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Abstract

Pathogen infections can drastically reshape plant-associated microbiomes, yet the mechanisms underlying these shifts and their
consequences for plant health remain elusive. In this review, we integrate recent advances to delineate how pathogen attack drives local
and systemic microbiome restructuring via 3 major processes: (i) collateral effects of the plant immune system, including alterations to the
local physicochemical niche; (ii) active recruitment of beneficial microbes through pathogen-induced root exudates (primary and
secondary metabolites, volatiles, and organic compounds); and (iii) pathogen-mediated manipulation of the host microbiome through
microbial effectors, antimicrobial production, or niche competition. By contrasting adaptive outcomes (enrichment of disease-suppressive
taxa) with detrimental consequences (dysbiosis, mutualist loss, or proliferation of disease-promoting microbes), we emphasize the need for
time-resolved, mechanistic studies that move beyond correlative surveys. Although the enrichment of protective microbes is a recurring
theme in current literature, it is important to recognize that not all microbiome shifts are adaptive or host directed. Considering alternative
explanations is critical to avoid survivorship bias and to accurately interpret microbiome dynamics in the context of plant-pathogen
interactions. Building on these insights, we discuss the rational design of microbiome-based interventions to enhance crop resilience,
including synthetic microbial consortia and elicitor-mediated recruitment of beneficial microbes. Notably, integrating microbiome
dynamics into plant pathology offers a promising path toward sustainable disease management, transforming the microbiome from a

passive background into an active, designable component of plant immunity.

Introduction

Every year, plant pathogens are responsible for substantial crop
losses worldwide (Savary et al. 2019; Ristaino et al. 2021). Such
losses threaten food security and environmental sustainability, a
concern that is particularly urgent as the world population is pro-
jected to reach nearly 9.8 billion by 2050. Addressing this challenge
requires innovative disease control strategies, as conventional ap-
proaches alone may not suffice to ensure a stable and sustainable
food supply. A promising approach lies in harnessing the plant mi-
crobiome, a diverse community of microorganisms living in and
around plants. These microbes can function as an extension of
the plant immune system, offering an additional layer of protection
against pathogens (Berendsen et al. 2012; Hacquard et al. 2017;
Teixeira et al. 2019; Vannier et al. 2019; Pereira et al. 2023).

The plant immune system consists of a sophisticated array of de-
fense mechanisms that enable plants to detect and combat invad-
ing organisms (Jones and Dangl 2006; Zhou and Zhang 2020; Ngou
etal. 2022a). Pathogen detection is initially mediated by cell surface
pattern recognition receptors that perceive highly conserved
microbe-associated molecular patterns (MAMPs). This recognition
triggers pattern-triggered immunity, effectively restricting most
pathogens (Snoeck et al. 2025). However, certain pathogens have
evolved strategies to evade or suppress pattern-triggered immunity
by secreting virulence molecules known as effectors (Torufio et al.
2016; Buscaill and van der Hoorn 2021). In turn, an intracellular
class of innate immune receptors—primarily from the nucleotide-
binding and leucine-rich repeat receptor family—is activated

upon effector recognition, resulting in a more robust response
called effector-triggered immunity (Contreras et al. 2023). While this
2-layered immune system is essential for plant survival, viewing
plant immunity in the context of a binary association between a
host and a pathogen misses an important piece of the puzzle: the
plant microbiome.

Plants form close associations with diverse microorganisms, in-
cluding bacteria, fungi, archaea, and protists, which colonize differ-
ent plant compartments (Vorholt 2012; Bulgarelli et al. 2013;
Fitzpatrick et al. 2020; Trivedi et al. 2020). These microbial com-
munities not only coexist with plants but actively contribute to
their health. Generally, they enhance nutrient acquisition, alleviate
environmental stresses, and provide protection against pathogens
through direct and indirect mechanisms (Hiruma et al. 2016; Vogel
et al. 2021; Qi et al. 2022). Beneficial microbes can directly interact
with other microorganisms by producing antimicrobial com-
pounds or competing for essential resources such as nutrients
and space (Gu et al. 2020; Getzke et al. 2023). Indirectly, they can
suppress pathogens via activation of the plant immune system
(Vogel et al. 2016; Vishwanathan et al. 2020). In this way, the micro-
biome can actively shape the outcome of plant-pathogen interac-
tions, ultimately influencing plant resistance and productivity.

The composition of the plant microbiome arises from a complex
interplay of biotic and abiotic factors. Each plant forms a complex
habitat, offering a unique physicochemical environment to which
certain microbes are better adapted than others. Importantly,
rather than passively acquiring their microbiome, plants can
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selectively recruit specific microorganisms by secreting a variety of
molecules (Yang et al. 2025). For example, primary and specialized
metabolites in root exudates serve as chemical signals that attract
beneficial microbes or repel harmful ones (Berendsen et al. 2018;
Stringlis et al. 2018; Cotton et al. 2019; Thoenen et al. 2023). This se-
lective recruitment enables plants to fine-tune the structure and
function of their microbial community to better withstand various
adverse conditions, including diseases (Liu et al. 2020; Gao et al.
2021). Beyond plant-driven selection, microbes themselves play an
active role in microbiome composition. Some microbes may release
molecules that modulate the secretion of plant metabolites or
mediate microbial interactions, such as quorum-sensing signals
and antimicrobial compounds (Chepsergon and Moleleki 2023;
Compant et al. 2025). Additionally, microbiome dynamics are influ-
enced by environmental conditions, host-specific factors (e.g. plant
tissues, age, species), and microbial genetic traits related to nutrient
acquisition, motility, stress tolerance, and host adaptation
(Chaparro et al. 2014; Wagner et al. 2016; Cole et al. 2017; Levy
et al. 2018; Knights et al. 2024; Mo et al. 2024). Therefore,
plant-associated microbial communities are not merely a reflection
of the microbes present in the surrounding environment. Instead,
they emerge from a multifaceted association among plants, mi-
crobes, and environmental factors (Cheng et al. 2019; Compant
etal. 2025). Understanding these processesis essential for unlocking
the microbiome potential in sustainable agriculture.

The concept of disease-suppressive soils provides a foundation
for our current understanding of pathogen-induced microbiome
shifts (Mazzola 2002; Weller et al. 2002; Haas and Défago 2005;
Raaijmakers et al. 2009; Schlatter et al. 2017; Spooren et al. 2024).
Disease suppression, often observed in long-term monoculture
soils, refers to the natural ability of soil microbial communities to
limit disease incidence despite the presence of virulent pathogens.
Foundational studies demonstrated that suppression emerges
from the enrichment of specific microbial taxa and functions that
antagonize pathogens or enhance plant health (recently reviewed
by Spooren et al. 2024). In these systems, repeated pathogen pres-
sure favors the proliferation of beneficial microbes that directly sup-
press pathogens or prime host defenses, insights largely revealed
through classical soil transfer experiments, genomics, transcrip-
tomics, and microbiome profiling (Mendes et al. 2011; Cha et al.
2016; Chialva et al. 2018; Li et al. 2023; Zhou et al. 2023). More re-
cently, Carrién et al. (2019) provided a mechanistic demonstration
of this process, showing that pathogen infection of roots activated
disease-suppressive traits within the endophytic microbiome.
Together, these studies established a conceptual framework that
underpins current research on pathogen-induced microbiome
shifts and microbiome-mediated plant defense.

Although research on the plant microbiome has advanced signif-
icantly in recent years, the significance of microbial shifts and the
factors governing them have not been fully explored. Stress condi-
tions such as disease are known to alter microbial communities
(Hu et al. 2018b; Carrién et al. 2019; Seybold et al. 2020; Gao et al.
2021), yet the molecular mechanisms underlying these changes
are still poorly characterized. Furthermore, the biological conse-
quences of these shifts are equally unclear. While insights from
disease-suppressive soils have been instrumental in revealing
how pathogen pressure can enrich protective microbes (Spooren
et al. 2024), our understanding on disease-induced microbiome
shifts remains incomplete, particularly in aboveground tissues,
where the principles established in soils and roots may not fully ap-
ply. Many studies attribute the enrichment of specific microbes in
infected plants to their protective roles (Berendsen et al. 2018; Liu
et al. 2020, 2021a; Yang et al. 2020; Goossens et al. 2023). However,

alternative explanations must be considered. Are these shifts al-
ways beneficial to plant health, or are they sometimes merely a con-
sequence of infection? Could some changes be neutral, having no
effect on disease progression? Or could some shifts even be detri-
mental, inadvertently favoring pathogen establishment? Without
a deeper mechanistic understanding of these processes, it is
challenging to determine the functional implications of microbiome
alterations in plant health and disease. In this review, we compile
current knowledge on microbiome functions in plant-pathogen in-
teractions, identify major gaps in the field, and outline directions for
future research as well as for the development of microbiome-
informed strategies for sustainable agriculture.

Microbiome responses to pathogen invasion

Plant diseases trigger dynamic structural and functional shifts
in host-associated microbial communities, mirroring patterns
observed in animal systems (Box). Advances in high-throughput
sequencing and multi-omics technologies have enabled detailed
characterization of these changes across diverse plant-patho-
gen interactions. A recurring finding is the alteration of micro-
bial alpha diversity (species richness and evenness) and beta
diversity (community composition) during infections. For in-
stance, the soil-borne pathogens Ralstonia solanacearum in toma-
to and Fusarium oxysporum in watermelon significantly reduce
bacterial alpha diversity in the rhizosphere, accompanied by
structural reorganization of microbial networks (Wei et al.
2018; Tong et al. 2024). In contrast, Magnaporthe oryzae and
Xanthomonas oryzae in rice leaves have been associated with in-
creased bacterial alpha diversity (Yang et al. 2020; Tian et al.
2021), highlighting context-dependent outcomes. Changes in
beta diversity, indicative of microbiome restructuring, are
nearly ubiquitous, with distinct microbial taxa either enriched
or depleted in diseased plants.

Microbiome shifts in response to infection can be systemic or
local (Fig. 1). Systemic shifts occur at sites distant from the infec-
tion, often affecting belowground microbial communities in re-
sponse to foliar pathogens. For example, Pseudomonas syringae
DC3000 infection in the leaves of Arabidopsis thaliana (hereafter
Arabidopsis) leads to the enrichment of Bacillus subtilis FB17 in
the roots, a bacterial strain with protective functions (Rudrappa
et al. 2008). Similarly, infection by Hyaloperonospora arabidopsidis
(Hpa) promotes the enrichment of Xanthomonas, Microbacterium,
and Stenotrophomonas in the root microbiome. A synthetic consor-
tium composed of these bacteria reduces Hpa susceptibility and
enhances plant growth, indicating a protective role (Berendsen
et al. 2018). Other foliar infections, whether caused by fungal or
bacterial pathogens (even herbivory), can alter root microbiomes
(Yuan et al. 2018; Friman et al. 2021; Zhu et al. 2021). These sys-
temic effects are largely mediated by the release of specific metab-
olites into root exudates, supporting the concept that plants can
actively recruit beneficial microbes in response to stress (Rudrappa
et al. 2008; Bakker et al. 2018; Vismans et al. 2022).

Local shifts, in contrast, occur at the infection site. An early
study demonstrated that the oomycete pathogen Albugo candida
disrupts bacterial networks in Arabidopsis leaves, acting as a
key driver of phyllosphere microbiome shifts (Agler et al. 2016).
More recently, Goossens et al. (2023) found that repeated Hpa in-
fections in Arabidopsis for pathogen propagation in different lab-
oratories drive convergence in the phyllosphere microbiota across
genetically diverse accessions. This Hpa-associated microbiota is
enriched with bacteria exhibiting antagonistic effects against
the pathogen. Notably, many of these protective microbes appear
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Box. Microbiome shifts in plant and animal diseases

Animals and plants harbor complex, dynamic microbial
communities that play central roles in nutrient acquisition,
immune homeostasis, and protection against pathogens.
While both systems host distinct microbial assemblages,
core taxa and their functions show important parallels that
reveal shared principles of host-microbiome biology.
Pathogen infection, immune dysfunction, or other stressors
commonly perturb these systems, reducing diversity, elimi-
nating functionally important commensals, and favoring op-
portunistic expansions of fast-growing groups (Ilyaskina
etal. 2025). In animals, acute infections by enteric pathogens
such as Salmonella provoke inflammation and toxin produc-
tion, which deplete protective short-chain fatty acid pro-
ducers such as Faecalibacterium and Roseburia. The resulting
collapse of these niches promotes blooms of opportunistic
Proteobacteria such as Clostridioides difficile and Escherichia
coli, perpetuating inflammation and compromising coloniza-
tion resistance (Drumo et al. 2015; Caballero-Flores et al.
2023; Gupta and Dey 2023). Dysbiosis is also a hallmark of
chronic inflammatory disorders, such as inflammatory bow-
el disease and autoimmunity, where depletion of commen-
sals that sustain mucosal homeostasis coincides with
Proteobacteria enrichment, fueling persistent inflammation
and tissue damage (Chen et al. 2021). Beyond the gut,
disease-associated microbiome shifts are observed in other
tissues: for example, Staphylococcus aureus overgrowth in
atopic dermatitis, Pseudomonas dominance in cystic fibrosis
airways, and Gardnerella blooms in bacterial vaginosis
(Aggarwal et al. 2023). Interestingly, comparable processes
also occur in plants. Fungal infection can trigger
Pseudomonas proliferation, which thrive in nutrient-rich,
stressed tissues (Seybold et al. 2020), echoing opportunistic
microbial expansions in inflamed animal guts. In addition,
Arabidopsis mutants with impaired immunity display strik-
ing reductions in microbiome diversity and overgrowth of
Proteobacteria such as Pseudomonas (Chen et al. 2020;
Paasch and He 2021). Transferring these dysbiotic commun-
ities into healthy plants is sufficient to induce disease symp-
toms, closely paralleling fecal microbiota transplantation
experiments in animals where dysbiotic communities alone
can drive pathology (Paasch and He 2021). Despite these con-
vergences, plants display a unique adaptive capacity. Rather
than triggering exclusively detrimental outcomes, pathogen
attack and other stressors can reprogram root exudation and
systemic signaling to actively recruit beneficial microbes.
For example, Ralstonia infection in tomato enriches root-
associated bacteria with wilt disease-suppressing activity
(Yang et al. 2023), a “cry for help” response absent from ani-
mal systems, where disease-associated microbiome shifts
have been more consistently linked to negative consequen-
ces. Together, these parallels suggest that insights from
one system can inform the other, opening opportunities for
cross-kingdom strategies to harness the microbiome for im-
proved health and resilience.

to originate from the rhizosphere, suggesting the occurrence of
root-to-shoot microbial exchanges during disease progression.

A growing body of evidence indicates that microbiome shifts
during infection may enrich beneficial microbes, directly

influencing disease outcomes. However, causality remains a cen-
tral challenge: Are enriched microbes actively recruited by the
host to mitigate disease, or do they opportunistically colonize
niches disrupted by infection? Three major non-mutually exclu-
sive factors likely shape these dynamics (Fig. 2):

Collateral effects of plant immunity: Activation of the plant im-
mune system alters the conditions of the rhizosphere and
phyllosphere (Piasecka et al. 2015). These changes, such as
the secretion of antimicrobial compounds or shifts in pH, cre-
ate new ecological niches that may be unfavorable to some
microbes but conducive to the proliferation of others that
are less affected by host defenses. Additionally, physiologic
changes commonly associated with immune responses or
pathogen colonization, including altered nutrient availabil-
ity, can further influence microbial community composition
by favoring certain taxa over others.

Active recruitment of beneficial microbes by the plant: Plants
can modulate biochemical outputs, such as specific root exu-
dates, volatile organic compounds, and other signaling mol-
ecules, to attract microbial partners with beneficial functions
(Rolfe et al. 2019). This active remodeling of the plant micro-
biome serves as a strategic adaptation to endure stressful
conditions, including pathogen attack.

Pathogen manipulation of the host microbiome: Pathogens
may manipulate the host environment to reshape the associ-
ated microbial community in their favor. By secreting effector
proteins and altering host metabolic processes, pathogens
can suppress beneficial microbes and potentially create
conditions that promote the proliferation of their own
supportive microbial allies (Mesny et al. 2024). This manipula-
tion can lead to a dysbiotic microbiome, weakening the
host defense and facilitating more effective colonization by
the pathogen.

While the enrichment of protective microbes is a recurring
theme in the current literature, it is unlikely that all altered taxa
are host selected or beneficial. Recognizing alternative hypotheses
is essential to avoid perpetuating a form of survivorship bias.
Studies disproportionately emphasize microbes with identifiable
protective roles because they offer agronomically relevant mecha-
nistic explanations, while the majority of taxa altered during infec-
tion (whose ecologic roles remain unknown) are often overlooked.
This bias may distort our understanding of microbiome dynamics,
as the functional significance of most microbial shifts, whether
adaptive, incidental, or even detrimental, remains unresolved.
Reductionist frameworks that attribute microbiome shifts solely
to host-driven recruitment of protective microbes risk oversimplify-
ing the ecologic complexity of plant-microbiota-pathogen interac-
tions. For instance, plant defense molecules, pathogen-derived
metabolites, and effector proteins can independently and synergis-
tically reshape microbial communities (Jin et al. 2024), and neutral
ecologic processes such as random colonization, demographic drift,
or priority effects may also drive community shifts in some contexts
(Nemergut et al. 2013; Zhou and Ning 2017). Additionally, ecologic
cascades triggered by the depletion of keystone taxa may destabilize
microbial networks (Agler et al. 2016). Thus, the enrichment of pro-
tective microbes may not be a universal consequence of infection.
Recognizing survivorship bias and the tendency to focus on “success
stories” is critical for advancing this field. Therefore, a comprehen-
sive understanding of the mechanisms driving microbiome shifts is
essential for developing targeted strategies to manipulate
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Figure 1. Disease-induced microbiome shifts occur locally and systemically. The interaction between the plant immune system and an invading
pathogen disrupts local niche conditions in host tissues by altering nutrient availability, signaling molecules, and antimicrobial compounds. These
local changes reshape the metabolome, modifying levels of primary and secondary metabolites, and thereby select for microbial strains that can
tolerate or exploit the altered environment while suppressing less-adapted taxa. Simultaneously, infection in 1 organ (e.g. leaves) can trigger systemic
shifts in distant tissues (e.g. roots) by inducing the exudation of specific metabolites into the rhizosphere. These root-exuded compounds establish
chemical gradients that either attract some microbes, including beneficial partners, or repel and inhibit other strains. In this way, infection can produce
a “cry for help” that recruits protective microbes systemically while depleting those unable to withstand pathogen-induced changes.

plant-associated microbial communities, whether to enhance dis-
ease resistance, promote plant growth, or improve agricultural sus-
tainability. In the following sections, we explore the causes and
consequences of microbiome shifts in plant disease ecology.

Causes of microbiome shifts during
pathogen infection

Collateral effects of plant immunity

on the microbiome

Pathogen invasion triggers plant immune responses, which de-
ploy a multifaceted defense system that may inadvertently re-
shape host-associated microbial communities. Upon detecting
invaders, plants activate immune pathways that generate signal-
ing molecules and antimicrobial compounds (Zhou and Zhang
2020; Nguyen et al. 2022). These include antimicrobial proteins
and peptides (Huang et al. 2021), reactive oxygen species (ROS;
Torres et al. 2006), phytohormones (e.g. salicylic acid, jasmonic
acid, and ethylene; Pieterse et al. 2012), specialized secondary
metabolites (e.g. flavonoids, alkaloids, and phenolics; Piasecka
et al. 2015; Nguyen et al. 2022), and regulatory microRNAs

(Wang et al. 2016; Cai et al. 2018). While these defense mecha-
nisms aim to curb pathogen spread, they also create a dynamic
chemical environment that imposes selective pressures on resi-
dent microbes (Fig. 1). Commensal taxa sensitive to certain anti-
microbials or oxidative stress may decline, while resilient
species that detoxify these compounds or exploit new ecologic
niches can thrive (Stringlis et al. 2018; Thoenen et al. 2023, 2024;
Zhangetal. 2023). Notably, even in the absence of active infection,
plants with constitutively active immune responses exhibit al-
tered microbial communities, underscoring the pervasive influ-
ence of defense pathways on microbiome assembly (Lebeis et al.
2015; Pfeilmeier et al. 2021; Lv et al. 2022; Vincent et al. 2022;
Song et al. 2023). This collateral effect highlights the duality of
plant immunity: while effectively defending against pathogens,
it can reshape the microbiome, potentially enriching or depleting
specific taxa, altering microbial functions, or even promoting op-
portunistic pathobionts. Whether these changes are side effects
or directly regulated by the plant remains unclear in many cases.
In what follows, we illustrate how specific defense molecules me-
diate the balance between pathogen suppression and microbiome
structure, emphasizing the ecologic trade-offs inherent in plant-
microbe interactions during disease.
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Figure 2. Drivers of microbiome shifts during pathogen infections in plants. Multiple processes contribute to changes in microbial community
composition during disease. Some shifts may be indirect consequences of infection, arising as collateral effects of plant immunity or as a result of host
metabolic reprogramming. Immune responses, such as the production of reactive oxygen species, antimicrobial proteins, and secondary metabolites,
can inadvertently suppress sensitive microbial taxa, favoring the proliferation of tolerant ones. For example, glucosinolates produced by plants in
response to herbivores or necrotrophic pathogens may affect the native microbiome (Russ et al. 2025). Pathogen invasion further alters the host
metabolic niche, modifying nutrient availability and signaling landscapes. For instance, Xanthomonas strains acting as opportunistic pathogens secrete
hydrolytic enzymes via the type II secretion system, leading to cell wall degradation and shifts in nutrient profiles. These changes favor microbes that
are better adapted to the new niche, contributing to dysbiosis (Entila et al. 2024; Pfeilmeier et al. 2024). Beyond indirect effects, pathogens can directly
manipulate the host microbiome through the secretion of antimicrobial effectors, which may selectively inhibit protective microbial taxa and weaken
the defensive barrier provided by the resident community. For example, Verticillium species produce antimicrobial effectors that suppress specific
members of the root microbiome, facilitating colonization (Snelders et al. 2020). Finally, plants can actively shape their microbiome during disease
through the “cry for help” response, which involves the exudation of organic molecules from roots. These exudates can recruit beneficial microbes
while limiting the growth of harmful taxa. For example, Arabidopsis secretes coumarins that promote the recruitment of protective bacteria while
inhibiting fungal pathogens (Stringlis et al. 2018). Together, these host- and pathogen-driven mechanisms illustrate the dynamic reshaping of plant
microbiomes during infection. Although enrichment of protective microbes can occur during infection, the ecologic consequences of disease-induced
microbiome shifts are complex and often nonadaptive. Many taxa whose abundances change may not contribute to host defense, and some shifts could
even be neutral or detrimental. Therefore, to fully understand the causes and ecologic consequences of disease-induced microbiome changes, it is

essential to examine these dynamics in a detailed and unbiased manner for each plant-pathogen interaction.

Camalexin

Camalexin is an indole alkaloid phytoalexin produced by
Arabidopsis and other crucifers in response to pathogen attack
(Glawischnig 2007). This molecule accumulates upon MAMP per-
ception and exhibits broad-spectrum toxicity against bacteria, oo-
mycetes, and fungi (Rogers 1996; Schlaeppi et al. 2010; Lemarié
et al. 2015; Khare et al. 2017). Beyond pathogen suppression, ca-
malexin can shape plant-associated microbial communities.
Arabidopsis mutants deficient in root-specific camalexin biosyn-
thesis display altered rhizosphere microbiomes, with community
shifts correlating with camalexin concentration and microbial
strain sensitivity (Koprivova et al. 2019). Strikingly, camalexin is
required for the growth promotion effect triggered by certain ben-
eficial bacteria, indicating that it facilitates plant interactions
with specific microbes and modulates microbiome function
(Koprivova et al. 2019). Camalexin has also been implicated in in-
duced systemic resistance (ISR), a form of immune response that
is activated by beneficial microbes colonizing the roots (Van De
Mortel et al. 2012; Nguyen et al. 2022). The roles of camalexin
extend to seed-microbe interactions: while it inhibits the seed-
borne pathogen Alternaria brassicicola in Brassicaceae, it enriches
resistant seed-associated fungi, likely due to microbial detoxifica-
tion pathways and niche specialization (Lerenard et al. 2024).
These findings indicate that camalexin acts as a direct antimicro-
bial agent and a selective mediator of microbiome assembly,

possibly balancing pathogen suppression with the recruitment
of tolerant microbes.

Coumarins

Coumarins are phenolic compounds synthesized by plants,
microorganisms, and some animals, with roles in iron homeosta-
sis, defense, and microbiome modulation (Stringlis et al. 2019). In
plants, these metabolites are well-known iron-mobilizing agents,
exuded in large quantities by roots under nutrient-limiting condi-
tions to enhance iron bioavailability (Stringlis et al. 2019; Robe
etal. 2021). Coumarins also function as defense molecules and ac-
cumulate during pathogen attack, directly inhibiting microbial
growth or disrupting virulence strategies such as biofilm forma-
tion and quorum sensing (Helman and Chernin 2015; El-Sawy
etal. 2024; Zaynab et al. 2024). A role for coumarins in shaping mi-
crobiome composition has only recently emerged. Arabidopsis
mutants defective in root coumarin exudation exhibit an altered
rhizosphere microbiome under iron deficiency, with specific com-
mensal genera being differentially affected, likely due to variation
in their tolerance to coumarin toxicity (Stringlis et al. 2018; Voges
et al. 2019). Notably, root-exuded coumarins suppress fungal
pathogens (e.g. F. oxysporum) while promoting colonization by tol-
erant beneficial bacteria (e.g. Pseudomonas simiae WCS417), illus-
trating their selective antimicrobial effects on microbiome
composition (Stringlis et al. 2018). Interestingly, the Arabidopsis
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transcription factor MYB72, which regulates coumarin biosynthe-
sis, is required for rhizobacteria-mediated ISR, directly linking
coumarin production to immune priming (Zamioudis et al.
2015). By suppressing specific taxa (including pathogens), recruit-
ing beneficial microbes, and optimizing iron availability, coumar-
ins exemplify how plant defense metabolites can govern
microbiome shifts in response to different stress conditions.

Triterpenes

Triterpenes are a structurally diverse class of secondary metabo-
lites that act as antimicrobial agents against pathogens and mod-
ulators of plant-associated microbial communities (Thimmappa
et al. 2014). While constitutively produced during normal plant de-
velopment, their biosynthesis is often induced upon pathogen at-
tack, serving as a first chemical barrier against invaders (Polturak
et al. 2022). Beyond direct antimicrobial activity, emerging evi-
dence highlights their influence on the assembly and function of
plant-associated microbial communities (Huang et al. 2019;
Zhong et al. 2022). Arabidopsis mutants defective in the biosynthe-
sis of root-specific triterpenes exhibit shifts in microbial commun-
ity composition, displaying enrichment and depletion of certain
taxa, underscoring a selective effect of these compounds (Huang
etal. 2019). In cucurbits, root-exuded cucurbitacins provide protec-
tion against the soil-borne pathogen F. oxysporum by shifting the
rhizosphere microbiota toward the enrichment of beneficial bacte-
ria (Zhong et al. 2022). These findings illustrate how plant mole-
cules such as triterpenes create niche opportunities for resilient
microbes, thereby shaping microbiome structure and function.

Benzoxazinoids

Benzoxazinoids (BXs) are indole-derived secondary metabolites pre-
dominantly found in Poaceae (De Bruijn et al. 2018). They accumu-
late in aboveground tissues and in the soil, contributing to direct
defense against insect herbivores and pathogens, as well as media-
ting interactions with commensal microbes (De Bruijn et al. 2018;
Hu et al. 2018b; Kudjordjie et al. 2019). Similar to coumarins, BXs
contribute to iron mobilization by facilitating the solubilization
and uptake of this micronutrient in the rhizosphere (Hu et al.
2018a; Schlaeppi et al. 2021; Bass 2024). Genetic disruption of the
BX biosynthetic pathway in maize results in altered microbial com-
munities on shoots and roots and within the rhizosphere, demon-
strating the role of BXs in shaping the plant-associated
microbiome (Kudjordjie et al. 2019). In wheat, leaf infection by the
fungal pathogen Zymoseptoria tritici triggers systemic suppression
of immune-related metabolites, including BXs (Seybold et al.
2020). Remarkably, these pathogen-induced changes in the wheat
metabolome correlate with significant shifts in the leaf microbiome
(Seybold et al. 2020), illustrating how an altered chemical milieu
during disease drives the restructuring of plant-associated micro-
bial communities. Furthermore, maize roots actively secrete BXs
into the soil, thereby modulating the composition of bacterial and
fungal communities. These soil microbiome shifts are linked to
the regulation of salicylic acid and jasmonic acid signaling path-
ways, ultimately contributing to the suppression of herbivores
such as the caterpillar Spodoptera frugiperda (Hu et al. 2018b).

Glucosinolates

Glucosinolates are a diverse class of sulfur-containing secondary
metabolites found predominantly in plants of the order
Brassicales. Best known for their role in plant defense, these com-
pounds serve as chemical deterrents against herbivores and micro-
bial pathogens (Kim and Jander 2007; Stotz et al. 2011). Apart from

their function as defense compounds, glucosinolates and their
breakdown products have been shown to modulate plant microbial
communities (Chhajed et al. 2020; Yang et al. 2024). In Arabidopsis,
the assembly of bacterial and archaeal communities in the rhizo-
sphere is influenced by the biosynthesis and breakdown pathways
of glucosinolates (Wolinska et al. 2021; Chroston et al. 2024). In ad-
dition, tryptophan-derived indole glucosinolates released from
roots shape microbial community assembly (Basak et al. 2024).
Siebers et al. (2018) also demonstrated that soil exposure to
rapeseed-derived glucosinolates alters microbial community com-
position and promotes the enrichment of plant growth-promoting
microorganisms. Interestingly, efflux pumps were recently shown
to play animportantrole in the ability of commensal bacteria to col-
onize Arabidopsis shoots, possibly helping them to withstand the
collateral toxicity of glucosinolate breakdown products generated
during defense against herbivores and necrotrophic pathogens
(Russ etal. 2025). These studies suggest that glucosinolates function
not only as defense compounds but also as microbial drivers, poten-
tially selecting beneficial microbes.

Reactive oxygen species

Upon MAMP recognition, plants rapidly initiate a cascade of bio-
chemical responses that characterize pattern-triggered immunity.
A hallmark of this response is the accumulation of ROS, which
play key roles in restricting pathogen growth and suppressing viru-
lence (Torres et al. 2006; Tripathy and Oelmiller 2012). In addition
to targeting pathogens, ROS affect commensal microbes, likely con-
tributing to shifts in microbiome composition during pathogen in-
fection. These effects on microbial communities appear to be
highly context dependent. Arabidopsis rbohD mutants, which dis-
play impaired ROS production during immune responses, exhibit
pronounced microbial dysbiosis in the leaves and increased sus-
ceptibility to opportunistic Xanthomonas strains (Pfeilmeier et al.
2021, 2024; Entila et al. 2024). This dysbiosis is primarily driven by
the overproliferation of these pathogen strains, which secrete plant
cell wall-degrading enzymes that likely alter nutrient availability
and influence the growth of surrounding microbes (Entila et al.
2024; Pfeilmeier et al. 2024). This illustrates how pathogen-induced
niche modifications can reshape microbial community structure.
Interestingly, plant-derived ROS production is essential for success-
ful colonization of Arabidopsis roots by a beneficial Bacillus velezensis
strain (Tzipilevich et al. 2021). Conversely, reduced basal ROS levels
are required for the growth of beneficial pseudomonads in
Arabidopsis roots (Song et al. 2021). These observations challenge
the assumption that immune responses primarily target and termi-
nate the growth of pathogens; instead, they suggest that immune
signaling pathways can facilitate the establishment of mutualistic
microbes. ROS can also interact with plant secondary metabolites
to further modulate microbiome dynamics. Root-exuded coumar-
ins generate ROS, which selectively inhibit specific microbial taxa,
particularly under iron-deficient conditions (Voges et al. 2019).
These studies highlight the multifaceted role of ROS at the interface
between plant immunity and microbiome assembly.

Beyond the antimicrobial compounds detailed here, plants de-
ploy an array of complementary strategies to ward off pathogens.
These include structural defenses, such as cell wall reinforcement
(Wan et al. 2021) and the accumulation of protective cuticle and
wax layers (Bourdenx et al. 2011; Aragén et al. 2021), as well as phys-
iologic adaptations, such as nutrient scavenging and reallocation
(Stolpe et al. 2017; Liu et al. 2021b). Furthermore, plants can inter-
fere with microbial quorum sensing, a process that regulates viru-
lence in pathogens. For example, many bacterial pathogens utilize
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N-acylhomoserine lactones to regulate their virulence factors
(Venturi and Fuqua 2013), and plants have evolved mechanisms
to disrupt these signals, thereby impeding pathogen colonization
and disease establishment (Joshi et al. 2016; Pun et al. 2021).
Notably, beneficial microbes employ similar N-acylhomoserine
lactone systems to facilitate colonization, which in turn can pro-
mote plant growth or enhance disease control (Gonzalez and
Marketon 2003; Helman and Chernin 2015; Hartmann et al. 2021).
Given the shared reliance on quorum sensing for host colonization
by pathogenic and commensal bacteria, plant strategies designed to
disrupt pathogen communication may inadvertently alter the
composition or function of nontarget microorganisms during
immune responses.

Active recruitment of beneficial microbes by
the plant

Plants are not passive victims during disease; they actively remod-
el their microbiome as part of an integrated defense strategy. In
response to aboveground biotic stress from pathogens or herbi-
vores, plants release a suite of root exudates that influence sur-
rounding microbial communities, a mechanism commonly
referred to as the “cry for help” (Bakker et al. 2018). These exudates
are rich in primary and secondary metabolites, volatile organic
compounds, and other signaling molecules that attract beneficial
microbes from the soil (Rudrappa et al. 2008; Kulkarni et al. 2024).
For example, maize plants infected by pathogens exhibit an al-
tered root metabolic profile that favors the enrichment of benefi-
cial Bacillus species (Xia et al. 2024). Also, tomato plants infected
with R. solanacearum secrete compounds such as 3-hydroxyflavone
and riboflavin to recruit Streptomyces strains, effectively suppress-
ing wilt disease (Yang et al. 2023). Interestingly, the cry-for-help
mechanism can be triggered by metabolites of nonpathogenic mi-
crobes, indicating that the recruitment of beneficial microorgan-
isms is not dependent on disease occurrence (Liu et al. 2024).
The selective recruitment of protective strains can bolster local
plant defenses and trigger ISR, which often occurs without incur-
ring the energy costs associated with constitutive immune activa-
tion (Verhagen et al. 2006; Pieterse et al. 2021). For instance,
Arabidopsis plants attacked by the foliar downy mildew pathogen
H. arabidopsidis attract a consortium of rhizospheric bacteria that
collectively prime its immune system (Berendsen et al. 2018).
Interestingly, mutant plants unable to produce or perceive salicylic
acid did not exhibit microbiome-mediated immune priming when
grown in soil conditioned by infected plants, indicating that this
protective effect requires salicylic acid signaling in the responding
plant (Vismans et al. 2022). Similarly, in wheat, recruitment of
Stenotrophomonas rhizophila under Fusarium pseudograminearum in-
fection activates defense signaling pathways even though the bac-
terium does not directly inhibit the pathogen (Liu et al. 2021a).
These examples illustrate that the cry-for-help response is a
highly dynamic and targeted process. The most notable outcome is
the enrichment of specific protective strains in the root microbiome,
yet secondary shifts (i.e. attraction of nonprotective microbes) may
also occur, potentially influencing a broader spectrum of microbial
interactions. This active recruitment underscores the sophisticated
role of plants in shaping their associated microbial communities
during disease, transforming microbiome shifts from a by-product
of infection into a strategic defense mechanism. Although plants ex-
hibit this notable adaptive capacity, the mere presence of enriched
taxa does not necessarily indicate a functional or beneficial re-
sponse. For example, recent work in Arabidopsis showed that
drought suppresses plant immunity and iron uptake, leading to

the consistent enrichment of Streptomyces in roots across diverse
soils (Fitzpatrick et al. In press). However, this proliferation was un-
coupled from direct benefits to the host. Similarly, drought-induced
Streptomyces enrichment in sorghum failed to correlate with host
benefits (Fonseca-Garcia et al. 2025), suggesting that not all
stress-associated microbiome shifts reflect targeted recruitment or
a plant’s “cry for help.” These findings underscore the complexity
of plant-microbe interactions and caution against interpreting mi-
crobial enrichment solely as an adaptive defense strategy.

Pathogen disruption of plant-associated microbial
communities

To successfully colonize their hosts, pathogens must overcome the
plant’s innate immune system and the resident microbiota that
compete for space and nutrients (Mesny 2023). Many of these resi-
dent microbes also protect the plant by directly antagonizing patho-
gens or priming host immunity (Teixeira et al. 2019; Pereira et al.
2023). Consequently, it is plausible that pathogens have evolved
strategies to manipulate the plant microbiome and create a niche
more conducive to infection. Emerging studies indicate that certain
pathogens can indeed directly influence plant-associated microbial
communities through the secretion of antimicrobial effector pro-
teins. For example, the pathogenic fungus Verticillium dahliae produ-
ces effectors that specifically suppress groups of microorganisms
capable of antagonizing its growth (Snelders et al. 2020, 2021,
2023). In addition to V. dahlige, other pathogens have been shown
to manipulate the microbiota of their hosts. For instance, the soil-
borne fungus Rosellinia necatrix encodes effectors with antimicrobial
activity that disrupt plant microbial communities during cotton in-
fection (Chavarro-Carrero et al. 2024). Likewise, the oomycete A. can-
dida releases antimicrobial proteins into the apoplast, which alter
the composition of leaf-associated bacterial community in
Arabidopsis (Gomez-Pérez et al. 2023). While these examples provide
valuable insights into how pathogens may actively reshape
plant-associated microbial communities, the overall prevalence of
such pathogen-driven disruptions remains to be fully determined.

Consequences of microbiome shifts on plant
health

Recruitment of disease-suppressive microbes

Pathogen attack induces intense biochemical and physiologic
changes that extend beyond the primary site of infection (Jones
and Dangl 2006; Ngou et al. 2022b; Honig et al. 2023). Upon infec-
tion, the host plant is transformed into a distinct niche character-
ized by the accumulation of antimicrobial molecules, altered
nutrient availability, and shifts in key signaling molecules, such
as phytohormones and peptides (Torres et al. 2006; Nguyen
et al. 2022; Honig et al. 2023). These changes substantially modu-
late the composition and functionality of the plant-associated mi-
crobiome (Teixeira et al. 2019). Depending on the initial microbial
community, host genotype, and environmental conditions, such
microbiome shifts may yield different outcomes for plant health
(Wang et al. 2022; Andargie et al. 2023). One especially promising
outcome, with significant agricultural implications, is the enrich-
ment of disease-suppressive microbes (Fig. 3).

As described earlier, a growing body of evidence supports the
cry-for-help hypothesis as a cause of microbiome shifts during
pathogen attack. Consequently, infected plants may actively re-
cruit protective microorganisms as a defense strategy. For exam-
ple, foliar infection of Arabidopsis by P. syringae pv. tomato
triggers the secretion of malic acid from the roots, selectively
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Figure 3. Disease-induced microbiome shifts may influence pathogen infection and affect plant health. Infection can alter the plant-associated
microbiome, leading to the enrichment of specific microbial strains, such as the red-colored microbe shown in the image. These microbes may benefit
from the new niche created by the infection. Depending on their interaction with the pathogen, enriched microbes can have different consequences for
disease progression. Some may have a neutral interaction, with no impact on the pathogen or the plant. Others may inhibit pathogen growth or
virulence by competing for resources or producing antimicrobials, ultimately favoring the plant and helping mitigate disease. In contrast, some
enriched microbes may positively interact with the pathogen, enhancingits growth or activity and thereby worsening disease outcomes. In such cases,
we can expect pathogens to even promote the proliferation of specific partners as a virulence strategy, creating a potential positive feedback loop.

recruiting B. subtilis FB17, a bacterium known to induce ISR and
enhance resistance against this tomato pathogen (Rudrappa
et al. 2008). Similarly, foliar attack of Arabidopsis by H. arabidopsi-
dis results in the recruitment of 3 rhizospheric bacteria that con-
tribute to plant protection (Berendsen et al. 2018). Interestingly,
the recruitment of beneficial microbes is also triggered by herbiv-
orous insects (Lee etal. 2012; Friman et al. 2021) and even by other
beneficial microorganisms (Sommer et al. 2024). In addition,
systemic recruitment of beneficial microbes is not limited to
leaf—root communication. In barley, split-root experiments have
demonstrated thatinfection by Fusarium graminearum leads to sys-
temic alterations in the exudate profile of noninfected parts of the
root, rendering them more attractive to the beneficial bacterium
Pseudomonas protegens CHAO (Dudenhoffer et al. 2016). Likewise,
studies with cucumber and tomato in split-root systems have
shown that exudates enriched in peroxidases and oxylipins
serve as chemical signals that attract the biocontrol fungus
Trichoderma harzianum during Botrytis cinerea infection (Lombardi
et al. 2018).

Although systemic alterations have received considerable at-
tention, local modifications at the infection site have also been
associated with the enrichment of protective microbes. For exam-
ple, localized accumulation of antimicrobial compounds and ROS
in infected tissues can create microenvironments that favor the
establishment of beneficial microbial populations (Stringlis et al.
2018; Tzipilevich et al. 2021; Thoenen et al. 2023). A study by
Li et al. (2022) demonstrated that infection of citrus leaves with
the fungus Diaporthe citri alters the local bacterial community, lead-
ing to an enrichment of strains with potential antifungal properties
(Lietal. 2022). Inrice, infection with X. oryzae pv. oryzae caused sig-
nificant alterations in the phyllosphere microbiome and promoted
the enrichment of antagonist microbes (Yang et al. 2020). Similarly,
rice panicles infected with the pathogen Ustilaginoidea virens show
enrichment of beneficial bacteria capable of suppressing disease
via modulation of the host’s branched-chain amino acid metabo-
lism (Liu et al. 2023). These observations suggest that, in addition
to systemic signals, plants may orchestrate spatially confined mi-
crobiome shifts to counteract pathogen invasion at the local level.

However, the precise molecular signals and regulatory mecha-
nisms underlying these local recruitment processes remain poorly
understood.

Repeated pathogen exposure over multiple plant generations,
coupled with the recruitment of beneficial microbes, can lead to
the development of “disease-suppressive soils,” in which the occur-
rence of specific diseases remains low, even in the presence of a vir-
ulent pathogen and a susceptible host plant (Gémez Expésito et al.
2017; Schlatter et al. 2017). Suppressive soils are typically enriched
with antimicrobial-producing microbes (Cha et al. 2016; Mendes
etal. 2018; Carrién et al. 2019; Tracanna et al. 2021), which accumu-
late in the soil and form a self-perpetuating “soil-borne legacy” that
transcends individual plant generations (Bakker et al. 2018;
Berendsen et al. 2018). The development of disease-suppressive soils
is a direct consequence of plant-driven microbiome shifts triggered
by disease. Importantly, thelegacy effectisnot merely a transientre-
sponse but a stable, heritable restructuring of soil communities, of-
fering a blueprint for sustainable disease management.

Negative impacts of microbiome shifts

Microbiome shifts during pathogen exposure can have detrimental
effects on plant health, often resulting in dysbiosis—a condition
marked by reduced microbial diversity, loss of protective taxa,
and altered microbial functions (Paasch and He 2021; Arnault
etal. 2023).In Arabidopsis, for example, the proliferation of specific
groups of bacteriainimmunocompromised plants has been shown
to cause leaf damage under high humidity (Chen et al. 2020).
Similarly, the Arabidopsis mutant rbohD, with impaired pattern-
triggered immunity, supports the overgrowth of an opportunistic
Xanthomonas pathogen. This leads to significant shifts in the phyl-
losphere microbiota, culminating in dysbiosis and reduced plant
fitness (Pfeilmeieretal. 2021, 2024; Entila et al. 2024). In tomato, in-
fection by R. solanacearum reduces the abundance of beneficial mi-
crobes, further facilitating pathogen colonization and increasing
diseaseincidence (Leeetal. 2021). Together, these studies highlight
how microbiome imbalances can exacerbate plant vulnerability to
pathogens and opportunistic microbes.

920z Asenuer gz uo Jasn ojned oes Jo AlisiaAlun Aq 1.28//28/86vIeM/€/66/a1ome/sAydid/woo dno oiwspese//:sdny wolj papeojumoq



Microbiome shifts and impacts on plant health during pathogen infections | 9

In some cases, immune activation itself can unintentionally dis-
rupt beneficial interactions. For instance, while the symbiotic fun-
gus T. harzianum T-78 enhances Arabidopsis resistance against the
nematode Meloidogyne incognita, the activation of SA-regulated de-
fenses can reduce fungal colonization, suggesting that plant im-
mune responses may limit beneficial symbionts (Martinez-Medina
et al. 2017). Similarly, infection by the nematode Pratylenchus pene-
trans interferes with soybean-Bradyrhizobium japonicum symbiosis
through plant-mediated mechanisms, resulting in fewer nodules
and lower bacterial density (Elhady et al. 2020). Interestingly, de-
fense signalsin aboveground tissues, triggered by chemical elicitors
or pathogens, can also cause systemic responses that will nega-
tively affect belowground mutualisms, including arbuscular my-
corrhizal fungi and rhizobia colonization (De Roman et al. 2011;
Ballhorn et al. 2014). These examples illustrate the trade-offs that
plants may face: activating defense pathways to suppress patho-
gens can inadvertently compromise beneficial interactions (Fig. 3).

Microbiome shifts inform engineering
strategies for sustainable disease
management

Microbiome engineering holds significant potential to enhance
plant health and productivity by shaping plant-associated micro-
bial communities (Jurburg et al. 2022). However, despite encourag-
ing laboratory results, translating these findings into consistent
field applications has proven challenging. The widespread adoption
of microbial interventions in agriculture is largely hindered by our
incomplete knowledge of plant-microbe interactions and the com-
plex molecular mechanisms governing them. In this context, ad-
vancing microbiome-based strategies for pathogen control
requires deeper insights into the causes and consequences of micro-
bial shifts and dynamics that occur during disease development.
Manipulation of the plant microbiome can be achieved through
various methods: agricultural practices (e.g. intercropping and
crop rotation), soil amendments, soil transplantations, selective
breeding for microbiome-associated (M) genes, and microbial inoc-
ulants (Arif et al. 2020; Cernava 2024; Su et al. 2024). Each of these
approaches aims to modulate the composition or function of micro-
bial communities to enhance plant health, productivity, or resil-
ience to stress. In modern agriculture, microbial inoculants, such
as biological control agents, are increasingly recognized as a prom-
ising and sustainable strategy for disease management (De Cal et al.
2020; Galli et al. 2024). Traditionally, biological control has relied on
introducing individual microbial strains to promote plant health.
However, their inconsistent performance across diverse agricultur-
al environments remains a major limitation (Albright et al. 2022).
Factors such as competition with native microbiomes, low coloniza-
tion rates, and environmental variability often reduce their effec-
tiveness (Compant et al. 2025). Addressing these issues requires
innovative approaches grounded in a mechanistic understanding
of microbial establishment and persistence under field conditions.
Advancements in microbiome research have enabled the de-
velopment of microbial consortia-based strategies. By combining
multiple strains with complementary or synergistic functions,
consortia can enhance colonization, persistence, and pathogen
suppression across a wider range of environments. One approach
to designing microbial consortia involves assembling strains with
distinct pathogen-suppression mechanisms, such as competition
for nutrients and space, antibiosis, and ISR. This functional re-
dundancy increases the chances of successful establishment
and function, even if some strains are compromised under specif-
ic field conditions (Russ et al. 2023). Another approach focuses on

combining pathogen-suppressing strains that can tolerate a range
of temperatures, pH levels, and soil conditions, thereby improving
their ecologic robustness across diverse agricultural settings (Russ
etal. 2023). A better understanding of how plant microbiomes are
naturally modulated under diverse and changing environmental
conditions may guide the rational assembly of synthetic consortia
with desirable properties.

Interestingly, the effectiveness of microbial consortia depends
not only on the traits of individual strains but also on their collec-
tiveinteractions. Some consortia require helper strains that donot
directly combat pathogensbutinstead create favorable conditions
for biological control agents, improving their establishment and
persistence (Li et al. 2025). Moreover, a high genetic diversity in
the introduced microbial communities can improve their survival
and efficacy. Forinstance, Huetal. (2016) demonstrated that more
diverse Pseudomonas consortia exhibited enhanced survival and
stronger suppression of R. solanacearum in the tomato rhizosphere.
Stochastic factors, such as the timing and order of microbial colo-
nization, can further influence community composition and func-
tional outcomes under natural settings. While promising,
microbial consortia (especially those composed of multiple diverse
species) still face challenges related to microbial compatibility,
ecologic stability, and regulatory approval (Mitter et al. 2019;
Russ et al. 2023).

Beyond artificially assembled consortia, an alternative involves
engineering single microbial strains with multiple beneficial traits
(Russ et al. 2023). Advances in gene editing and synthetic biology
now enable the consolidation of several pathogen-suppressing
functions into a single strain, reducing the complexity of multi-
strain formulations while maintaining high efficacy. Engineered
microbes can be tailored to enhance pathogen suppression
through antimicrobial compound production, ISR activation,
and niche competition, offering robust disease control. In addition
to pathogen inhibition, they can deliver broader agronomic bene-
fits, such as improved nutrient uptake, drought tolerance, and
plant growth promotion. By integrating multiple traits and func-
tions into a single microbe, this approach simplifies application
and formulation, reducing microbial compatibility issues that
can affect the efficiency of consortia-based products (Prigigallo
etal. 2022). Microbes that are well adapted to the target host plant
andresilient to fluctuating environmental conditions make prom-
ising chassis for engineering these multibeneficial strains.

While these scientific advances are promising, microbiome en-
gineering must addressissues of public acceptance and regulatory
frameworks, particularly regarding the deployment of genetically
engineered microorganisms (GEMs; Ke et al. 2021). Environmental
regulation represents a major barrier to the release of GEMs, which
may persist and spread beyond release sites, potentially altering
microbial networks and ecosystem functions (Chemla et al.
2025). Horizontal gene transfer of synthetic DNA represents an ad-
ditional concern, as it could enable engineered sequences to move
intonative bacteria (George et al. 2024). Furthermore, the use of se-
lectable markers, particularly antibiotic-resistance genes, can
contribute to resistance dissemination in agroecosystems, high-
lighting the importance of alternative selection methods (Mahdi
et al. 2022). To mitigate such unintended impacts, rigorous envi-
ronmental risk assessment and robust biocontainment strategies
arerequired to prevent the uncontrolled spread of GEMs in natural
environments (Ke et al. 2021; George et al. 2024).

Ongoing research in microbiome continues to drive significant
progress in developing effective solutions for plant disease manage-
ment. A notable example is the study by Liu et al. (2024), which
presents a promising approach for disease control based on the
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cry-for-help mechanism. Their findings demonstrate that nonpa-
thogenic Pseudomonas strains and their MAMPs/metabolites can
function as safe elicitors of the plant’s cry-for-help response and in-
duce the formation of a disease-suppressive soil legacy. These results
offer a promising strategy for sustainable disease management with-
out therisks associated with using virulent pathogens to trigger plant
immunity. By decoding the specific signals that lead to the recruit-
mentof disease-suppressive bacteria, these interactions canbelever-
aged to design targeted interventions, whether through microbial
inoculants or elicitors, to fortify plant defenses.

Given the complexity of interactions and factors that shape the
plant microbiome, defining the significance of microbial shifts dur-
ing pathogen attack is essential for developing reliable and robust
microbiome-based strategies. Moreover, the temporal dynamics of
these shifts throughout the course of infection must be considered.
Certain microbial groups are likely to emerge early, playing a role
in plant defense or signaling the onset of disease, while others may
become dominant only as the plant condition deteriorates. Equally
important is identifying the specific molecular mechanisms driving
microbial recruitment and community restructuring in response to
infection. Also, not all microbial shifts are directly associated with
disease resistance, adding another layer of complexity to plant-mi-
crobiome-pathogen interactions. Although our understanding of
microbiome shifts and dynamics during disease is still in its infancy,
addressing the existing knowledge gaps will allow for the optimiza-
tion of microbial interventions. With continued progress, micro-
biome engineering offers a compelling solution to transform
agriculture by reducing reliance on chemical pesticides and enhanc-
ing crop resilience in an environmentally sustainable manner.

Concluding remarks and future directions

Over the past 3 decades, major advances in plant biology have un-
covered the molecular underpinnings of plant immunity and re-
vealed general principles that govern plant-pathogen interactions.
More recently, a parallel revolution has unfolded: the recognition
that the plant microbiome is not a passive bystander but an active
and dynamic extension of the plantimmune system. Although indi-
vidual microbes were noted for their disease-protective properties
as early as a century ago, it is only within the last decade that plant
microbiomes have been widely accepted as major modulators of
disease outcomes.

Microbiome shifts are increasingly recognized as a hallmark of
plant responses to pathogen infection, yet their underlying causes
and functional consequences remain incompletely understood.
Emerging evidence indicates that these shifts are not random but
arise from a complex interplay among plant immunity, pathogen
activity, and microbial traits. Immune activation reconfigures
the chemical landscape of plant tissues, imposing selective pres-
sure on resident microbes. Simultaneously, pathogens may
actively manipulate microbiome composition via effector proteins
or metabolic alterations. In turn, plants can selectively recruit
beneficial microbes through targeted exudation, a strategic
cry-for-help response that reshapes microbial communities to en-
hance resistance.

Despite this progress, major knowledge gaps persist, which re-
quires mechanistic, time-resolved studies that move beyond corre-
lative descriptions. Many microbial shifts observed during infection
are interpreted as adaptive or beneficial, yet few studies establish
causality. Some alterations may be neutral by-products of infection,
while others may inadvertently compromise host defenses or facil-
itate pathogen colonization. To advance the field, future research
must unravel the relative influence of plant immune responses,

pathogen interference, and microbial traits in driving microbiome
restructuring. Dissecting these contributions will require mecha-
nistic studies using synthetic microbial communities, trait-based
screening, and temporally resolved experiments that capture mi-
crobiome dynamics over the course of infection. Understanding
why certain microbes are enriched while others decline will be im-
portant for predicting and directing microbiome trajectories. Such
insights will inform the development of microbiome-based strat-
egles aimed at enhancing disease suppression, maintaining micro-
bial balance, and blocking pathogen-facilitating interactions.
Ultimately, deepening our understanding of microbiome shifts dur-
ing disease will not only advance basic plant pathology but also en-
able the rational design of microbiome-informed tools. Whether
through microbial inoculants, engineered consortia, or metabolite-
based cues, these tools will play a role in achieving consistent and
sustainable disease control across agricultural systems.

Advances Box

* The microbiome is now recognized as an extension of
the plant immune system, shaping disease outcomes
through dynamic shifts during infection.

e Not all microbial shifts are protective—some may be
neutral or even detrimental—highlighting the complex-
ity of plant-microbe-pathogen interactions.

e Plant-pathogeninteractionsinduce structural and func-
tional microbiome changes locally at infection sites and
systemically in distant tissues.

e Plants use stress-induced exudates, including primary
and specialized metabolites, to recruit beneficial mi-
crobes during infection.

e Pathogens can interfere with host microbiomes via ef-
fector proteins, highlighting microbiome manipulation
as a virulence strategy.

Outstanding Questions Box

Growing recognition of the microbiome as an active playerin
plant defense raises new molecular and functional ques-
tions. Despite recent advances, many aspects of micro-
biome-pathogen-plant interactions remain unresolved.
The following questions highlight areas where further re-
search could advance the field. Given the context-specific
nature of microbiome dynamics, answers will likely vary
with host, pathogen, and environment.

e What molecules mediate microbiome reorganization
during infection?

e Which plant/microbial metabolites maintain micro-
biome balance and prevent disease?

e Do pathogens foster the growth of specific microbes to
aid infection?

e How do pathogens with different lifestyles (biotrophic vs.
necrotrophic) modulate microbiomes across
environments?

e How have plant-pathogen coevolutionary dynamics
shaped microbiome shifts?

e What role do rare microbial taxa play in
pathogen-induced microbiome shifts?

e Can we engineer microbiomes to mimic beneficial natu-
ral shifts, such as those promoting stress resistance?
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