields maintained as continuous
monocultures of susceptible hosts [77e80]. The sup-
pressive activity is largely determined by the microbiota
composition and, therefore, these soils are a rich resource
of beneficial microorganisms with plant protective traits.
A pioneering study evaluated the microbial composition
of a suppressive soil and revealed that the protection
provided against the fungal root pathogen Rhizoctonia
solani in sugar beets was due to the prevalence of bacterial
www.sciencedirect.com
taxa enriched in antifungal activity [81]. Many subse-
quent studies validated and extended this conclusion,
presenting, in some cases, the molecular mechanisms
involved in pathogen inhibition [82e85]. Notably, plant
metabolites released onto the rhizosphere during biotic
stress are considered critical for the assembly of a bene-
ficial microbial legacy and, consequently, for the estab-
lishment of disease-suppressive soils.

Plant microbiota can also be inherited by the next
generation through seed colonization. Thus, microor-
ganisms with beneficial characteristics can be selected
from different plant tissues (pollen granules, flowers, or
rhizosphere) and colonize different environments on
the seed [86]. During germination, seed-associated
microorganisms can be transmitted to the rhizosphere
through cotyledon defoliation and root development
[87]. Recent studies have shown that the microbiota
present in seeds may contain members with beneficial

characteristics and can promote plant growth or inhibit
pathogens [88]. For example, Matsumoto et al. (2021)
demonstrated that rice genotypes with varying degrees
of resistance to B. plantarii infection harbor distinct seed
microbiota, with resistant plants showing high abun-
dance of bacteria of the genus Sphingomonas [24].
Interestingly, a S. melonis strain isolated from the seed-
endophytic community of the disease-resistant rice ge-
notypes restored resistance in susceptible plants.
Importantly, the presence of these and other protective
bacteria in seeds can also help in the establishment of an

initial rhizospheric community, which will protect the
seedling in its early stages of development [86]. While it
is clear that the seed microbiome can have a role in plant
resistance, it remains to be determined whether
microbiome shifts in infected plants can also be trans-
mitted through seeds to the next generation.
Concluding remarks and future directions
Research over the past 30 years has unveiled the mo-
lecular basis of the plant immune system and estab-
lished generalizable rules that govern the outcome of
plantepathogen interactions. Although reports of dis-
ease protection mediated by specific microorganisms
date back over 100 years [89], it was only in the last 10
years that the plant microbiome has become widely
recognized as an additional layer of protection against
diseases by plant immunologists. A wealth of recent

studies now shows that commensal microbes extend the
plant immune system and improve host health. In this
context, it has become apparent that a large diversity of
metabolites produced by both the plants and the mi-
crobes is central for this microbiome-mediated disease
protection. The underlying mechanisms often include
priming of the plant immune system by beneficial mi-
crobes or direct inhibition of pathogens through the
production of antimicrobial compounds. Recent studies
have also shown that microbiome-mediated pathogen
Current Opinion in Plant Biology 2023, 72:102351
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6 Biotic interactions
suppression can occur through competition for shared
resources (e.g., space or nutrients) in a colonization-
dependent manner [90,91]. Nonetheless, there is still
much to learn about the involvement of the plant
microbiome in disease development. In this regard, we
highlight below three outstanding questions that, in our
view, illustrate relevant knowledge gaps and constitute
avenues for future research (Figure 2).

(I) Can the microbiome help pathogens? It is now widely
accepted that many microbes can help plants to
fight off diseases. However, it is logical to imagine
that some pathogens may benefit from certain
microbial communities. Indeed, studies in animals
Figure 2

Involvement of plant microbiomes in disease outcomes. Three questions th
the microbiome help pathogens? Although just barely explored, we anticipate
disease severity. Possible mechanisms include the activation of Induced Syst
system, or the creation of favorable niches for pathogens through the produc
interfere with the host microbiome? Successful pathogens suppress or evade
additional layer of immunity in plants, it is likely that pathogens have evolved
virulence strategy. (III) How do commensals become pathogens? The plant m
display a pathogenic behavior and cause disease. Microbiome homeostasis is
it is crucial to extend mechanistic studies on plant microbiomes to other parts

Current Opinion in Plant Biology 2023, 72:102351
have shown that the host microbiota can some-
times facilitate pathogen infection and worsen
disease severity [92]. In plants, an early study
showed that certain bacterial strains increased the
pathogenicity of the fungus Stagonospora nodorum
in co-inoculation assays in wheat leaves [93]. More
recently, some root-associated bacteria have been
shown to promote Induced Systemic Susceptibil-
ity (ISS) to specific pathogens and pests in
Arabidopsis by interfering with the crosstalk of
defense hormones [94e96]. Furthermore, recent

research has shown that commensal microbes can
suppress the plant immune system during root
colonization [97e99]. Although not yet
at summarize some gaps in our current knowledge are highlighted. (I) Can
that certain resident microbes may favor pathogen infection and worsen

emic Susceptibility (ISS) in the host, the suppression of the plant immune
tion of metabolites (nutrients, attractants, etc.). (II) How do pathogens
immune responses in their hosts. Since the microbiome constitutes an
a wide diversity of mechanisms to manipulate the plant microbiome as a
icrobiome harbors commensal microbes that, under specific conditions,
central for plant health, but how it is maintained is not well-defined. Finally,
of the plant, beyond the rhizosphere.

www.sciencedirect.com
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Plant-microbiome crosstalk and disease development Pereira et al. 7
investigated, some pathogens may be “free riders”
and take advantage of this immune suppression.

(II) Do pathogens interfere with the host microbiome as a
virulence strategy? It is well-established that path-
ogens possess a large arsenal of molecular tools to
interfere with plant immunity and, thus, facilitate
infection [1]. Since the microbiome is an exten-
sion of the plant immune system, it is reasonable
to assume that pathogens have evolved a wide
diversity of strategies to counteract the positive
effects of the microbiome on plant health and

resistance. Indeed, recent studies demonstrated
that the fungal pathogen Verticillium dahliae em-
ploys effector proteins to selectively suppress
competitor bacteria and fungi associated with its
host plants [100e102]. Additional research should
help elucidate if such a strategy is widely
employed by other plant pathogens, possibly
revealing additional mechanisms of host micro-
biota manipulation.

(III) How do commensal microbes become pathogens? Recent
research has shown that, just like animals, imbal-
anced microbiota can also lead to diseases in plants

[103]. This phenomenon, known as dysbiosis,
occurs when key protective members of the micro-
biota are lost, allowing the proliferation of oppor-
tunistic pathogen strains. In Arabidopsis,
immunocompromised plants grown under high hu-
midity show disease-like lesions due to the over-
proliferation of specific groups of bacteria in the leaf
interior [104,105]. Proliferation of opportunistic
strains has also been identified in rbohD knockout
plants, which have impaired production of extra-
cellular oxygen reactive species during immune re-

sponses [106]. In addition to demonstrating the role
of the plant immune system in maintaining the
homeostasis of native microbial communities, these
findings show that some microbes can become
pathogenic under specific conditions. Future
research should explore how members of the
microbiome are normally kept “under control”, but
may become pathogenic during dysbiosis.
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