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Abstract

The plant microbiome can promote plant health and productivity through a multitude of mechanisms. Our understanding of plant-
microbiome interaction relies on descriptive natural surveys and experiments performed under simplified laboratory environments.
While reductionist approaches are essential to understand mechanisms of plant-microbiome interactions, they risk missing emergent
community properties seen in nature. To bridge the gap between basic research and real-world deployment of the microbiome for
translational application, one has to consider functional association as well as ecologic principles governing interspecies and
interkingdom interactions. In this review, we discuss the beneficial potential of plant microbiomes to enhance plant growth, nutrition,
stress tolerance, pathogen protection, and commercial value through the modulation of taste and flavors, using examples from model
plants and agriculturally important crops. We then discuss how microbial invasion and persistence in standing communities, trade-
offs under multiple stressors, and community instability under host- and environment-imposed modulation should be considered in
the rational design of microbial inocula, followed by a scrutiny of the method of microbial delivery. We synthesize ideas on how
multiomic data, including genomics, transcriptomes, and metabolomics, can be leveraged to identify strains or target genes of
interest for functional studies and how machine learning algorithms can be incorporated to enable prediction of plant-microbiome
interactions. Microbiome-based strategies hold promise for improvements in agriculture. Despite the intrinsic complexity of the
underlying interactions, interdisciplinary approaches are constantly providing insight into microbiome functioning and assembly
principles, which is key toward knowledge-based engineering of the microbiome for increased and sustainable crop performance.

Introduction

The term microbiome refers to a community of microorganisms
and their surrounding habitat and encompasses microbial activ-
ity and their interaction with their local environment. The collec-
tion of microbes within the microbiome is specifically referred to
as the microbiota. All eukaryotes harbor abundant and diverse mi-
crobiota thatinfluence the physiology of the host. Some microbio-
ta members are pathogens or symbionts that impose profound
negative or positive impacts on host fitness; however, these repre-
sent a minority. The majority of the microbiome, known as the
commensals, modulate host gene expression and phenotypes in
more subtle but nevertheless significant ways. For example, ex-
pression analysis along different parts of the mouse gut in
germ-free and conventionally raised mice has identified up to
thousands of genes differentially regulated by the activity of the
microbiome (Larsson et al. 2012). Similar transcriptomic changes
have been observed in the model plant Arabidopsis thaliana by us-
ing simplified synthetic communities (SynComs; Ma et al. 2021;
Teixeira et al. 2021), highlighting the general roles of the micro-
biome in modulating host processes in eukaryotes.

Based on near-saturated transposon-mediated mutagenesis
studies on plant-associated rhizobacteria, including Pseudomonas
simiae and Rhizobium leguminosarum, it is estimated that up to 2%

of microbial genes are involved in competitive root colonization
(Cole et al. 2017; Knights et al. 2024). Considering that these stud-
ies were each conducted with a mutant population of single bac-
terial strains representing 1 species and that host-microbiome
interactions are by definition more complex due to microbial in-
terspecies interactions, one can safely assume that the number
of microbial genes involved is considerably higher than 2%.
Indeed, it is not an overstatement to say that the microbiome
can modulate almost every aspect of plant physiology, ranging
from growth to development, nutrition, and stress tolerance. As
such, the microbiome is a resource for functional studies of
host-microbiome interactions, for examining potential adapta-
tion mechanisms of both partners, their evolutionary trajectories,
as well as translational applications.

Technological breakthroughs have been key to progress in
understanding causality in plant-microbiota interactions. This
initially included descriptive, culture-independent marker gene—
based community profiling and metagenome surveys of plant mi-
crobiomes. Applying these techniques within and between plant
species in natural but otherwise controlled environments revealed
a taxonomic core of the plant microbiota (Bulgarelli et al. 2012;
Lundberg et al. 2012; Yeoh et al. 2017). This in turn spurred the es-
tablishment of DNA sequence-indexed microbiota culture collec-
tions stratified by taxonomy (Bai et al. 2015; Levy et al. 2018;
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Zhangetal. 2019; Wippel et al. 2021; Duran et al. 2022b). These mi-
crobiota culture collections with gnotobiotic plant systems then
enabled plant microbiome reconstitution in defined environments
for hypothesis testing on microbiota functions (Zengler et al. 2019;
Kremer et al. 2021; Northen et al. 2024). Important insights were
gained from these simplified microbiota reconstitution systems,
mainly obtained with the host A. thaliana: i) bacterial competition
for host-derived organic carbon through metabolic niche overlap
as an organizing principle for leaf-associated communities
(Schafer et al. 2023), ii) commensal-host homeostasis through
interactions with the plant immune system (Lebeis et al. 2015;
Xin et al. 2016; Yu et al. 2019 ; Chen et al. 2020; Ma et al.
2021; Pfeilmeier et al. 2021; Teixeira et al. 2021; Paasch
et al. 2023; Cheng et al. 2024; Keppler et al. 2025), iii) an essential
role of the bacterial microbiota in protecting the host from harmful
root-colonizing fungi and oomycetes (Durédn et al. 2018), and iv)
mobilization of iron for plant nutrition (Harbort et al. 2020).
While reductionist approaches cannot capture the biodiversity
seen in fleld experiments in natural environments, they can be
complemented by machine learning (ML) algorithms enabling
prediction of plant phenotypes associated with specific micro-
biomes. These in turn can be leveraged for rational design of bac-
terial communities for different purposes. Microbiomes hold the
potential of enhancing plant health and reducing the use of syn-
thetic fertilizers and pesticides, thus facilitating the move toward
more sustainable agriculture. Microbiomes can improve host fit-
ness without direct engineering of plant genomes, which often
comes with time-consuming gene editing and plant breeding.
With the beneficial potential of an increasing number of microbes
verified in the laboratory, major gaps still exist to translate labora-
tory findings into real-world application. Major challenges center
on the difficulty of the specific microbe under investigation

(i.e. the focal strains) to invade, persist, and perform biological
function upon interactions with a complex environment. This re-
view focuses on the beneficial potential of plant-associated bacte-
rial and fungal microbiomes for improving plant growth,
nutrition, disease resistance, and abiotic stress tolerance and
their underlying mechanism whenever available (summarized
in Fig. 1). We then combine empirical knowledge with ecologic
theories to discuss the approaches that can be taken for the prac-
tical application of plant-associated microbiomes.

Beneficial services provided by the
microbiota

Plant growth promotion and modulation

of plant development

Plant growth-promoting rhizobacteria (PGPR) have been studied
(Lucy et al. 2004; Lugtenberg and Kamilova 2009; Tabassum
etal. 2017; Pieterse et al. 2021) long before their existence and ac-
tivities could be integrated into the concept of the plant microbio-
ta (Bulgarelli et al. 2013). A given PGPR inoculum must compete
with a standing community of root microbiota members.
Therefore, studying PGPR activity in monoassociations in labora-
tory environments does not often translate directly to natural
environments.

PGPR can modulate plant growth and development by produc-
ing/modulating phytohormone pathways such as auxin, cytoki-
nins, abscisic acid, ethylene, and gibberellin (Orozco-Mosqueda
et al. 2023). One of the best-studied examples of a PGPR is Bacillus
velezensis GBO3, first isolated as B. subtilis A13 in the 1970s from a
wheat field in South Australia by Kloepper and colleagues
(Jang et al. 2023). Growth promotion by B. velezensis GB03 can be at-
tributed to its ability to induce auxin production through
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Figure 1. Examples of beneficial services provided by the plant microbiome. Plant-associated microbes have been reported to improve plant
performance, stress tolerance, and quality through a diversity of mechanisms. AMF, arbuscular mycorrhizal fungi; CK, cytokinin; ET, ethylene; GA,

gibberelilc acid.
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upregulation of nitrilase genes involved in the terminal step of
Trp-dependent auxin biosynthesis (Zhang et al. 2007). In addition,
GBO03 produces volatile compounds such as 2,3-butanediol that
promote plant growth possibly through the cytokinin pathway
(Ryu et al. 2003). These positive effects, together with the fact
that Bacillus spp. can persist under relatively harsh conditions as
endospores, make it an effective biostimulant, and GB03 has
been the focus of several commercial formulations (Jang et al.
2023).

Plant hormone levels need to be tightly regulated, as excessive
amounts or ectopic distribution can have a negative impact on plant
growth; in fact, many plant microbiota members are known to in-
hibit root growth through auxin production. For example, tested
members of the root microbiota from the bacterial genus
Variovorax can catabolize auxin and reverse negative impacts
caused by other community members (Finkel et al. 2020), highlight-
ing that members of a single genus can have a significant impact on
plant root architecture. Although auxin signaling is by far the most
important pathway underlying plant growth promotion, other path-
ways are involved. Studies using bacterial communities without
any known auxin-related operons but with auxin-deficient mutants
collectively suggest that microbes can promote A. thaliana growth
and lateral root formation through induction of ethylene signaling,
independent from known auxin-ethylene crosstalk (Gonin et al.
2023). Furthermore, an auxin- and ethylene-independent promo-
tion mechanism has been reported (Lopez-Bucio et al. 2007).

PGPR can produce small molecules that modulate host devel-
opment and growth. Intriguingly, morphogenesis of the marine
green algae Monostroma oxyspermum relies on the continuous sup-
ply of the small molecule thallusin by microbes, as the leafy thal-
lus undergoes gradual disintegration when thallusin is depleted
(Matsuo et al. 2005). Based on a molecular clock study, it is esti-
mated that the Chlorophyta, the group of algae to which M. oxy-
spermum belongs, shared a most recent common ancestor with
the Streptophyta clade, which contains land plants and charo-
phyte green algae (Yoon et al. 2004; Parfrey et al. 2011). These 2
groups diverged approximately 700 to 1,200 million years ago. It
is thus interesting to explore whether other microbiome-derived
molecules act as morphogens in streptophyte algae or certain
basal bryophytes. Some root-associated bacteria including
Exiguobacterium can inhibit rice tiller number by producing the cy-
clodipeptide Cyclo(Leu-Pro) (Zhanget al. 2025), which binds to the
strigolactone receptor OsD14 and activates the signaling pathway.
Several bacterial genera have also had a positive impact on rice
tiller number, but the underlying mechanisms remain elusive.

Nutrition

In addition to the developmental mechanisms by which PGPR pro-
mote plant growth, the microbiome can improve plant performance
under stress conditions, such as nutrient limitation. Microbes play
an important role in cycling mineral nutrients into bioavailable
forms for uptake by roots and allocation to below- and aboveground
tissues for growth (Devi et al. 2022). One well-characterized exam-
ple is biological nitrogen fixation (BNF) by rhizobia bacteria in le-
gume root nodules, in which unavailable atmospheric nitrogen is
fixed to ammonium. Following a complex molecular dialogue be-
tween legume hosts and soil-borne N,-fixing rhizobia belonging to
Alpha- or Betaproteobacteria, the bacteria are accommodated in
large numbers in specialized root nodules where they trade the
fixed nitrogen in exchange for carbon from the host. The capacity
to induce root nodule formation and perform BNF has also evolved
in the genus Frankia, a group of symbiotic Actinobacteria that

colonizes nonleguminous plant families including Betulaceae and
Myricaceae (Benson and Silvester 1993). While rhizobial and actino-
rhizal root nodule symbioses are restricted to a relatively narrow
group of plants, potential nitrogen-fixing bacteria, called diazo-
trophs, are found free-living or in the microbiota of many plant spe-
cies (Zhang et al. 2022; Adachi et al. 2025; Chakraborty et al. 2024).
Some nitrogen-fixing cyanobacteria can differentiate into nitrogen-
fixing cells known as heterocysts and motile filamentous hormogonia
for dispersal (Alvarez et al. 2023). Together, these differentiations al-
low cyanobacteria to infect different parts of host plants for symbio-
sis without restriction to the root nodules. In extreme cases, such as
the mutualism between extracellular Nostocales cyanobacteria
and the aquatic fern Azolla spp., the symbiosis is obligatory, with
the symbiotic cyanobacteria being transmitted vertically between
plant generations and linked to evidence for reductive bacterial ge-
nome evolution (Ran et al. 2010).

Numerous studies have reported improved plant growth through
inoculation with diazotrophs, which is often attributed to the bacte-
ria supplying nitrogen to the plant (Giller et al. 2025). However, in all
of these studies, the amount of plant nitrogen potentially derived
from BNF was much lower than the equivalent values accepted
for rhizobia-legume symbioses and often below the thresholds
that can be confidently detected through currently available meth-
ods (Giller et al. 2025). In one study, a SynCom consisting of 2
Gammaproteobacteria diazotrophs and 2 non-N-fixing strains
isolated from maize xylem sap colonized maize and contributed
nitrogen to plant tissues (Zhang et al. 2022). Inclusion of 2 nondiazo-
troph “helper” bacteria increased the nitrogen-fixing activity of
the SynCom. Together, these nondiazotrophs can possibly create a
hypoxic environment that is favorable for nitrogen fixation
(Zhang et al. 2022). '°N isotopic labeling experiments showed that
these SynComs contributed 11.8% of the total N accumulated in
maize stems through BNF. Yet, only 0.46% of the total nitrogen of
maize was incorporated by SynCom-mediated BNF into leaves and
4.01% intoroots (Zhanget al. 2022), which is far below the host nitro-
gen produced via BNF in legumes such as soybean by N,-fixing rhizo-
bia under nonfertilized conditions: 88% of total N in roots, 77% in
aboveground vegetative biomass, and 49% in beans (Gelfand and
Philip Robertson 2015). Similarly, BNF estimates based on N tracer
analysis in roots of the C4 grass Setaria viridis treated with diazotro-
phic PGPR Azospirillum brasilense or Herbaspirillum seropedicae indi-
cated that only 7% of the plant’s daily nitrogen demands were
supplied by these rhizobacteria. This value increased with an
ammonium-excreting mutant of A. brasilense, but the fraction of
BNF-produced nitrogen in the aboveground vegetative biomass of
adult plants remains unknown (Pankievicz et al. 2015). Whether
and how domestication and breeding have influenced nitrogen
fixation efficiency to improve legume-rhizobial symbiosis and mi-
crobiome composition is not well understood (Liu et al. 2020b), but
nitrogen fixation capacity appears to have increased with soybean
domestication (Munoz et al. 2016). Thus, it remains to be seen
whether future rational engineering of diazotroph-mediated BNF
innonlegume hosts can compete with the remarkable efficacy of le-
gume-rhizobial symbiosis.

Unlike legume-rhizobial symbiosis, symbiosis is established be-
tween obligatory mycorrhizal fungi (subphylum Glomeromycotina)
and a varlety of plants. Up to 80% of vascular plants are known
to be mycorrhizal, in which arbuscular mycorrhizas constitute the
majority (Brundrett and Tedersoo 2018). Arbuscular mycorrhizal
fungi (AMF) form distinctive arbuscular structures within the corti-
cal cells of the associated host roots and an extensive extraradical
hyphal network. AMF provide nutrients and water to the AM host
in exchange for organic carbon including lipids (Jiang et al. 2017;
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Keymer et al. 2017). Increased nutrient uptake can be simply ex-
plained by the enhanced surface area for absorption (Sanders and
Tinker 1971) and can sometimes go up to 100% for nutrients such
as phosphorus (Smith et al. 2004). However, the rate varies across
species (Smith et al. 2004) and is not strictly correlated with extra-
radical hyphal density (Smith et al. 2000). Hyphal-facilitated
phosphorus uptake is also reported in nonmycorrhizal plants
(e.g. between Arabidopsis and the fungus Colletotrichum tofieldiae;
Hiruma et al. 2016).

Beyond expanding the surface area available for nutrient forag-
ing, extraradical hyphae carry distinct microbial communities
(Emmett et al. 2021). AMF hyphae also facilitate migration of
rhizobia populations toward the root system of their host plants
(He et al. 2024a). These studies highlight the importance of multi-
kingdom interactions and the broader impact of AMF in shaping
the surrounding soil microbiome composition. Although nitrogen-
fixing Rhizobium and AMF have different host ranges, a common
symbiotic signaling pathway is involved (Gherbi et al. 2008;
Girardin et al. 2019). The knowledge gained from common symbi-
otic signaling may help expand the host range of efficient
nitrogen-fixing bacteria to nonlegumes. However, similar to the
lack of robust evidence that inoculation of nonlegumes with
diazotroph-mediated BNF bacteria leads to fixation of agronom-
ically significant quantities of dinitrogen from the atmosphere, a
recent meta-analysis revealed that globally sourced commercial
mycorrhizal inoculants have consistently fallen short in real-
world application (Koziol et al. 2025). In addition to directly
providing nutrients to the plant, microbes can improve plant nu-
trition by modulating signaling pathways involved in nutrient up-
take. The presence of the microbiome reduces A. thaliana root
endodermis suberization through repression of the ABA signaling
pathway, contributing to reduced root diffusion barriers and en-
hanced nutrient uptake (Salas-Gonzélez et al. 2021). Through cor-
relative analyses among 20 maize lines and the monitoring of
multiple plant performance parameters and associated commun-
ities, an inbred maize line was identified to have the highest shoot
biomass and nitrogen accumulation with an enrichment of
Oxalobacteraceae (Yu et al. 2021). This inbred line exudes signifi-
cantly more flavones to the rhizosphere, including apigenin and
luteolin, which can mediate compositional changes in the micro-
biome and facilitate nitrogen uptake (Yu et al. 2021). Yet, the
causality between increased flavone exudation and enrichment
of Oxalobacteraceae for enhanced nitrogen uptake is not directly
demonstrated. In a comparative study between rice varieties
Oryza sativa indica and japonica with different nitrogen use efficien-
cies, the nitrogen transporter NRT1.1B shaped microbiome com-
position (Zhang et al. 2019). Construction and application of
an indica-enriched SynCom improved rice growth of an indica vari-
ety more in organic nitrogen conditions as compared with a
japonica-enriched SynCom (Zhang et al. 2019).

Phosphorus is often limiting for plants, as it is commonly se-
questered in insoluble mineral compounds or organic material
that plants cannot access. Numerous phosphate-solubilizing or
phosphate-scavenging microbes, notably AMF, have been shown
to improve plant growth under phosphorus-limiting conditions,
and in many cases plant-microbiome interactions are dependent
on the phosphate status of the plant host (Breuillin et al. 2010;
Hiruma et al. 2016; Aslam et al. 2022; Brisson et al. 2022; Huang
et al. 2024; Liu et al. 2024b).

Iron often has limited bioavailability in soils, especially in cal-
careous soils with a pH usually >7, where it is locked in insoluble
Fe** inorganic compounds. As in the case of phosphorus,
root-associated bacteria can play an important role in plant iron

nutrition by facilitating iron mobilization (Harbort et al. 2020).
The microbe-mediated rescue of A. thaliana iron starvation re-
quires an interaction between the plant and the root microbiota,
as it does not occur in plant mutants that are defective in the bio-
synthesis of catechol coumarins, specialized metabolites secreted
by roots. This beneficial trait is strain specific yet functionally re-
dundant across phylogenetic lineages of the microbiota. Although
itis not known how these coumarins influence the microbes to fa-
cilitate their iron mobilization activity, other secreted coumarins
lacking a catechol moiety have antimicrobial activity (e.g. toward
soil-borne fungal pathogens Fusarium oxysporum f. sp. raphani and
Verticillium dahliae) and thus influence microbiota community
composition (Stringlis et al. 2018; Voges et al. 2019). Considering
that root-secreted coumarins have at least 2 physiologic functions
for the host, as antimicrobials and as cues for microbe-mediated
iron nutrition, it is challenging to disentangle observed shifts in
the composition of the root microbiome of plant mutants lacking
these specialized metabolites when grown in natural soil.

Protection against pathogens

Plant diseases exert a heavy toll on global food production (Savary
et al. 2019). In 2019, >2 million tons of pesticides were used
(Sharma et al. 2019), with potentially deleterious impacts on eco-
systems, including the soil biome (Gandara et al. 2024). It is ex-
pected that a reduced use of agrochemicals by biologicals or
mimetics of natural compounds will contribute to a more sustain-
able agriculture. The role of the plant microbiome in improving
plant disease resistance has been extensively documented. One
of the best-characterized examples is so-called suppressive soil
—arguably the most compelling argument that biologicals can
work robustly for years under field conditions and for which trans-
ferability between soils has been shown in several cases. In con-
trast to disease-conducive soil, suppressive soil often carries low
amounts of pathogens and poses little harm to plants. Even
upon inoculation with a high pathogen inoculum, the negative
impact of pathogens in the suppressive soil on the plant host
tends to diminish over time (Weller et al. 2002; Spooren et al.
2024). Numerous cases of suppressive soils have been reported
worldwide, which have revealed a remarkable diversity of the
underlying biocontrol agents. The mechanisms of suppression
are also diverse and can be summarized as occurring by at least
3 means: antibiosis/antagonism, niche occupation and resource
competition, and priming. Although these mechanisms are fun-
damentally different, microbiomes often use a combination of
them to modulate plant disease resistance, as exemplified here.
Common scab is a soil-borne disease caused by the gram-
positive bacterial pathogen Streptomyces scabies and related spe-
cies. These pathogens are characterized by the production of the
cell wall cellulose inhibitor thaxtomin A, which has a devastating
impact on a variety of root crops, such as potatoes, beets, carrots,
and turnips (King and Calhoun 2009). An early study by Menzies
and Menzies (1959) demonstrated that contrary to expectations,
potatoes grown in a plot of eastern Washington State with a
decades-long history of potato monoculture were mostly scab-
free. By contrast, potatoes grown in the nearby region with a
shorter cultivation history were suffering from scab decline.
Importantly, disease suppressiveness in the Washington plot
was lost by steaming, providing the first hint that a heat-labile bio-
logical factor could be involved. Follow-up studies have gradually
revealed the biological agents involved, including nonpathogenic
Streptomyces strains (Liu et al. 1995). These Streptomyces bacteria
produce antibiotics against the scab-forming S. scabies, pointing
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to a direct antibiosis mechanism. Antibiotic production is also
important for the disease suppression by several Pseudomonas
strains against Gaeumannomyces graminis var. tritici, the causal
agent of take-all decline. The suppressiveness is related to the ca-
pacity of the bacteria to produce the polyketide metabolite
2,4-diacetylphloroglucinol, a broad-spectrum antibiotic that in-
creases bacterial membrane permeability and reduces cell viabil-
ity in gram-positive and gram-negative bacteria.

In a more recent study by Getzke et al. (2023), the Pseudomonas
brassicacearum strain R401 demonstrated broad-spectrum antago-
nistic activity against multiple bacterial taxa, including the broad
host range wilting root pathogen Ralstonia solanacearum. The dis-
ease suppression was only partially dependent on DAPG produc-
tion, highlighting the simultaneous use of multiple mechanisms
for disease suppressiveness by R401. Disease suppression by
R401 also involves production of the iron chelator pyoverdine,
pointing to the importance of resource competition, in this case
competition for iron. Iron is essential for biological processes in
microbes as well as the host, and a recent study suggested that
plants modulate iron bioavailability within their tissues as an im-
mune output. Activation of immunity by treating A. thaliana with
the bacterial flagellin-derived elicitor flg22 leads to the elimina-
tion of the iron deficiency-responsive signaling peptide Iron Man
1 (IMA1). Elimination of IMA1 suppresses iron acquisition and re-
duces iron availability in the plant, which is hypothesized to limit
microbial growth (Cao et al. 2024). However, direct control of com-
mensal microbiota through IMA1-dependent nutritional immun-
ity remains unexplored. Bacteria have evolved multiple strategies
to facilitate iron uptake, including the production of iron-
chelating siderophores. In a systematic survey of 2,150 strains iso-
lated from the tomato rhizosphere through the colorimetric
chrome azurol S assay, up to 95% of strains exhibit the potential
to produce iron-binding molecules including siderophores (Gu
etal. 2020). Treatment of supernatant collected from siderophore-
producing strains under iron-limiting conditions leads to varying
degrees of inhibition of pathogenic R. solanacearum. The addition of
iron to these supernatants restores pathogen growth, supporting
a role of iron availability in pathogen proliferation. Yet, the addi-
tion of bacterial supernatants sometimes facilitates pathogen
growth, which is expected as iron-bound siderophores can be tak-
en up by bacteria expressing the corresponding siderophore re-
ceptor. Therefore, microbiota-secreted siderophores can be a
dual-edged sword inhibiting or facilitating pathogen proliferation
(Gu et al. 2020). Interestingly, siderophore-mediated inhibition
seems to be linked to phylogeny; that is, closely related strains
tend to exhibit stronger inhibitory effects. This result is in line
with a resource utilization study that concluded that closely re-
lated strains tend to have overlapping niche and substrate prefer-
ences (Schafer et al. 2023). These results highlight the need to
consider phylogeny and ecologic theories such as metabolic niche
overlap when designing microbial communities for the control of
specific pathogens.

The plant microbiome may suppress disease without directly in-
hibiting pathogen growth but rather by preventing pathogen viru-
lence. Many microbes switch to a pathogenic lifestyle only when
their quorum-sensing system is activated by high population den-
sities. Interfering with quorum sensing can therefore prevent
disease symptoms (Helman and Chernin 2015). For example,
R. solanacearum uses methyl-esterified fatty acids for quorum sens-
ing, and inhibition of this system reduces its virulence when inocu-
lated on tomato (Yoshihara et al. 2020). Soil metagenomes contain
genes for lipases that are active against the R. solanacearum
quorum-sensing molecules, preventing the pathogen from

production of virulence-associated molecules such as exopolysac-
charides (Lee et al. 2018). Plant genotypes or environmental condi-
tions that promote expression of these lipases are a possible
strategy to reduce the incidence of disease caused by R.
solanacearum.

A comparison between rice resistant varieties against Rhizoctonia
solani identified a disease-suppressive Aspergillus cujetkovicii strain
(Fan et al. 2024). The underlying mechanism was mapped to a
fungal-derived molecule called 2,4-DTBP (2,4-Di-tert-butylphenol).
2,4-DTBP treatment downregulated the R. solani gene AMT1, possi-
bly through interference with the upstream bZIP transcriptional
factor. As AMT1 is required for sclerotia formation, downregulation
of AMT1 provides a mechanistic link of how a small molecule can
suppress R. solani infection.

A similar comparison between resistant and susceptible ba-
nana varieties against F. oxysporum, the causal agent of Fusarium
wilt, identified specific fungal Trichoderma species responsible for
resistance (Liu et al. 2023). Another beneficial fungus, Serendipita
vermifera, can provide plant growth promotion and resistance
against Bipolaris sorokiniana in Arabidopsis and barley. While the
mechanism is unclear, such beneficial effects act synergistically
in the presence of the bacterial microbiota and are likely associ-
ated with microbial interkingdom interactions rather than host
transcriptional modulation (Mahdi et al. 2022).

Although viruses do not fit the definition of living microorgan-
isms, they play pivotal roles in modulating host and microbe
physiology. Arecent metagenomic study on 4 crop species, includ-
ing wheat, rice, maize and Medicago, led to the expansion of 9,736
nonredundant viral genomes collectively known as the crop root
viral genome collection (Dai et al. 2025). About 60% of the as-
sembled bacterial genomes from this study carry CRISPR spacers,
indicative of the history of interaction between the cognate micro-
bial hosts and viruses. Among the entire crop root viral genome
collection, up to 82.4% of genomes were detected from a single
crop species, suggesting high niche differentiation. Such a knowl-
edge of specificity can be leveraged to develop bacteriophage-
based control agents to target pathogens. In a phage therapy study
involving R. solanacearum, a 4-phage combination showed the
highest biocontrol efficacy (Wang et al. 2019). Even though phage
resistance evolved over time, the resistant pathogen tended to
grow more slowly than the wild type strain, possibly due to the as-
sociated fitness cost of the underlying mutations. In line with the
high host specificity inferred by the earlier metagenomic study,
the presence of phages did not affect the microbiota composition
in the absence of the pathogen, highlighting the feasibility and
specificity of the phage-mediated treatment.

For many biological agents responsible for soil disease suppres-
siveness, robust rhizosphere or soil colonization is required for
the suppressive activity. The antagonism of nonpathogenic
Streptomyces increased with a higher inoculum titer and the number
of antagonists applied (Liu et al. 1995). In the case of take-all decline,
biocontrol potential was correlated with the capacity of the
Pseudomonas strains to persist in the wheat rhizosphere over 8 plant
generations (Raaijmakers and Weller 2001). However, it remains un-
clear why disease-suppressive strains tend to colonize and persistin
one soil but not another. Plant genetics and environmental factors
likely play key roles here. In a comparative study between R. solana-
cearum-resistant and susceptible tomato varieties, differencesin rhi-
zosphere microbiomes were observed (Kwak etal. 2018). The authors
used a metagenome-assembled genome of a Flavobacterium
from the resistant tomato to make predictions regarding its
antibiotic resistance and sugar utilization potential. Together, these
predictions facilitated the isolation of Flavobacterium TRM1 with
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disease-suppressive activity (Kwak et al. 2018). Other Flavobacterium
species were implicated in controlling soil-borne fungal disease toR.
solaniin sugar beet, which was shown to be genetically dependent on
their potential to synthesize antimicrobials and secondary metabo-
litesencoded by different nonribosomal peptide synthetases (NRPSs)
and polyketide synthases (Carrién et al. 2019). Moreover,
Chitinophagaceae and Flavobacteriaceae members became en-
riched in the root endosphere of the Rhizoctonia-suppressive soil,
which was associated with enhanced enzymatic activities related
to fungal cell wall degradation, and a “minimal consortium” consist-
ing of a Chitinophaga and Flavobacterium strain consistently sup-
pressed fungal root disease in a simplified bioassay. Previous work
with the same Rhizoctonia-suppressive soil identified 3 sugar beet
rhizosphere-enriched Pseudomonas haplotypes, and a corresponding
isolated Pseudomonas strain suppressed the fungal root disease but
not its mutant derivative in which 1 NRPS gene is inactivated
(Mendes etal. 2011). Hence, itis possible that at least 3 bacterial spe-
cies are involved in the soil-suppressive trait against Rhizoctonia, 1 of
which acts in the rhizosphere and 2 in the root endosphere.

In a field study addressing the effect of crop management on
peanut root rot severity caused by F. oxysporum, crop rotation re-
sulted in reduced disease severity as compared with the monocrop-
ping group (Zhou et al. 2023). Differences in crop management
practices were associated with different microbial communities.
Rotation-enriched strains, mostly in the phyla Proteobacteria and
Actinobacteria, showed synergistic interactions in suppressing
F. oxysporum growth, a root-infecting soil-borne fungal pathogen
(Zhou et al. 2023). Root exudates collected from peanuts grown in
monocropping and rotation soil have different impacts on micro-
biomes (Zhou et al. 2023), suggesting that crop management practi-
ces modulate microbiome structure possibly through a feedback
mechanism involving root exudate chemistry. The abundance of
Fusarium-suppressive Trichoderma fungi can also be increased by
plant-exuded metabolites including shikimic acid, suggesting pos-
sible plant-mediated recruitment processes (Liu et al. 2023).

Foliar infection by Pseudomonas syringae induces root expres-
sion of ALMT1, a malic acid transporter, which in turn enriches
an immune-priming Bacillus rhizobacterium through positive che-
motaxis (Rudrappa et al. 2008). Such a “cry for help” phenomenon
along the shoot-root axis is also noted during infection of
Arabidopsis by the downy mildew pathogen Hyaloperonospora ara-
bidopsidis (Hpa). Leaf infection leads to a distinctive shiftin the root
microbiome with enrichment of Microbacterium, Stenotrophomonas,
and Xanthomonas spp. This shift in the root microbiome of a pri-
mary population of downy mildew—infected plants likely contrib-
utes to enhanced protection against the pathogen in a second
population of plants growing in the same soil (Berendsen et al.
2018). Remarkably, it turns out that these root-enriched rhizobac-
teria also associate with Hpa spores, are shared among Hpa cul-
tures, and form 34% of the phyllosphere community of infected
Arabidopsis (Goossens et al. 2023). Counterintuitively, although
the Hpa-associated bacteria benefit from Hpa infection of the
host, they adversely affect Hpa spore formation. With a gnotobiot-
ic Hpa culture, pathogen-infected A. thaliana enrich these bacteria
in the root and shoot microbiota, hence forming a soil-borne
infection-associated protective bacterial microbiome (Goossens
et al. 2023). This protective microbiota appears to be specific
against biotrophic Hpa, as foliar infection of A. thaliana with spores
of the biotrophic fungal pathogen Golovinomyces orontii induces ex-
tensive but distinct local changes in the leaf microbiota and mar-
ginal shifts in the root microbiota (Duran et al. 2021). Mutationin a
MADS box transcription factor RIN, previously implicated in
ethylene signaling and resource allocation, resulted in an overall

shift of tomato microbiome structure with a depletion of
Actinobacteria (Yang et al. 2023a). The depletion of
Actinobacteria is associated with enhanced disease susceptibility
possibly due to the ability of Actinobacteria to produce a range of
antimicrobials. Metabolomics suggested that exudates of the rin
mutant contained lower amounts of riboflavin and 3-hydroxyfla-
vone. Supplementation of these 2 compounds in the rin mutant
enhanced the relative abundance of Actinobacteria and promoted
disease resistance (Yang et al. 2023a). Together, these examples
highlight the potential of metabolic profiling for identifying mech-
anisms modulating microbiome profiles with beneficial roles in
enhancing plant disease resistance.

Drought and salinity stress

The ability of microbes to improve plant abiotic stress toler-
ance has been extensively reported. Here, we focus on drought
and salinity stress tolerance as they are well characterized,
partly due to well-controlled perturbation experiments in
the field and microbiota reconstitution systems. ACross numerous
studies, Actinobacteria, especially the genus Streptomyces, are en-
riched in root and rhizosphere microbial communities under
drought (Fitzpatrick et al. 2018; Xu et al. 2018; Qi et al. 2022;
Caddell et al. 2023; Faist et al. 2023; Fan et al. 2023; Liu et al. 20243;
Styer et al. 2024; Swift et al. 2024). Although the thick cell walls of
these gram-positive bacteria may make them more resistant to
drought stress, an increase in the relative abundance of
Actinobacteria is not seen in unplanted soil, suggesting that the en-
richmentis mediated by interactions with the plant host, perhapsin-
dicating another cry for help. The mechanism behind the increasein
Actinobacteria is not definitively known; however, it has been pro-
posed that drought-induced changes in host physiology alter the rhi-
zosphere through decreased root exudation, increases in reactive
oxygen species (ROS), and reduced iron availability, resulting in an
environment where Streptomyces is more competitive (Liu et al.
2024a).

In some cases, the increased abundance of Streptomyces was
correlated with improved plant growth and survival under
drought, suggesting that the bacteria provide beneficial services
for the host (Fitzpatrick et al. 2018; Xu et al. 2021). Indeed, treat-
ment with Streptomyces isolates in gnotobiotic systems does im-
prove tolerance of several plant species to drought and osmotic
and salt stresses (Xu et al. 2021; Yang et al. 2023b). The beneficial
effect may be due to the production of pteridic acid by the bacte-
ria, which leads to upregulation of genes associated with auxin
and abiotic stress responses (Yang et al. 2023b).

However, the presence of Actinobacteria does not always corre-
late positively with plant performance under drought. A maize
study found that although Actinobacteria were generally enriched
in the rhizosphere, the presence of Streptomyces was not correlated
with plant growth, and other Actinobacterial taxa such as the
Nocardiaceae were negatively correlated (Swift et al. 2024). An
Actinobacterial order also showed a negative correlation with
drought tolerance in potato, being relatively depleted in the roots
of a drought-tolerant potato variety, but enriched in a drought-
sensitive genotype (Faist et al. 2023). This study took a metage-
nomic approach, which can reveal functional information about
the microbiome, rather than simply phylogenetic information
provided by the more common 16S rRNA gene sequencing.
Nevertheless, the inconsistencies among studies in which taxa
are enriched in the community and correlated with plant growth
under drought highlight that caution is required when interpret-
ing correlative community shift data.
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Reductionist approaches have been successful in identifying
bacteria with beneficial effects under water stress (Yang et al.
2021; Qi et al. 2022; Alwutayd et al. 2023; Acufia et al. 2024). One
promising genus is Variovorax, which promotes drought tolerance
when inoculated on sorghum and wheat (Qi et al. 2022; Acufla
et al. 2024). In Arabidopsis, Variovorax was previously shown to
maintain primary root growth in the presence of other microbiota
members, which would otherwise inhibit primary root growth and
promote lateral root emergence (Finkel et al. 2020). This activity ex-
tends to sorghum, where treatment with Variovorax suppressed the
root growth inhibition triggered by Arthrobacter (Qi et al. 2022). The
Variovorax strains also improved sorghum growth under drought,
possibly due to the altered root architecture. A Pseudomonas isolate,
SA190, originally isolated from root nodules of the desert legume
Indigofera argentea, further increases the drought and osmotic
stress tolerance of Arabidopsis and Medicago sativa (Lafi et al. 2016;
Alwutayd et al. 2023). The proposed mechanism in this case is
modulation of the plant drought response by inducing ABA signal-
ing and increasing the chromosome accessibility of aquaporin
genes. This alters plant-water relations and allows the plant to
maintain growth and photosynthesis during drought, thus increas-
ing water use efficiency. Since the latter study involved experi-
ments using only monoassociations, it remains to be examined
whether this mechanism functions in the context of a microbial
community.

Flavors and taste

Fermentation has long been used to increase food nutritional val-
ues, as well as to alter flavors and stability for human consump-
tion (Marco et al. 2017). Flavor is one of the most important
factors determining the economic values of fermented products.
It was recently found that the microbiome modulates this com-
plex trait. Importantly, variation in microbial composition can
be used to accurately predict the chemical composition of wines,
raising the possibility of using microbiomes as biomarkers to pre-
dict terroir (Bokulich et al. 2016). However, bacterial and fungal
microbiomes can have different contributions to wine regional
flavors. In a study using Chardonnay and Cabernet Sauvignon
grapes grown in California, a stronger association was found be-
tween bacteria and sensory-active metabolite profiles (Bokulich
et al. 2016), but a study on Pinot Noir grapes grown in Australia
suggested otherwise, with fungal communities contributing the
most to regional distinctiveness (Liu et al. 2020a).

Cheese making involves milk fermentation with starter lactic
acid cultures containing a combination of Lactococcus and
Streptococcus strains. Dropout experiments of specific microbes
from the starter culture of a yearlong cheddar-making experiment
demonstrated that Streptococcus thermophilus played a key role in
determining the microbial composition and the resultant metabo-
lite profiles (Melkonian et al. 2023). Mechanistically, S. thermophilus
enhances Lactococcus community growth by crossfeeding. The
Lactococcus community in turn influences cheese flavor by limiting
the production of C4 aroma compounds such as diacetyl and
acetoin (Melkonian et al. 2023). When in excess, these compounds
produce characteristic off-flavors, highlighting the role of microbe—
microbe interactions in shaping flavors. Similarly, the composition
of microbiomes during each step of coffee bean harvesting,
fermentation, and drying contributes to the complex flavor of a
cup of coffee (Pereira et al. 2016; Wang et al. 2020a). These studies
exemplify the significance of microbial interactions, including com-
petition and cooperation, in flavor formation. It should be noted
that the microbiome can also modulate flavor through nutritional

processes. For instance, specific microbiomes can facilitate ammo-
nium absorption and influence the nitrogen metabolism of tea
plants. Modulation of nitrogen metabolism results in enhanced pro-
duction of theanine, a nonprotein amino acid, which serves as an
important determinant of tea quality (Xin et al. 2024). Thus, the mi-
crobiome holds significant potential for fine-tuning the flavors of
different products to tailor them to consumer preferences.

Challenges for the deployment of beneficial
microbes in an agricultural setting

The development of large-scale culture collections, high-
throughput screening with phenotyping platforms, and transcrip-
tome and metabolome profiling has significantly expedited the
identification of microbes with beneficial traits under laboratory
conditions. However, to harness the potential of the plant micro-
biome in agroecologic environments, we still have to overcome
multiple major challenges: i) the identification of the right mi-
crobe/microbial consortium for inoculation; ii) the delivery of focal
microbes that can invade and persistin the native microbiome; and
iii) regulatory hurdles, including public acceptance and regulatory
approval. We focus on the first 2 points in this review (Fig. 2).

Microbial invasion and persistence in
indigenous communities

For many of the beneficial microbes described so far, growth and
stress tolerance activities have been identified in growth systems
with highly simplified microbial communities. However, the soil
biomes already present in unplanted agricultural soils make it
challenging to apply these microbes in practice. Community
structure of the plant microbiota is determined by host genotype,
soil edaphic factors, and climate (Duran et al. 2022a), which in
turn influence a standing local soil biome. A meta-analysis based
on 28 field studies summarized the effectiveness of multiple
nitrogen-fixing Rhizobium strains on soybean nodulation and yield
(Thilakarathna and Raizada 2017). In short, the effectiveness of
Rhizobium strains varies a lot. While some of the inoculants gave
rise to very positive results (e.g. yield increase up to 109%) as com-
pared with the uninoculated control, some imposed a negative
impact. Among all the metadata available, pH seemed to be the
strongest driver of inoculant success. The authors also concluded
that inoculants tended to be more effective when indigenous rhi-
zobia strains were absent or at a low level.

Although interpretation from such a meta-analysis is com-
pounded by variations in focal strains and experimental conditions,
it serves as a good example for subsequent discussion. The focal
strain, regardless of whether it is a native or introduced species,
will interact with the native microbiota community. Successful in-
vasion and establishment of the focal strain depends on different
interactions, including niche overlap competition, antagonism, fa-
cilitation, and priority effects (Nemergut et al. 2013). If beneficial mi-
crobes are simply added without attention to these factors, they are
unlikely to effectively invade and persist in the standing community
(Wippel et al. 2021; Edwards et al. 2023; Fonseca-Garcia et al. 2024;
Styer et al. 2024). Even a rationally designed SynCom, one composed
of microbes that were isolated from sorghum roots and able to grow
on sorghum root exudates, showed poor long-term persistence
when inoculated on field-grown sorghum (Fonseca-Garcia et al.
2024). The challenge is magnified by the fact that many potentially
beneficial microbes are isolated from noncrop plant species and in
very different environments, such as deserts (Alwutayd et al.
2023; Acuna et al. 2024). In competitive inoculation experiments
of A. thaliana and Lotus japonicus gnotobiotic plant systems and 16
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Figure 2. Strategies and challenges for microbiome-based technologies in agriculture. Upper: A pipeline for identifying and characterizing candidate
microbes, involving large-scale data collection and reductionist experimental approaches. Lower: Factors that must be considered for successful

deployment of microbes.

member SynComs composed of microbiota culture collections for
these hosts, the SynComs showed a preference for their native hosts
(Wippel et al. 2021). Notably, host preference of SynComs consisting
of root-derived microbiota strains was a community trait and unde-
tectable in monoassociations. Sequential inoculation experiments
revealed priority effects during root microbiota assembly, where es-
tablished communities were resilient to invasion by latecomers.
However, strains with higher host preference tended to have a bet-
ter capacity to invade an existing community associated with the
root but not the rhizosphere of the cognate host, suggesting possible
modulation by host factors. Similarly, plants in sterilized soils were
preferentially recolonized by microbes from the original soil as com-
pared with microbes from different soil types. Dropping out individ-
ual strains from SynComs, followed by the introduction of late
colonizers, revealed similar priority effects with strain-specific var-
iations for the leaf microbiota (Carlstrom et al. 2019). Hence, to max-
imize the utility of beneficial microbes, plants and microbes will
need to be carefully chosen or engineered for effective invasion
and persistence within the microbiota. This will require more
knowledge of the mechanisms behind host and soil preference.
An additional caveat to consider when choosing microbial
strains for deployment is that beneficial strains have the potential
to overproliferate and show pathogenic behavior in certain condi-
tions. Commensal bacteria can secrete a repertoire of cell wall-de-
grading enzymes through the Type Il secretion system to facilitate
their colonization (Entila et al. 2024; Pfeilmeier et al. 2024). Under

normal conditions, the expression of Type II secretion system
genes is suppressed by ROS, one of the early defense-associated
outputsin plants (Entila and Tsuda 2025). However, when the abil-
ity to produce ROS is compromised as in the NADPH oxidase rbohD
mutant, these commensal bacteria can turn into opportunistic
pathogens and affect the overall community structure of the mi-
crobiota (Pfeilmeier et al. 2021; Entila et al. 2024). Similarly, detri-
mental effects of bona fide microbiota members have been
observed in simplified microbiota community contexts (Karasov
et al. 2018; Ma et al. 2021). Pseudomonas OTUS was prevalent
and found in high abundance in the leaf endosphere of healthy
A. thaliana plants sampled from a natural population. Yet, the
same plant genotype inoculated with OTUS isolates in monoasso-
ciation showed severe disease symptoms (Karasov et al. 2018).
Pseudomonas R401, which was isolated from roots of healthy
A. thaliana growing in natural soil, also caused detrimental effects
on plant growth in agar plate assays in monoassociation or simpli-
fied SynComs (Ma et al. 2021; Getzke et al. 2023). Therefore, in ad-
dition to the ability of a focal strain to invade a standing microbial
community, the capacity of the community to suppress potential
pathogenicity of the focal strain must be considered when choos-
ing microbial isolates for application. In nature, there are occasion-
al reports of single taxa rising to dominate microbial communities
of healthy plants. For example, Pseudomonas strains were reported
to become suddenly dominant (up to 44% of all amplicon reads)
in the maize rhizosphere after 8 wk (Walters et al. 2018).
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Similar dominance was observed in sorghum, but the associated
“Pseudomonas bloom” consisted of multiple closely related strains
instead of a single bacterial lineage (Chiniquy et al. 2021). Further
investigation on mechanisms underlying taxon-specific blooms
within plant microbiota may provide additional insight of how spe-
cific species can outcompete indigenous members without any ap-
parent negative impact on plant health.

Microbial-mediated trade-offs

If a focal microbe is able to invade and persist in the standing mi-
crobial community, it may have unexpected consequences for ho-
meostasis of plant signaling or microbial community functioning.
When plants prioritize either growth or defense but not both si-
multaneously, it is referred to as the growthdefense trade-off (Huot
et al. 2014). In studies using microbial culture collections isolated
from A. thaliana, several groups independently reached the con-
clusion that the plant growth-defense balance can be modulated
by commensal bacteria (Yu et al. 2019; Ma et al. 2021; Teixeira
et al. 2021; Eastman et al. 2024; Entila et al. 2024; Keppler et al.
2025). Specifically, up to 40% of the tested commensal bacteria
showed activity in suppressing root immune responses and en-
hanced plant susceptibility to opportunistic pathogens. The out-
come of plant growth in response to colonization by SynComs
that are only suppressive or nonsuppressive or by consortia con-
taining suppressive and nonsuppressive commensals as found
in nature resulted in a distinct transcriptome-based immune sta-
tusinroots. These findings were used to construct a rheostat mod-
el (Ma et al. 2021) in which a dominance of immune-suppressing
microbiota strains rendered plants more susceptible to pathogens
and a dominance of immune-activating strains led to reduced
plant growth. A recent study on maize also identified a set of
microbiota-repressed genes associated with leaf growth promo-
tion at specific plant developmental stages. Mutagenesis analyses
further validated the positive role in defense and the negative role
in growth of some of these maize genes, highlighting the presence
of growth-defense regulatory circuits in both divisions of flower-
ing plants: the dicotyledons and monocotyledons (Custodio et al.
2025).

Although activation of immune responses typically results in
microbial growth restriction, especially of phytopathogens, such
activation can be beneficial to particular commensal bacteria.
This idea is supported by a study on B. velezensis strain FZB42 in
which FZB42 colonization activated immune responses, including
ROS production. ROS in turn stimulated the production of auxin
by the bacterium to modulate root architecture and facilitate
FZB42 colonization in an immunity-dependent feedback loop
(Tzipilevich et al. 2021). In line with the idea that activation of im-
munity can have a differential impact on microbiota members,
elicitor treatment on Arabidopsis led to changes in the relative
abundance of only a few strains in SynComs (Ma et al. 2021,
Teixeira et al. 2021).

Microbiomes have been reported to modulate the tolerance of
plant hosts under abiotic stresses with concomitant changes in de-
fense. For example, under phosphate (Pi) starvation, the transcrip-
tion factor PHOSPHATE STARVATION RESPONSE 1 (PHR1)
upregulated genes involved in the phosphate starvation response
(PSR) and alleviated Pi deficiency by promoting Pi uptake (Bustos
etal. 2010). Due to still unknown reasons, PSR requires the presence
of a synthetic microbiome; thatis, the PSR is not activated in axenic
plants under phosphate starvation (Castrillo et al. 2017). Activation
of PHR1 under phosphate starvation negatively regulates the ex-
pression of immune-related genes through the upregulation of the

RALF23-FERONIA module (Castrillo et al. 2017; Tang et al. 2022).
Such a PHR1-mediated suppression of immunity was originally in-
terpreted as a strategy to promote rhizobacteria colonization to al-
leviate low Pi stress (Tang et al. 2022). However, as reported by the
same group, the negative regulation of RALF23-FERONIA on im-
munity can be reversed in a RALF23 dosage-dependent manner.
In response to high bacterial load or pathogen infection, RALF23 ac-
cumulated over a threshold and triggered the cleavage of
cytoplasmic-localized FERONIA. The cleavage product then relocal-
ized to the nucleus and activated immunity (Tang et al. 2022). Yet,
the microbiome titer and identities that trigger the cleavage and re-
localization of FERONIA for immunity activation remain undefined.
By contrast, activation of defense by flg22 treatment can inhibit
phosphate uptake possibly through phosphorylation of the Pi trans-
porter PHT1;4 (Dindas et al. 2022). Taken together, these studies
suggest that the activation of immunity can compromise plant
tolerance to abiotic stresses and vice versa, necessitating the
consideration of microbial-mediated trade-offs in the presence of
multiple stressors.

Differences in microbiota composition due to host
genetic variation

Despite differences in the host lineages and their variable habitats,
plants are invariably associated with a common set of microbial or-
ders and genera, collectively known as the core microbiota (Yeoh et al.
2017). This shared core microbiota is also found in the soil-derived
unicellular photosynthetic algae Chlamydomonas spp., suggesting a
common principle of microbiota assembly mediated by photosyn-
thetic organisms (Duran et al. 2022b). Despite the conservation
seen in the microbiomes of photoautotrophic eukaryotes, variation
in the composition of the microbial communities among different
host species can be distinguished at the microbial operational taxo-
nomic unit level (Yeoh et al. 2017). The influence of the genetic
makeup of the host on microbiota taxonomic composition is subtle:
natural sampling at regional and continental scales with transplant
experiments under controlled conditions have shown that the soil
biome accounts for arguably the largest source of variation explain-
ing differences in plant-associated microbiome assemblage, fol-
lowed by environment and plant genotype (Edwards et al. 2015;
Wagner et al. 2016; Veach et al. 2019; Thiergart et al. 2020; Tkacz
et al. 2020; Wagner 2021; Roux et al. 2023; Bamba et al. 2024; He
etal. 2024b; Karasov et al. 2024). Among all the abiotic factors under
investigation, water availability (i.e. drought) seems to be the most
important one associated with the root microbiome, at least for
A. thaliana (Thiergart et al. 2020; Karasov et al. 2024). The evolution-
ary mechanisms underlying microbiota codiversification with land
plant host phylogeny remain poorly understood but must be at least
in part attributed to the ability of the host plant to shape its micro-
biome. Plant roots secrete carbon-rich exudates to nourish their
surrounding microbiome, and microbial capacity to metabolize spe-
cific carbon sources can explain differences in community compo-
sition (Zhalnina et al. 2018; Schéfer et al. 2023).

Root exudate contains numerous specialized metabolites, many
of which have yet unknown biological functions. It is nevertheless
well established that some of these metabolites serve to recruit or
deter microbial colonization. This complex exudate chemistry
with the substrate preference of microbes likely serves to fine-tune
microbiomes by acting on functional differences among closely re-
lated microbes (i.e. at low taxonomic ranks; Wagner 2021). Inter-
and intraspecific plant genetic variation plays a significant role in
shaping microbiota. For instance, in a field study involving
Boechera stricta derived from 5 natural populations grown across
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central Idaho, the sampling site, followed by plant genotypes and
sampling year, accounted for the biggest variation in the p diversity
of root- and shoot-associated bacterial communities (Wagner et al.
2016). A fundamental caveat with all microbiota-profiling studies in
natural environments is that current methods are insufficient to
resolve individual microbial strains or infer functional traits of the
microbes; therefore, genetic interactions with the host are only
roughly estimated (Wagner 2021). Thus, engineering crop genotypes
to favor beneficial microbes is an attractive strategy, but the mech-
anisms of microbiome assembly and the genetic factors underpin-
ning these mechanisms must first be understood (Cernava 2024).

The identification of host genes involved in modulating micro-
biota structure, referred to as Microbiome or M genes, has been chal-
lenging, as this trait has proved to be extremely polygenic. Studies
using intraspecies natural variation have identified numerous plant
quantitative trait loci (QTLs) associated with microbiota composi-
tion, with little overlap among studies (Horton et al. 2014; Brachi
et al. 2022; Oyserman et al. 2022; Andreo-Jimenez et al. 2023;
Edwards et al. 2023; Roux et al. 2023). Even within studies, analyses
considering different microbiota traits, such as overall diversity or
relative abundance of specific taxa, result in different sets of signifi-
cant QTLs. As an extreme example, a study using Arabidopsis popu-
lations in southern France found different microbiota-associated
QTLs in plants that had germinated approximately 1 mo apart
(Roux et al. 2023).

Many genes linked to significant single-nucleotide polymor-
phisms or QTLs in these natural variation studies have been pro-
posed as candidate genes affecting the microbiota. However, an
extremely small number have been functionally validated, likely
due to the small effect size of the individual QTLs. In a genome-wide
association study correlating rice phyllosphere microbiota with
plant genes (Su et al. 2024), several peroxidase genes implicated in
diverse processes were associated with bacterial orders such as
Burkholderiales, Pseudomonadales, and Xanthomonadales. In ad-
dition, the phenylalanine/tyrosine ammonia-lyase OsPALO2, in-
volved in the synthesis of a lignin precursor 4-hydroxycinnamic
acid, was associated with Pseudomonadales. Mutation and overex-
pression analyses further confirmed the contrasting enriching
roles of OsPALO2 on Pseudomonadales but inhibitory roles on
Xanthomonadales and Burkholderiales (Su et al. 2024), lending sup-
port to the possibility of targeted modulation of microbes, albeit at a
higher taxonomic level. It is important to note, though, that knock-
out and overexpression of genes do not fully capture the genetic var-
iation present within species, and additional approaches such as
allele swaps are necessary to confirm that the natural polymor-
phisms are actually causal for the observed phenotypes.

To improve the chances of identifying useful genetic material for
engineering the microbiome in a desired way, different strategies
are needed. One approach is to study genetic variation among
very closely related plant populations from a narrow geographic
origin. Such an approach may increase the representation of rare al-
leles that nevertheless play important roles in the local adaptation
of populations to their microbial environments (Roux et al. 2023).
Another strategy is to focus on a more limited set of microbes, as
plant genetic factors seem to unevenly modulate the microbiota,
with stronger effects on a subset of hub microbial taxa (Brachi
et al. 2022). Although many proposed M genes have known
immunity-related functions (Andreo-Jimenez et al. 2023; Edwards
etal. 2023; Roux et al. 2023), severely immunocompromised mutant
plants show only mild alterations in their overall microbiota com-
position (Lebeis et al. 2015; Chen et al. 2020; Pfeilmeier et al. 2021).
By focusing initially on mutants that show increased abundance
of rhizosphere Pseudomonas in a simplified plate-based assay, Song

etal. (2021) and Song et al. (2023) showed that the immune-related
cell surface receptors FERONIA and PSKR target specifically the
abundance of Pseudomonas in the rhizosphere through regulation
of immune signaling and ROS. The role of FERONIA and PSKR in
controlling Pseudomonas relative abundance was then confirmed
in a natural soil setting.

M genes provide potential targets to engineer the microbiome
through breeding or biotechnology. For example, the contribution
of OsNRT1.1B polymorphism to differential root microbiome re-
cruitment and nitrogen use efficiency was reproducible in a field
experiment using near-isogenic lines with the indica or japonica
OsNRT1.1B allele in the Nipponbare genetic background (Zhang
et al. 2019). If target genes are known, CRISPR-Cas9 gene-editing
technology provides the potential to improve crop varieties rela-
tively rapidly (Zsdgon et al. 2018). However, candidate M genes re-
ported to date, including OsNRT1.1B or OsPALO2, have broad roles
in plant growth, and manipulation of these genes would likely
come with trade-offs in different environments (Wang et al.
2020b). A possible strategy to mitigate these trade-offs is to in-
clude data about microbial communities into existing precision
agriculture frameworks, in which many plant and environmental
variables are measured (French et al. 2021). The data are then
used to inform crop management decisions to optimize plant per-
formance with consideration for the specific plant genotype and
environmental conditions.

Shaping of microbiota by metabolites

Differences in metabolite composition are an important mecha-
nism by which host genotype can influence plant-microbe interac-
tions. Several recent studies have analyzed metabolites from plants
of different genotypes or under different stresses and attempted to
correlate the differences in metabolite profiles with differences in
microbiota community composition (Vismans et al. 2022; Caddell
et al. 2023; Pantigoso et al. 2023; Thoenen et al. 2023; Yang et al.
2023a; Jin et al. 2024; Liu et al. 2024b; Su et al. 2024). Some of the
identified compounds have direct effects on specific microbial
taxa that could explain the altered relative abundance of these
taxa. Benzoxazinoids (BXs) are a widespread group of specialized
and diversified metabolites in grasses, often exuded by roots and ex-
erting diverse roles ranging from allelopathy to insect deterrents
and antimicrobial activity in culture, with functionalities deter-
mined by BX subclasses (Robert and Mateo 2022). Bacteria that
are more sensitive to MBOA, the most abundant BX in the rhizo-
sphere, are enriched in the rhizosphere of BX-deficient maize mu-
tants as compared with wild type plants, suggesting that the
presence of BXs shapes the microbiota by reducing the abundance
of these sensitive microbes (Thoenen et al. 2023). Plant-secreted
compounds can also promote the growth of specific microbes.
Under phosphate-limiting conditions, the PSR limits plant growth
and alters root exudation (Yang and Finnegan 2010; Ziegler et al.
2016). Rice lines that overexpress PHR2 show a constitutive PSR
and release higher amounts of succinic acid and methylmalonic
acid even under phosphate-replete conditions. These organic acids
stimulate the growth of phosphate-solubilizing Pseudomonas strains,
while lactic acid, which is reduced in the PHR2-overexpressing rice,
does not (Liu et al. 2024b). As another example, barley varieties that
differ in their root exudate profiles show rhizosphere enrichment of
Pseudomonas ~ with  corresponding metabolic  preferences:
Pseudomonas strains isolated from an elite variety that secretes
high amounts of simple hexose sugars grew better on glucose as
compared with acetate, while the opposite was observed in
Pseudomonas isolated from a variety with a more complex exudate
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profile (Pacheco-Moreno et al. 2024). The Pseudomonas communities
from the 2 barley varieties also showed differential prevalence of
several metabolism-related genes, although the contribution of
these genes to the metabolic preferences remains to be fully tested.

However, many metabolites do not seem to modulate commun-
ity composition through simple feeding or antibiosis but may
rather act as infochemicals, altering the interactions of microbes
with each other or with the host. Loss of myo-inositol exudation de-
creases colonization capacity of diverse bacteria on poplar and
Arabidopsis roots (O’Banion et al. 2023; Sanchez-Gil et al. 2023).
Although myo-inositol can be an energy source for bacteria,
Pantoea Aiol mutants that lost the ability to catabolize myo-inositol
did not show reduced colonization capacity. Instead, inositol per-
ception increases motility, biofilm formation, and/or iron-
scavenging activity of the bacteria, depending on the genus.

To understand metabolic interactions shaping the microbiota,
the metabolic activity of the microbial community must be consid-
ered through modification of host-derived metabolites and de novo
biosynthesis. For example, although MBOA is the most abundant
BX in the rhizosphere, it is actually derived from DIMBOA-Glc
exuded by maize and can be modified through microbial activity
to AMPO, which has a very different toxicity profile (Thoenen
et al. 2023; Thoenen et al. 2024). Microbes also produce a huge di-
versity of exometabolites, some of which have direct antimicrobial
activity. As described previously, Pseudomonas R401 produces at
least 2 exometabolites with broad-spectrum activity against differ-
ent bacteria and thereby exerts a strong impact on overall com-
munity structure (Getzke et al. 2023). Communities with mutant
R401 lacking both specialized metabolites support a higher relative
abundance of strains that are antagonized by R401 in pairwise as-
says in synthetic growth medium as well as reduced relative abun-
dance of the disarmed R401 itself in planta.

Like host metabolites, microbe-derived metabolites can shape
microbiota community composition indirectly by acting as signal-
ing molecules. The pathogenic fungus Fusarium oxysporum causes
alteration in the root microbiota during infection on tomato roots,
which is dependent on the production of fusaric acid by the fungus
(Jin et al. 2024). However, the community shift is also dependent on
the host, as the change occurred in the systemic compartment of a
split-pot system, where the roots and microbes were not exposed to
the pathogen. The community shift further varied according to
host genotype, with a resistant cultivar showing enrichment for
Sphingomonas, a bacterial genus known for its disease-protective
activity (Innerebner et al. 2011). Accordingly, the microbial com-
munity isolated from roots of an infected resistant cultivar reduced
the disease severity on a susceptible cultivar (Jin et al. 2024). The
resistant cultivar showed specific changes in root exudate compo-
sition, including increased abundance of several compounds that
stimulate Sphingomonas growth in culture. While the specific sig-
naling mechanisms are still unknown, it appears that plants can
perceive molecules from nearby microbes and respond with meta-
bolic changes of their own, which in turn shape microbial growth.

Given the complexity of metabolic signals and interactions be-
tween host plants and the microbiota, using plant metabolites to
shape the microbiota in a targeted way appears daunting.
However, in several examples discussed here, changes in microbio-
ta composition could be at least partially explained by the results of
reductionist pairwise interactions (Getzke et al. 2023; Thoenen
et al. 2023). By capitalizing on the empirical knowledge on the mi-
crobial utilization of rare metabolites, it is possible to enrich micro-
bial groups in the natural community. Such an idea has been
exploited in the transgenic production of opines. Opines are sugar
condensates commonly found in Agrobacterium-infected crown

galls, in which opines serve as resources to provide an advantage
for the opine-inducing and opine-utilizing strains (Guyon et al.
1993). Some non-Agrobacterium cheaters have evolved the capacity
to utilize opine. In line with this, transgenic Lotus plants producing
opines lead to the enrichment of opine utilizers, which usually ex-
ist in low abundance as compared with wild type Lotus (Oger et al.
2004). Yet, it may be difficult to find specific metabolites that can be
utilized by only 1 microbial group (Schafer et al. 2023). In addition,
application of nonnatural synthetic compounds such as artificial
sweeteners in nature needs to be carefully evaluated for their im-
pact on different ecosystems (Westmoreland et al. 2024).

ML-assisted microbiome study

As described here, the factors governing microbiome assembly,
functioning, and interaction with the plant host are highly complex.
In response, plant microbiome studies are increasingly generating
highly dimensional multiomics data. To make sense of these data-
sets, we can seek assistance from ML. ML pipelines are powerful
tools in microbiome studies for recognizing and classifying large in-
put datasets to train models with predictive power. In a field study
covering 54 sites across Switzerland, soil microbiome parameters
including fungal abundance could be used to predict plant growth
performance after inoculation with AMF (Lutz et al. 2023). The mi-
crobiome found on potato tubers is strongly associated with the
sprout microbiome after planting (Song et al. 2024; Song et al.
2025), leading to the use of microbiome composition (e.g. at the am-
plicon sequence variant level) to predict potato vigor grown in the
field. The resulting model predicted with approximately 50% accu-
racy whether the vigor of a seed lot would rank within the highest
one-third for samples collected from the same year. However, the
accuracy dropped a lot to approximately 18% for prediction across
years. Models integrating genomic annotations with empirical car-
bon source utilization data were recently used to predict the out-
comes of interactions between bacterial strains in pairwise
interactions and small SynComs. Such an approach leads to the pre-
diction of positive interactions that otherwise cannot be predicted
by carbon utilization data alone (Schéfer et al. 2023). ML was also
applied to identify microbial patterns correlated with pathogen sus-
ceptibility (Emmenegger et al. 2023). To reduce the underlying com-
plexity, one can split large microbial communities into randomly
assembled smaller ones, followed by matching phenotyping (i.e.
pathogenload quantification). The trait of interest is then correlated
with community characteristics such as commensal abundance,
community evenness, phylogenetic diversity, and strain identities
to select the most important features for model training. This ap-
proach successfully predicted strains and their combinations that
significantly contributed to pathogen resistance (Emmenegger
et al. 2023). In a study using 129 maize accessions, the authors
trained an ML model combining genomic markers and microbiota
composition data to predict agronomically important traits such
as nutrient content and biomass. Although the best model had a rel-
atively low prediction accuracy of 29% (He et al. 2024b), it is not sur-
prising considering the complexity of the underlying interactions
among the host, environment, and microbiome.

Although artificial intelligence has opened up a new avenue for
understanding plant microbiomes, several notes of caution need
to be emphasized. The quality of the dataset used for ML s critical.
As the saying goes, “garbage in equals garbage out”: the source
data have to be carefully selected. Datasets from microbiota
profiling data are often sparse (i.e. containing many zero values),
and the number of features per sample is much higher than the
number of samples, which may lead to reduced reliability of the
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resulting model (Hernandez Medina et al. 2022). No matter how
powerful the model is, it does not provide any underlying mecha-
nistic insight unless it can be correctly interpreted. As in the afore-
mentioned example using microbial patterns to predict pathogen
resistance, ML provides no hints regarding the mechanism of re-
sistance conferred by specific microbiota members. In many
cases, researchers may choose complex nonlinear models under
the assumption that they will perform better than classical linear
models (Topguoglu et al. 2020). However, a direct comparison of
different models trained on microbiota profiling data has shown
that linear models may be nearly as accurate as newer complex
ML algorithms, with the added advantage that linear models are
computationally less expensive to train and can be easily inter-
preted by feature weights. Thus, when choosing an ML approach
to analyze microbiome data, researchers should consider whether
a nonlinear model is necessary and how they will interpret their
model post hoc. A permutation approach may be used with non-
linear models to interrogate which taxa have the largest effect
on the model output, but the results of this analysis have been
shown to vary according to model type. Other theoretical ap-
proaches, such as SHAP (Shapley additive explanations), can be
used to rank the feature importance contributing to a model, pro-
viding the mathematical basis for rationalizing the prediction
(Lundberg and Lee 2017). ML models do not consider the relative
abundance of each feature in isolation but rather in the context
of the other microbial populations. Thus, even when information
can be extracted from the model—for example, which taxa most
influence the model’s output—this information may be overly
simplistic. Nevertheless, the outputs of ML models provide a basis
to generate hypotheses about the microbiome that can then be ex-
perimentally validated.

Delivery of microbes

Simply identifying plant-beneficial microbes is not sufficient for
their use in agricultural systems: if the desired strains are not found
naturally in the field location, they need to be applied as microbial
inoculants. Only a limited number of studies have been dedicated to
understanding the efficiency and optimal methods for microbe de-
livery to the plant host at the field scale. Three methods—namely,
foliar spray, soil inoculation, and seed coating—are commonly
used to deliver microbes to plants (Rocha et al. 2019; Sivaram
et al. 2023). Currently, microbial preparations usually focus on
spore-forming microbes such as Bacillus, as the spores survive ex-
treme environments and enable long-term survival, making them
suitable for long-term storage (Ptaszek et al. 2023). A carrier is usu-
ally used that comes in different forms: sterile vs. nonsterile, liquid
vs. solid, organic vs. inorganic. These carriers all have their own
strengths. However, they generally share properties such as high
water-holding capacity to minimize desiccation, protection of mi-
crobes under adverse environments, and extension of the microbes’
shelf life. Practical considerations for carrier choice include cost,
material availability, biodegradability, ease of application, and
rate of release. Peat is by far the most common carrier, but it suffers
from source-dependent quality fluctuation. Other carriers include
alginate, vermiculite, chitosan, biochar, and different polymers
that can be used to encapsulate microbes (Rathore et al. 2013).
There is no consensus in the field on which carrier and method of
delivery are the best, and empirical field testing is necessary. The
use of different forms of carrier can significantly affect the dispersal
and distribution of microbes that can be far away from the target
crop. Carriers with differing organic matter and mineral nutrient
content could modulate the composition of the microbial consortia

and the behavior of the microbes and hosts. For example, the use of
peat, rock phosphate, and vermiculite as carriers for AMF results in
different colonization efficiencies and seed germination rates in a
host-dependent manner (Barazetti et al. 2019). Such differences
likely reflect the impact of nutrient availability on AMF develop-
ment; for instance, high phosphate inhibits AMF development
(Breuillin et al. 2010). Immobilization of PGPR in chitosan/starch
beads increases bacterial survival rates on maize roots as compared
with direct liquid application after 21 d (Fernandez et al. 2022). The
difference is enhanced by using sterile beads as the carrier, possibly
indicating the importance of a stabilization effect and reduced com-
petition with native microbes for focal strain survival.

Direct foliar and soil inoculation of microbes is relatively easy
but likely not feasible for large-scale field application without extra
capital input including machinery. As an alternative, microbes can
be inoculated onto young flowers, leading to the vertical transmis-
sion of specific microbes to seeds. This method for seed inoculation
has been demonstrated on a variety of crops, including wheat and
soybean. The PGPR Paraburkholderia phytofirmans PsJN has been suc-
cessfully inoculated onto young flowers by spray inoculation with
zeolite as a carrier. This approach results in a change in seed micro-
biota composition, enrichment of the focal PGPR strain, and con-
comitant improvement in plant performance (Mitter et al. 2017).

Concluding remarks

Global agricultural systems currently rely heavily on chemical in-
puts for achieving high yields (Brunelle et al. 2024). Although these
inputs are often inexpensive and easy for growers, their use com-
monly leads to environmental problems. For example, production
of nitrogen fertilizer contributes substantially to greenhouse gas
emissions, and chemical pesticides often have toxic effects on
nontarget organisms. Microbiome-based strategies offer an alter-
native to maintain crop productivity while reducing reliance on
chemical solutions. Application of beneficial microbes, especially
rhizobia and AMF, is already widespread in agricultural systems
to improve plant nutrition (Compant et al. 2025). A number of
microbiome-derived strains have also been registered for agricul-
tural use, mostly as biopesticides. A commercially available
Bacillus amyloliquefaciens QST 713 strain has been shown to im-
prove potato yield and quality characteristics in multiple field
studies, although the effect varies substantially with the field
site and/or potato variety (Imam et al. 2021; Adamo et al. 2024).
In one study, QST 713 reduced symptoms of pathogenic
Streptomyces on potato tubers even when applied with only 50%
of the usual dose of chemical fungicide, demonstrating the poten-
tial for microbial products to reduce chemical inputs (Schirring
et al. 2023). Microbes for use as biofertilizers, such as phosphate-
solubilizing microbes, are also under development, although their
commercial deployment has so far been limited (Soumare et al.
2020). The development of microbiome-based products requires
a wealth of knowledge accumulated over decades regarding how
the microbes interact with their host plants to colonize the roots
and provide nutrients. For example, it has taken >30 years since
the report of the nitrogen-fixing endophytic bacteria
Gluconacetobacter diazotrophicus (Cavalcante and Dobereiner 1988)
for this bacterium to be commercialized in field application as a
biofertilizer. However, even when commercial microbial inocu-
lants are brought to market, the claims of their beneficial impact
on crop performance are often overstated or even completely un-
founded, as in the case of diazotroph bacteria applied to nonlegu-
minous crops (Giller et al. 2025). As discussed previously, the
application of beneficial microbiomes is limited by their host
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preference and interaction with the environment. Thus, develop-
ment of effective commercial products that leverage the benefi-
cial effects of the microbiome will require more in-depth
knowledge of the mechanisms underpinning plant-microbiome
interactions.

The plant microbiome has undoubted potential to improve
crop performance and stress tolerance, and harnessing this po-
tential will be an important strategy for future sustainable agri-
cultural practices. Commercial application of microbiota
products is currently limited due to challenges in identifying
the right microbial strains and deploying them effectively at
scale, with production in large fermenters often being a cost
and scientific bottleneck. Integrating large-scale data collection
and ML-assisted prediction has provided a great deal of informa-
tion about the plant-microbe and microbe-microbe interactions
within the microbiota (Compant et al. 2025). Microbiota research
should also prioritize reductionist experimental approaches to
provide mechanistic insights into the microbiome, which will
be necessary to fully leverage the beneficial potential of mi-
crobes (Northen et al. 2024). Although available microbiota cul-
ture collections do not provide a complete representation of
microbiota members identified through culture-independent
approaches (Bai et al. 2015), these gaps could be closed through
targeted microbe cultivation with customized media. A deeper
understanding of the genetic determinants and environmental
factors governing microbial invasion and persistence into exist-
ing communities is crucial for the design of future knowledge-
based inoculants with robust microbiome function. In addition
to traditional methods for isolating strains with beneficial traits,
recent advances in microbial engineering involving experimen-
tal evolution offer possible alternatives to obtain strains with
agronomically favorable traits, such as strains with the combi-
nation of beneficial traits with high colonization capacity but
low pathogenic potential (Li et al. 2021a; Li et al. 2021b). For
large-scale cropping systems with diverse standing soil com-
munities, microbiome engineering may be more feasible than di-
rect application of microbial inoculants (French et al. 2021). For
this approach, increased understanding of how host genetics af-
fects microbiome assembly will facilitate development of crop
varieties with improved microbiome-related traits. Application
of metabolites based on empirical resource utilization data is an-
other possible way to enrich targeted microbial groups already
existing in the soil, without the need to apply them as an inocu-
lant. Together, these advances should enable the development
of microbiome-based strategies in agriculture with robust activ-
ities that are less vulnerable to environmental fluctuations.

Funding

C.C. was supported by a research fellowship from the Alexander
von Humboldt foundation. K.-W.M. was supported by grants
from NSTC (NSTC-113-2311-B-001-009-MY3) and Academia
Sinica (AS-IAIA-114-L04). P.S.-L. was supported by the Max
Planck Society, Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence
Strategy-EXC 2048/1-Project ID: 390686111 and SPP 2125
DECRyPT.
Conflict of interest statement. None declared.

Data availability

No new data were generated or analysed in support of this
research.

References

Acuna JJ, Rilling JI, Inostroza NG, Zhang Q, Wick LY, Sessitsch A,
Jorquera MA. Variovorax sp. strain P1R9 applied individually or
as part of bacterial consortia enhances wheat germination under
salt stress conditions. Sci Rep. 2024:14(1):2070. https://doi.org/10.
1038/s41598-024-52535-0

Adachi A, DominguezJJ, Utami YD, Fuji M, Kirita S, Imai S, Murakami
T, Hongoh Y, Shinjo R, Kamiya T, et al. Field dynamics of the root
endosphere microbiome assembly in paddy rice cultivated under
no fertilizer input. Plant Cell Physiol. 2025:66(7):1086-1101. https://
doi.org/10.1093/pcp/pcaf045

Adamol, Acin-Albiac M, Rottjers S, de Prado DR, Benito BM, Zamora J,
Godara R, Garcia-Jiménez B, Jiang-Rempel P, Cline LC, et al. Short
impact on soil microbiome of a Bacillus amyloliquefaciens QST713
based product that correlates with higher potato yield across
USA. Front Plant Sci. 2024:15:1332840. https://doi.org/10.3389/
fpls.2024.1332840

Alvarez C, Jiménez-Rios L, Iniesta-Pallarés M, Jurado-Flores A,
Molina-Heredia FP, Ng CKY, Mariscal V. Symbiosis between cya-
nobacteria and plants: from molecular studies to agronomic ap-
plications. J Exp Bot. 2023:74(19):6145-6157. https://doi.org/10.
1093/jxb/erad261

Alwutayd KM, Rawat AA, Sheikh AH, Almeida-Trapp M, Veluchamy
A, Jalal R, Karampelias M, Froehlich K, Alzaed W, Tabassum N,
et al. Microbe-induced drought tolerance by ABA-mediated root
architecture and epigenetic reprogramming. EMBO Rep. 2023:24:
e56754. https://doi.org/10.15252/embr.202256754

Andreo-Jimenez B, Te Beest DE, Kruijer W, Vannier N, Kadam NN,
Melandri G, Jagadish SVK, van der Linden G, Ruyter-Spira C,
Vandenkoornhuyse P, et al. Genetic mapping of the root mycobio-
ta in rice and its role in drought tolerance. Rice (N Y). 2023:16(1):
26. https://doi.org/10.1186/s12284-023-00641-4

Aslam MM, Pueyo]J, PangJ, Yang], Chen W, Chen H, Waseem M, LiY,
Zhang], Xu W. Root acid phosphatases and rhizobacteria synerg-
istically enhance white lupin and rice phosphorus acquisition.
Plant Physiol. 2022:190(4):2449-2465. https://doi.org/10.1093/
plphys/kiac418

Bai Y, Miller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M,
Dombrowski N, Miinch PC, Spaepen S, Remus-Emsermann M, et al.
Functional overlap of the Arabidopsis leaf and root microbiota.
Nature. 2015:528(7582):364-369. https:/doi.org/10.1038/nature16192

Bamba M, Akyol TY, Azuma Y, Quilbe J, Andersen SU, Sato S.
Synergistic effects of plant genotype and soil microbiome on
growth in Lotus japonicus. FEMS Microbiol Ecol. 2024:100(5):fiae056.
https://doi.org/10.1093/femsec/fae056

Barazetti AR, Simionato AS, Navarro MOP, dos Santos IMO, Modolon
F,de Andreata MFL, Liuti G, Cely MVT, Chryssafidis AL, Dealis ML,
et al. Formulations of arbuscular mycorrhizal fungi inoculum ap-
plied to soybean and corn plants under controlled and field con-
ditions. Applied Soil Ecology. 2019:142:25-33. https://doi.org/10.
1016/j.aps0il.2019.05.015

Benson DR, Silvester WB. Biology of Frankia strains, actinomycete
symbionts of actinorhizal plants. Microbiol Rev. 1993:57(2):
293-319. https://doi.org/10.1128/mr.57.2.293-319.1993

Berendsen RL, Vismans G, Yu K, Song Y, de Jonge R, Burgman WP,
Burmglle M, Herschend J, Bakker PAHM, Pieterse CMJ.
Disease-induced assemblage of a plant-beneficial bacterial con-
sortium. ISME J. 2018:12(6):1496-1507. https://doi.org/10.1038/
$41396-018-0093-1

Bokulich NA, Collins TS, Masarweh C, Allen G, Heymann H, Ebeler
SE, Mills DA. Associations among wine grape microbiome, metab-
olome, and fermentation behavior suggest microbial


https://doi.org/10.1038/s41598-024-52535-0
https://doi.org/10.1038/s41598-024-52535-0
https://doi.org/10.1093/pcp/pcaf045
https://doi.org/10.1093/pcp/pcaf045
https://doi.org/10.3389/fpls.2024.1332840
https://doi.org/10.3389/fpls.2024.1332840
https://doi.org/10.1093/jxb/erad261
https://doi.org/10.1093/jxb/erad261
https://doi.org/10.15252/embr.202256754
https://doi.org/10.1186/s12284-023-00641-4
https://doi.org/10.1093/plphys/kiac418
https://doi.org/10.1093/plphys/kiac418
https://doi.org/10.1038/nature16192
https://doi.org/10.1093/femsec/fiae056
https://doi.org/10.1016/j.apsoil.2019.05.015
https://doi.org/10.1016/j.apsoil.2019.05.015
https://doi.org/10.1128/mr.57.2.293-319.1993
https://doi.org/10.1038/s41396-018-0093-1
https://doi.org/10.1038/s41396-018-0093-1

14 | The Plant Cell, 2025, Vol. 37, No. 8

contribution to regional wine characteristics. mBio. 2016:7(3):
1-12. https://doi.org/10.1128/mbio.00631-16

Brachi B, Filiault D, Whitehurst H, Darme P, Le Gars P, Le Mentec M,
Morton TC, Kerdaffrec E, Rabanal F, Anastasio A, et al. Plant ge-
netic effects on microbial hubs impact host fitness in repeated
field trials. Proc Natl Acad Sci U S A. 2022:119(30):€2201285119.
https://doi.org/10.1073/pnas.2201285119

Breuillin F, Schramm ], Hajirezaei M, Ahkami A, Favre P, Druege U,
Hause B, Bucher M, Kretzschmar T, Bossolini E, et al. Phosphate
systemically inhibits development of arbuscular mycorrhiza in
Petunia hybrida and represses genes involved in mycorrhizal func-
tioning. Plant J. 2010:64(6):1002-1017. https://doi.org/10.1111/j.
1365-313X.2010.04385.x

Brisson VL, Richardy J, Kosina SM, Northen TR, Vogel JP, Gaudin
ACM. Phosphate availability modulates root exudate composi-
tion and rhizosphere microbial community in a teosinte and a
modern maize cultivar. Phytobiomes Journal. 2022:6(1):83-94.
https://doi.org/10.1094/PBIOMES-06-21-0041-R

Brundrett MC, Tedersoo L. Evolutionary history of mycorrhizal sym-
bioses and global host plant diversity. New Phytol. 2018:220(4):
1108-1115. https:/doi.org/10.1111/nph.14976

Brunelle T, Chakir R, Carpentier A, Dorin B, Goll D, Guilpart N, Maggi F,
MakowskiD, Nesme T, Roosen]J, et al. Reducing chemical inputsin
agriculture requires a system change. Commun Earth Environ.
2024:5(1):1-9. https://doi.org/10.1038/s43247-024-01533-1

Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat E,
Ahmadinejad N, Assenza F, Rauf P, Huettel B, Reinhardt R,
Schmelzer E, et al. Revealing structure and assembly cues for
Arabidopsis root-inhabiting bacterial microbiota. Nature.
2012:488(7409):91-95. https://doi.org/10.1038/nature11336

Bulgarelli D, Schlaeppi K, Spaepen S, van Themaat EVL,
Schulze-Lefert P. Structure and functions of the bacterial micro-
biota of plants. Annu Rev Plant Biol. 2013:64(1):807-838. https://doi.
org/10.1146/annurev-arplant-050312-120106

Bustos R, Castrillo G, Linhares F, Puga MI, Rubio V, Pérez-Pérez ],
Solano R, Leyva A, Paz-Ares J. A central regulatory system largely
controls transcriptional activation and repression responses to
phosphate starvation in Arabidopsis. PLoS Genet. 2010:6(9):
€1001102. https://doi.org/10.1371/journal.pgen.1001102

Caddell DF, Pettinga D, Louie K, Bowen BP, Sievert JA, Hollingsworth
J, Rubanowitz R, DahlbergJ, Purdom E, Northen T, et al. Drought
shifts sorghum root metabolite and microbiome profiles and en-
riches for pipecolic acid. Phytobiomes J. 2023:7(4):449-463. https://
doi.org/10.1094/PBIOMES-02-23-0011-R

Cao M, Platre MP, Tsai H-H, Zhang L, Nobori T, Armengot L, Chen Y,
He W, Brent L, Coll NS, et al. Spatial IMA1 regulation restricts root
iron acquisition on MAMP perception. Nature. 2024:625(7996):
750-759. https://doi.org/10.1038/s41586-023-06891-y

Carlstrom CI, Field CM, Bortfeld-Miller M, Muller B, Sunagawa S,
Vorholt JA. Synthetic microbiota reveal priority effects and key-
stone strains in the Arabidopsis phyllosphere. Nat Ecol Evol.
2019:3(10):1445-1454. https://doi.org/10.1038/541559-019-0994-z

Carrién VJ, Perez-Jaramillo ], Cordovez V, Tracanna V, de Hollander M,
Ruiz-Buck D, Mendes LW, van Ijcken WFJ, Gomez-Exposito R,
Elsayed SS, et al. Pathogen-induced activation of disease-
suppressive functions in the endophytic root microbiome. Science.
2019:366(6465):606-612. https://doi.org/10.1126/science.aaw9285

Castrillo G, Teixeira PJPL, Paredes SH, Law TF, de Lorenzo L, Feltcher
ME, Finkel OM, Breakfield NW, Mieczkowski P, Jones CD, et al.
Root microbiota drive direct integration of phosphate stress and
immunity. Nature. 2017:543(7646):513-518. https://doi.org/10.
1038/nature21417

Cavalcante VA, Dobereiner J. A new acid-tolerant nitrogen-fixing
bacterium associated with sugarcane. Plant Soil. 1988:108(1):
23-31. https://doi.org/10.1007/BF02370096

Cernava T. Coming of age for microbiome gene breeding in plants.
Nat Commun. 2024:15(1):6623. https://doi.org/10.1038/541467-024-
50700-7

Chakraborty S, Venkataraman M, Infante V, Pfleger BF, Ané J-M.
Scripting a new dialogue between diazotrophs and crops. Trends
Microbiol. 2024:32(6):577-589. https://doi.org/10.1016/j.tim.2023.08.
007

Chen T, Nomura K, Wang X, Sohrabi R, Xu J, Yao L, Paasch BC, Ma L,
Kremer J, Cheng Y, et al. A plant genetic network for preventing
dysbiosis in the phyllosphere. Nature. 2020:580(7805):653-657.
https://doi.org/10.1038/s41586-020-2185-0

Cheng YT, Thireault CA, ZhangL, Paasch BC, Sohrabi R, He SY. Roles of
microbiota in autoimmunity in Arabidopsis leaves. Nat Plants.
2024:10(9):1363-1376. https://doi.org/10.1038/s41477-024-01779-9

Chiniquy D, Barnes EM, Zhou J, Hartman K, Li X, Sheflin A, Pella A,
Marsh E, Prenni ], Deutschbauer AM, et al. Microbial community
field surveys reveal abundant Pseudomonas population in sor-
ghum rhizosphere composed of many closely related phylotypes.
Front Microbiol. 2021:12:598180. https:/doi.org/10.3389/fmicb.
2021.598180

Cole BJ, Feltcher ME, Waters R], Wetmore KM, Mucyn TS, Ryan EM,
Wang G, Ul-Hasan S, McDonald M, Yoshikuni Y, et al
Genome-wide identification of bacterial plant colonization genes.
PLoS Biol. 2017:15(9):€2002860. https://doi.org/10.1371/journal.pbio.
2002860

Compant S, Cassan F, Kosti¢ T, Johnson L, Brader G, Trognitz F,
Sessitsch A. Harnessing the plant microbiome for sustainable
crop production. Nat Rev Microbiol. 2025:23(1):9-23. https://doi.
0r1g/10.1038/s41579-024-01079-1

Custédio V, Salas-Gonzédlez I, Gopaulchan D, Flis P,
Amorés-Hernandez R, Gao Y-Q, Jia X, Moreno A, Carrera E,
Marcon C, et al. Individual leaf microbiota tunes a genetic regula-
tory network to promote leaf growth. Cell Host Microbe. 2025:33(3):
436-450.e15. https://doi.org/10.1016/j.chom.2025.02.002

DaiR, Zhang]J, LiuF, Xu H, QianJ-M, Cheskis S, Liu W, Wang B, Zhu H,
Pronk LJU, et al. Crop root bacterial and viral genomes reveal un-
explored species and microbiome patterns. Cell. 2025:188(9):
2521-2539.e22. https://doi.org/10.1016/j.cell.2025.02.013

DeviR, Kaur T, Kour D, Yadav A, Yadav AN, Suman A, Ahluwalia AS,
Saxena AK. Minerals solubilizing and mobilizing microbiomes: a
sustainable approach for managing minerals’ deficiency in agri-
cultural soil. ] Appl Microbiol. 2022:133(3):1245-1272. https://doi.
0rg/10.1111/jam.15627

Dindas]J, DeFalco TA, Yu G, ZhangL, David P, Bjornson M, Thibaud M-C,
Custédio V, Castrillo G, Nussaume L, et al. Direct inhibition of phos-
phate transport by immune signaling in Arabidopsis. Curr Biol.
2022:32(2):488-495 5. https:/doi.org/10.1016/j.cub.2021.11.063

Durén P, Ellis TJ, Thiergart T, Agren}, Hacquard S. Climate drives rhi-
zosphere microbiome variation and divergent selection between
geographically distant Arabidopsis populations. New Phytol.
20222:236(2):608-621. https:/doi.org/10.1111/nph.18357

Duran P, Flores-Uribe J, Wippel K, Zhang P, Guan R, Melkonian B,
Melkonian M, Garrido-Oter R. Shared features and reciprocal
complementation of the Chlamydomonas and Arabidopsis micro-
biota. Nat Commun. 2022b:13(1):406. https:/doi.org/10.1038/
$41467-022-28055-8

Duran P, Reinstadler A, Rajakrut AL, Hashimoto M, Garrido-Oter R,
Schulze-Lefert P, Panstruga R. A fungal powdery mildew patho-
gen induces extensive local and marginal systemic changes in


https://doi.org/10.1128/mbio.00631-16
https://doi.org/10.1073/pnas.2201285119
https://doi.org/10.1111/j.1365-313X.2010.04385.x
https://doi.org/10.1111/j.1365-313X.2010.04385.x
https://doi.org/10.1094/PBIOMES-06-21-0041-R
https://doi.org/10.1111/nph.14976
https://doi.org/10.1038/s43247-024-01533-1
https://doi.org/10.1038/nature11336
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1371/journal.pgen.1001102
https://doi.org/10.1094/PBIOMES-02-23-0011-R
https://doi.org/10.1094/PBIOMES-02-23-0011-R
https://doi.org/10.1038/s41586-023-06891-y
https://doi.org/10.1038/s41559-019-0994-z
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.1038/nature21417
https://doi.org/10.1038/nature21417
https://doi.org/10.1007/BF02370096
https://doi.org/10.1038/s41467-024-50700-7
https://doi.org/10.1038/s41467-024-50700-7
https://doi.org/10.1016/j.tim.2023.08.007
https://doi.org/10.1016/j.tim.2023.08.007
https://doi.org/10.1038/s41586-020-2185-0
https://doi.org/10.1038/s41477-024-01779-9
https://doi.org/10.3389/fmicb.2021.598180
https://doi.org/10.3389/fmicb.2021.598180
https://doi.org/10.1371/journal.pbio.2002860
https://doi.org/10.1371/journal.pbio.2002860
https://doi.org/10.1038/s41579-024-01079-1
https://doi.org/10.1038/s41579-024-01079-1
https://doi.org/10.1016/j.chom.2025.02.002
https://doi.org/10.1016/j.cell.2025.02.013
https://doi.org/10.1111/jam.15627
https://doi.org/10.1111/jam.15627
https://doi.org/10.1016/j.cub.2021.11.063
https://doi.org/10.1111/nph.18357
https://doi.org/10.1038/s41467-022-28055-8
https://doi.org/10.1038/s41467-022-28055-8

Potential and challenges for application of microbiomes in agriculture | 15

the microbiota. Environ Microbiol. 2021:23(10):6292-6308. https:/
doi.org/10.1111/1462-2920.15768

Duran P, Thiergart T, Garrido-Oter R, Agler M, Kemen E,
Schulze-Lefert P, Hacquard S. Microbial interkingdom interac-
tions in roots promote Arabidopsis survival. Cell. 2018:175(4):
973-983.e14. https://doi.org/10.1016/j.cell.2018.10.020

Eastman S, Jiang T, Ficco K, Liao C, Jones B, Wen S, Biddle YO, Eyceoz
A, Yatsishin I, Naumann TA, et al. A type II secreted subtilase
from commensal rhizobacteria cleaves immune elicitor peptides
and suppresses flg22-induced immune activation. Cell Rep.
2024:43(12):115063. https://doi.org/10.1016/j.celrep.2024.115063

Edwards J, Johnson C, Santos-Medellin C, Lurie E, Podishetty NK,
Bhatnagar S, EisenJA, Sundaresan V. Structure, variation, and assem-
bly of the root-associated microbiomes of rice. Proc Natl Acad Sci U S A.
2015:112(8):E911-E920. https:/doi.org/10.1073/pnas.1414592112

Edwards JA, Saran UB, Bonnette ], MacQueen A, Yin J, Nguyen Tu,
SchmutzJ, Grimwood J, Pennacchio LA, Daum C, et al. Genetic de-
terminants of switchgrass-root-associated microbiota in field
sites spanning its natural range. Curr Biol. 2023:33(10):
1926-1938.e6. https://doi.org/10.1016/j.cub.2023.03.078

Emmenegger B, Massoni J, Pestalozzi CM, Bortfeld-Miller M, Maier
BA, Vorholt JA. Identifying microbiota community patterns im-
portant for plant protection using synthetic communities and
machine learning. Nat Commun. 2023:14(1):7983. https://doi.org/
10.1038/s41467-023-43793-2

Emmett BD, Lévesque-Tremblay V, Harrison MJ. Conserved and re-
producible bacterial communities associate with extraradical hy-
phae of arbuscular mycorrhizal fungi. ISME J. 2021:15(8):
2276-2288. https://doi.org/10.1038/s41396-021-00920-2

Entila F, Han X, Mine A, Schulze-Lefert P, Tsuda K. Commensal life-
style regulated by a negative feedback loop between Arabidopsis
ROS and the bacterial T2SS. Nat Commun. 2024:15(1):456. https:/
doi.org/10.1038/s41467-024-44724-2

Entila F, Tsuda K. Taming of the microbial beasts: plant immunity
tethers potentially pathogenic microbiota members. BioEssays.
2025:47:€2400171. https://doi.org/10.1002/bies.202400171

Faist H, Trognitz F, Antonielli L, Symanczik S, White PJ, Sessitsch A.
Potato root-associated microbiomes adapt to combined water
and nutrient limitation and have a plant genotype-specific role
for plant stress mitigation. Environ Microbiome. 2023:18(1):18.
https://doi.org/10.1186/s40793-023-00469-x

Fan W, Tang F, WangJ, DongJ, XingJ, Shi F. Drought-induced recruit-
ment of specific root-associated bacteria enhances adaptation of
alfalfa to drought stress. Front Microbiol. 2023:14:1114400. https://
doi.org/10.3389/fmicb.2023.1114400

Fan X, MatsumotoH, XuH, FangH, PanQ,Lv T, Zhan C,Feng X, Liu X, SuD,
et al. Aspergillus cujetkovicii protects against phytopathogens through
interspecies chemical signalling in the phyllosphere. Nat Microbiol.
2024:9(11):2862-2876. https:/doi.org/10.1038/s41564-024-01781-z

Ferndndez M, Pagnussat LA, Borrajo MP, Perez Bravo JJ, Francois NJ,
Creus CM. Chitosan/starch beads as bioinoculants carrier: long-
term survival of bacteria and plant growth promotion. Appl
Microbiol Biotechnol. 2022:106(23):7963-7972. https://doi.org/10.
1007/s00253-022-12220-6

Finkel OM, Salas-Gonzalez I, Castrillo G, Conway JM, Law TF, Teixeira
PJPL, Wilson ED, Fitzpatrick CR, Jones CD, Dangl JL. A single bac-
terial genus maintains root growth in a complex microbiome.
Nature. 2020:587(7832):103-108. https://doi.org/10.1038/s41586-
020-2778-7

Fitzpatrick CR, Copeland J, Wang PW, Guttman DS, Kotanen PM,
Johnson MTJ. Assembly and ecological function of the root micro-
biome across angiosperm plant species. Proc Natl Acad Sci U S A.
2018:115(6):E1157-E1165. https:/doi.org/10.1073/pnas.1717617115

Fonseca-Garcia C, Wilson A, Elmore J, Pettinga D, McClure R, Atim J,
Pedraza J, Hutmacher R, Egbert R, Coleman-Derr D. Defined syn-
thetic microbial communities colonize and benefit field-grown
sorghum (synthetic biology). ISME J. 2024:18(1):wrael26. https:/
doi.org/10.1101/2023.05.30.542977

French E, Kaplan I, Iyer-Pascuzzi A, Nakatsu CH, Enders L. Emerging
strategies for precision microbiome management in diverse agro-
ecosystems. Nat Plants. 2021:7(3):256-267. https://doi.org/10.
1038/s41477-020-00830-9

Gandara L, Jacoby R, Laurent F, Spatuzzi M, Vlachopoulos N, Borst NO,
Ekmen G, Potel CM, Garrido-Rodriguez M, Bohmert AL, et al.
Pervasive sublethal effects of agrochemicals on insects at environ-
mentally relevant concentrations. Science. 2024:386(6720):446-453.
https://doi.org/10.1126/science.ado0251

Gelfand I, Philip Robertson G. A reassessment of the contribution of
soybean biological nitrogen fixation to reactive N in the environ-
ment. Biogeochemistry. 2015:123(1-2):175-184. https://doi.org/10.
1007/s10533-014-0061-4

Getzke F, Hassani MA, Crisemann M, Malisic M, Zhang P, Ishigaki Y,
Bohringer N, Jiménez Ferndndez A, Wang L, Ordon ], et al.
Cofunctioning of bacterial exometabolites drives root microbiota
establishment. Proc Natl Acad Sci U S A. 2023:120(15):2221508120.
https://doi.org/10.1073/pnas.2221508120

Gherbi H, Markmann K, Svistoonoff S, Estevan J, Autran D, Giczey G,
Auguy F, Péret B, Laplaze L, Franche C, et al. SymRK defines a
common genetic basis for plant root endosymbioses with arbus-
cular mycorrhiza fungi, rhizobia, and Frankiabacteria. Proc Natl
Acad Sci U S A. 2008:105(12):4928-4932. https://doi.org/10.1073/
pnas.0710618105

Giller KE, James EK, Ardley ], Unkovich MJ. Science losing its way: ex-
amples from the realm of microbial N2-fixation in cereals and
other non-legumes. Plant Soil. 2025:511(1-2):1-24. https://doi.
0rg/10.1007/511104-024-07001-1

Girardin A, Wang T, Ding Y, Keller J, Buendia L, Gaston M, Ribeyre C,
Gasciolli V, Auriac M-C, Vernié T, et al. LCO receptors involved in
arbuscular mycorrhiza are functional for rhizobia perception in
legumes. Curr Biol. 2019:29(24):4249-4259.e5. https://doi.org/10.
1016/j.cub.2019.11.038

Gonin M, Salas-Gonzélez I, Gopaulchan D, Frene JP, Roden S, Van de
Poel B, Salt DE, Castrillo G. Plant microbiota controls an alterna-
tive root branching regulatory mechanism in plants. Proc Natl
Acad Sci U S A. 2023:120(15):e2301054120. https://doi.org/10.
1073/pnas.2301054120

Goossens P, Spooren ], Baremans KCM, Andel A, Lapin D, Echobardo
N, Pieterse CMJ, Van den Ackerveken G, Berendsen RL. Obligate bi-
otroph downy mildew consistently induces near-identical protec-
tive microbiomes in Arabidopsis thaliana. Nat Microbiol. 2023:8(12):
2349-2364. https://doi.org/10.1038/s41564-023-01502-y

Gu S, Wei Z, Shao Z, Friman V-P, Cao K, Yang T, Kramer J, Wang X, Li
M, Mei X, et al. Competition for iron drives phytopathogen control
by natural rhizosphere microbiomes. Nat Microbiol. 2020:5(8):
1002-1010. https://doi.org/10.1038/s41564-020-0719-8

Guyon P, Petit A, Tempe ], Dessaux Y. Transformed plants producing
opines specifically promote growth of opine-degrading agrobac-
teria. MPMI. 1993:6(1):92. https://doi.org/10.1094/MPMI-6-092

Harbort CJ, Hashimoto M, Inoue H, Niu Y, Guan R, Rombola AD,
Kopriva S, Voges MJEEE, Sattely ES, Garrido-Oter R, et al.
Root-secreted coumarins and the microbiota interact to improve
iron nutrition in Arabidopsis. Cell Host Microbe. 2020:28(6):
825-837.e6. https://doi.org/10.1016/j.chom.2020.09.006

He J, Zhang L, Van Dingenen ], Desmet S, Goormachtig S,
Calonne-Salmon M, Declerck S. Arbuscular mycorrhizal hyphae


https://doi.org/10.1111/1462-2920.15768
https://doi.org/10.1111/1462-2920.15768
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1016/j.celrep.2024.115063
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/j.cub.2023.03.078
https://doi.org/10.1038/s41467-023-43793-z
https://doi.org/10.1038/s41467-023-43793-z
https://doi.org/10.1038/s41396-021-00920-2
https://doi.org/10.1038/s41467-024-44724-2
https://doi.org/10.1038/s41467-024-44724-2
https://doi.org/10.1002/bies.202400171
https://doi.org/10.1186/s40793-023-00469-x
https://doi.org/10.3389/fmicb.2023.1114400
https://doi.org/10.3389/fmicb.2023.1114400
https://doi.org/10.1038/s41564-024-01781-z
https://doi.org/10.1007/s00253-022-12220-6
https://doi.org/10.1007/s00253-022-12220-6
https://doi.org/10.1038/s41586-020-2778-7
https://doi.org/10.1038/s41586-020-2778-7
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1101/2023.05.30.542977
https://doi.org/10.1101/2023.05.30.542977
https://doi.org/10.1038/s41477-020-00830-9
https://doi.org/10.1038/s41477-020-00830-9
https://doi.org/10.1126/science.ado0251
https://doi.org/10.1007/s10533-014-0061-4
https://doi.org/10.1007/s10533-014-0061-4
https://doi.org/10.1073/pnas.2221508120
https://doi.org/10.1073/pnas.0710618105
https://doi.org/10.1073/pnas.0710618105
https://doi.org/10.1007/s11104-024-07001-1
https://doi.org/10.1007/s11104-024-07001-1
https://doi.org/10.1016/j.cub.2019.11.038
https://doi.org/10.1016/j.cub.2019.11.038
https://doi.org/10.1073/pnas.2301054120
https://doi.org/10.1073/pnas.2301054120
https://doi.org/10.1038/s41564-023-01502-y
https://doi.org/10.1038/s41564-020-0719-8
https://doi.org/10.1094/MPMI-6-092
https://doi.org/10.1016/j.chom.2020.09.006

16 | The Plant Cell, 2025, Vol. 37, No. 8

facilitate rhizobia dispersal and nodulation in legumes. ISME J.
2024a:18(1):wrael85. https://doi.org/10.1093/ismejo/wrae185

He X, Wang D, Jiang Y, Li M, Delgado-Baquerizo M, McLaughlin C,
Marcon C, Guo L, Baer M, Moya YAT, et al. Heritable microbiome
variation is correlated with source environment in locally
adapted maize varieties. Nat Plants. 2024b:10(4):598-617. https://
doi.org/10.1038/s41477-024-01654-7

Helman'Y, Chernin L. Silencing the mob: disrupting quorum sensing
as a means to fight plant disease. Mol Plant Pathol. 2015:16(3):
316-329. https://doi.org/10.1111/mpp.12180

Hernandez MR, Kutuzova S, Nielsen KN, Johansen J, Hansen LH,
Nielsen M, Rasmussen S. Machine learning and deep learning ap-
plications in microbiome research. ISME Commun. 2022:2(1):98.
https://doi.org/10.1038/543705-022-00182-9

Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S, Kracher B,
Neumann U, Ramirez D, Bucher M, O’Connell RJ, et al. Root endo-
phyte Colletotrichum tofieldiae confers plant fitness benefits that
are phosphate status dependent. Cell. 2016:165(2):464-474.
https://doi.org/10.1016/j.cell.2016.02.028

Horton MW, Bodenhausen N, Beilsmith K, Meng D, Muegge BD,
Subramanian S, Vetter MM, Vilhjalmsson BJ, Nordborg M,
Gordon JI, et al. Genome-wide association study of Arabidopsis
thaliana leaf microbial community. Nat Commun. 2014:5(1):1-7.
https://doi.org/10.1038/ncomms6320

Huang, ZhaiL, Chai X, LiuY, Lv],PiY, Gao B, Wang X, Wu T, Zhang
X, et al. Bacillus B2 promotes root growth and enhances phospho-
rus absorption in apple rootstocks by affecting MhMYB15. Plant J.
2024:119(4):1880-1899. https:/doi.org/10.1111/tpj.16893

Huot B, Yao J, Montgomery BL, He SY. Growth-defense tradeoffs in
plants: a balancing act to optimize fitness. Mol Plant. 2014:7(8):
1267-1287. https://doi.org/10.1093/mp/ssu049

Imam N, Belda I, Garcia-Jiménez B, Duehl AJ, Doroghazi JR,
Almonacid DE, Thomas VP, Acedo A. Local network properties
of soil and rhizosphere microbial communities in potato planta-
tions treated with a biological product are important predictors of
crop yield. mSphere. 2021:6(4):e0013021. https://doi.org/10.1128/
msphere.00130-21

Innerebner G, Knief C, Vorholt JA. Protection of Arabidopsis thaliana
against leaf-pathogenic Pseudomonas syringae by Sphingomonas
strains in a controlled model system. Appl Environ Microbiol.
2011:77(10):3202-3210. https://doi.org/10.1128/AEM.00133-11

Jang S, Choi S-K, Zhang H, Zhang S, Ryu C-M, Kloepper JW. History of
a model plant growth-promoting rhizobacterium, Bacillus velezen-
sis GB03: from isolation to commercialization. Front Plant Sci.
2023:14:1279896. https://doi.org/10.3389/fpls.2023.1279896

JiangY, Wang W, Xie Q, LiuN, Liu L, Wang D, Zhang X, Yang C, Chen X,
Tang D, et al. Plants transfer lipids to sustain colonization by mu-
tualistic mycorrhizal and parasitic fungi. Science. 2017:356(6343):
1172-1175. https://doi.org/10.1126/science.aam9970

Jin X, Jia H, Ran L, Wu F, Liu J, Schlaeppi K, Dini-Andreote F, Wei Z,
Zhou X. Fusaric acid mediates the assembly of disease-
suppressive rhizosphere microbiota via induced shifts in plant
root exudates. Nat Commun. 2024:15(1):5125. https://doi.org/10.
1038/s41467-024-49218-9

Karasov TL, Almario J, Friedemann C, Ding W, Giolai M, Heavens D,
Kersten S, Lundberg DS, Neumann M, Regalado ], et al.
Arabidopsis thaliana and Pseudomonas pathogens exhibit stable as-
sociations over evolutionary timescales. Cell Host Microbe.
2018:24(1):168-179.e4. https://doi.org/10.1016/j.chom.2018.06.011

Karasov TL, Neumann M, Leventhal L, Symeonidi E, Shirsekar G,
Hawks A, Monroe G, Exposito-Alonso M, Bergelson ], Weigel D,
et al. Continental-scale associations of Arabidopsis thaliana

phyllosphere members with host genotype and drought. Nat
Microbiol.  2024:9(10):2748-2758. https://doi.org/10.1038/s41564-
024-01773-z

Keppler A, Roulier M, Pfeilmeier S, Petti GC, Sintsova A, Maier BA,
Bortfeld-Miller M, Sunagawa S, Zipfel C, Vorholt JA. Plant micro-
biota feedbacks through dose-responsive expression of general
non-self response genes. Nat Plants. 2025:11(1):74-89. https:/
doi.org/10.1038/s41477-024-01856-z

Keymer A, Pimprikar P, Wewer V, Huber C, Brands M, Bucerius SL,
Delaux P-M, Klingl V, von Répenack-Lahaye E, Wang TL, et al.
Lipid transfer from plants to arbuscular mycorrhiza fungi. eLife.
2017:6:229107. https://doi.org/10.7554/eLife.29107

King RR, Calhoun LA. The thaxtomin phytotoxins: sources,

synthesis, biosynthesis, biotransformation and biological
activity. Phytochemistry. 2009:70(7):833-841. https:/doi.org/10.1016/j.
phytochem.2009.04.013

Knights HE, Ramachandran VK, Jorrin B, Ledermann R, Parsons JD,
Aroney STN, Poole PS. Rhizobium determinants of rhizosphere
persistence and root colonization. ISME J. 2024:18(1):wrae072.
https://doi.org/10.1093/ismejo/wrae072

Koziol L, McKenna TP, Bever JD. Meta-analysis reveals globally
sourced commercial mycorrhizal inoculants fall short. New
Phytol. 2025:246(3):821-827. https://doi.org/10.1111/nph.20278

Kremer JM, Sohrabi R, Paasch BC, Rhodes D, Thireault C,
Schulze-Lefert P, Tiedje JM, He SY. Peat-based gnotobiotic plant
growth systems for Arabidopsis microbiome research. Nat
Protoc. 2021:16(5):2450-2470. https://doi.org/10.1038/s41596-021-
00504-6

Kwak M-J, Kong HG, Choi K, Kwon S-K, SongJY, Lee ], Lee PA, Choi SY,
Seo M, Lee HJ, et al. Rhizosphere microbiome structure alters to
enable wilt resistance in tomato. Nat Biotechnol. 2018:36(11):
1100-1109. https://doi.org/10.1038/nbt.4232

Lafi FF, Alam I, Geurts R, Bisseling T, Bajic VB, Hirt H, Saad MM. Draft
genome sequence of the phosphate-solubilizing bacterium
Pseudomonas argentinensis strain SA190 isolated from the desert
plant Indigofera argentea. Genome Announc. 2016:4(6):e01431-16.
https://doi.org/10.1128/genomeA.01431-16

Larsson E, Tremaroli V, Lee YS, Koren O, Nookaew I, Fricker A,
Nielsen J, Ley RE, Backhed F. Analysis of gut microbial regulation
of host gene expression along the length of the gut and regulation
of gut microbial ecology through MyD88. Gut. 2012:61(8):
1124-1131. https://doi.org/10.1136/gutjnl-2011-301104

Lebeis SI, Paredes SH, Lundberg DS, Breakfield N, Gehring ],
McDonald M, Malfatti S, del Rio TG, Jones CD, Tringe SG, et al.
Salicylic acid modulates colonization of the root microbiome by
specific bacterial taxa. Science. 2015:349(6250):860-864. https:/
doi.org/10.5061/dryad.238b2

Lee MH, Khan R, Tao W, Choi K, Lee SY, Lee JW, Hwang EC, Lee S-W.
Soil metagenome-derived 3-hydroxypalmitic acid methyl ester
hydrolases suppress extracellular polysaccharide production in
Ralstonia solanacearum. ] Biotechnol. 2018:270:30-38. https:/doi.
org/10.1016/j.jbiotec.2018.01.023

Levy A, Salas Gonzalez I, Mittelviefhaus M, Clingenpeel S, Herrera
Paredes S, Miao J, Wang K, Devescovi G, Stillman K, Monteiro F,
et al. Genomic features of bacterial adaptation to plants. Nat
Genet. 2018:50(1):138-150. https://doi.org/10.1038/s41588-017-
0012-9

Li E, de Jonge R, Liu C, Jiang H, Friman V-P, Pieterse CM]J, Bakker
PAHM, Jousset A. Rapid evolution of bacterial mutualism in the
plant rhizosphere. Nat Commun. 2021a:12(1):3829. https:/doi.
0rg/10.1038/541467-021-24005-y

LiE, ZhangH, Jiang H, Pieterse CM]J, Jousset A, Bakker PAHM, de Jonge
R. Experimental-evolution-driven identification of Arabidopsis


https://doi.org/10.1093/ismejo/wrae185
https://doi.org/10.1038/s41477-024-01654-7
https://doi.org/10.1038/s41477-024-01654-7
https://doi.org/10.1111/mpp.12180
https://doi.org/10.1038/s43705-022-00182-9
https://doi.org/10.1016/j.cell.2016.02.028
https://doi.org/10.1038/ncomms6320
https://doi.org/10.1111/tpj.16893
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1128/msphere.00130-21
https://doi.org/10.1128/msphere.00130-21
https://doi.org/10.1128/AEM.00133-11
https://doi.org/10.3389/fpls.2023.1279896
https://doi.org/10.1126/science.aam9970
https://doi.org/10.1038/s41467-024-49218-9
https://doi.org/10.1038/s41467-024-49218-9
https://doi.org/10.1016/j.chom.2018.06.011
https://doi.org/10.1038/s41564-024-01773-z
https://doi.org/10.1038/s41564-024-01773-z
https://doi.org/10.1038/s41477-024-01856-z
https://doi.org/10.1038/s41477-024-01856-z
https://doi.org/10.7554/eLife.29107
https://doi.org/10.1016/j.phytochem.2009.04.013
https://doi.org/10.1016/j.phytochem.2009.04.013
https://doi.org/10.1093/ismejo/wrae072
https://doi.org/10.1111/nph.20278
https://doi.org/10.1038/s41596-021-00504-6
https://doi.org/10.1038/s41596-021-00504-6
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1128/genomeA.01431-16
https://doi.org/10.1136/gutjnl-2011-301104
https://doi.org/10.5061/dryad.238b2
https://doi.org/10.5061/dryad.238b2
https://doi.org/10.1016/j.jbiotec.2018.01.023
https://doi.org/10.1016/j.jbiotec.2018.01.023
https://doi.org/10.1038/s41588-017-0012-9
https://doi.org/10.1038/s41588-017-0012-9
https://doi.org/10.1038/s41467-021-24005-y
https://doi.org/10.1038/s41467-021-24005-y

Potential and challenges for application of microbiomes in agriculture | 17

rhizosphere competence genes in Pseudomonas protegens. mBio.
2021b:12(3):e0092721. https://doi.org/10.1128/mbio.00927-21

Liu D, Anderson N, Kinkel L. Biological control of potato scab in the
field with antagonistic Streptomyces scabies. Phytopathology.
1995:85(7):827. https://doi.org/10.1094/Phyto-85-827

LiuD, Chen Q, Zhang P, Chen D, Howell KS. The fungal microbiomeis
an important component of vineyard ecosystems and correlates
with regional distinctiveness of wine. mSphere. 2020a:5(4):
e00534-20. https://doi.org/10.1128/msphere.00534-20

Liu H, Li J, Singh BK. Harnessing co-evolutionary interactions be-
tween plants and Streptomyces to combat drought stress. Nat
Plants. 2024a:10(8):1159-1171. https://doi.org/10.1038/s41477-
024-01749-1

Liu J, Xu W, Zhang Q, Liao W, Li L, Chen S, Yang J, Wang Z, Xu F.
OsPHR2-mediated recruitment of Pseudomonadaceae enhances
rice phosphorus uptake. Plant Commun. 2024b:5(8):100930.
https://doi.org/10.1016/j.xplc.2024.100930

LiuJ, Yu X, Qin Q, Dinkins RD, Zhu H. The impacts of domestication
and breeding on nitrogen fixation symbiosis in legumes. Front
Genet. 2020b:11:00973. https://doi.org/10.3389/fgene.2020.00973

Liu S, Tao C, Zhang L, Wang Z, Xiong W, Xiang D, Sheng O, Wang]J, Li
R, Shen Z, et al. Plant pathogen resistance is mediated by recruit-
ment of specific rhizosphere fungi. ISME J. 2023:17(6):931-942.
https://doi.org/10.1038/s41396-023-01406-z

Lopez-Bucio ], Campos-Cuevas JC, Hernandez-Calderén E,
Velasquez-Becerra C, Farias-Rodriguez R, Macias-Rodriguez LI,
Valencia-Cantero E. Bacillus megaterium rhizobacteria promote
growth and alter root-system architecture through an auxin-
and ethylene-independent signaling mechanism in Arabidopsis
thaliana. MPMI. 2007:20(2):207-217. https://doi.org/10.1094/MPMI-
20-2-0207

Lucy M, Reed E, Glick BR. Applications of free living plant growth-
promoting rhizobacteria. Antonie Van Leeuwenhoek. 2004:86(1):
1-25. https://doi.org/10.1023/B:ANT0O.0000024903.10757 .6e

Lugtenberg B, Kamilova F. Plant-growth-promoting rhizobacteria.
Annu Rev Microbiol. 2009:63(1):541-556. https:/doi.org/10.1146/
annurev.micro.62.081307.162918

Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti
S, Tremblay J, Engelbrektson A, Kunin V, Glavina del Rio T, et al.
Defining the core Arabidopsis thaliana root microbiome. Nature.
2012:488(7409):86-90. https://doi.org/10.1038/nature11237

Lundberg SM, Lee S-I. Unified approach to interpreting model predic-
tions. NIPS'17: Proceedings of the 31st International Conference
on Neural Information Processing Systems; 2017; Curran
Associates, Inc. p. 4768-4777. https://dl.acm.org/doi/10.5555/
3295222.3295230

Lutz S, Bodenhausen N, Hess J, Valzano-Held A, Waelchli J,
Deslandes-Hérold G, Schlaeppi K, van der Heijden MGA. Soil mi-
crobiome indicators can predict crop growth response to large-
scale inoculation with arbuscular mycorrhizal fungi. Nat
Microbiol. 2023:8(12):2277-2289. https://doi.org/10.1038/s41564-
023-01520-w

MaK-W, NiuY,Jia Y, OrdonJ, Copeland C, Emonet A, Geldner N, Guan
R, Stolze SC, Nakagami H, et al. Coordination of microbe-host ho-
meostasis by crosstalk with plant innate immunity. Nat Plants.
2021:7(6):814-825. https://doi.org/10.1038/541477-021-00920-2

Mahdi LK, Miyauchi S, Uhlmann C, Garrido-Oter R, Langen G, Wawra
S, Niu Y, Guan R, Robertson-Albertyn S, Bulgarelli D, et al. The
fungal root endophyte Serendipita vermifera displays inter-
kingdom synergistic beneficial effects with the microbiota in
Arabidopsis thaliana and barley. ISME ]. 2022:16(3):876-889.
https://doi.org/10.1038/541396-021-01138-y

Marco ML, Heeney D, Binda S, Cifelli CJ, Cotter PD, Foligné B, Ganzle
M, Kort R, Pasin G, Pihlanto A, et al. Health benefits of fermented
foods: microbiota and beyond. Curr Opin Biotechnol. 2017:44:
94-102. https://doi.org/10.1016/j.copbio.2016.11.010

Matsuo Y, Imagawa H, Nishizawa M, Shizuri Y. Isolation of an algal
morphogenesis inducer from a marine bacterium. Science.
2005:307(5715):1598-1598. https:/doi.org/10.1126/science.1105486

Melkonian C, Zorrilla F, Kjeerbglling I, Blasche S, Machado D, Junge
M, Sgrensen KI, Andersen LT, Patil KR, Zeidan AA. Microbial inter-
actions shape cheese flavour formation. Nat Commun. 2023:14(1):
8348. https://doi.org/10.1038/s41467-023-41059-2

Mendes R, Kruijt M, de Bruijn I, Dekkers E, van der Voort M, Schneider
JHM, Piceno YM, DeSantis TZ, Andersen GL, Bakker PAHM, et al.
Deciphering the rhizosphere microbiome for disease-suppressive
bacteria. Science. 2011:332(6033):1097-1100. https://doi.org/10.
1126/science.1203980

Menzies JD, Menzies JD. Occurrence and transfer of a biological factor
in soil that suppresses potato scab. Phytopathology. 1959:49(10):
648-652.

Mitter B, Pfaffenbichler N, Flavell R, Compant S, Antonielli L, Petric A,
Berninger T, Naveed M, Sheibani-Tezerji R, von Maltzahn G, et al.
A new approach to modify plant microbiomes and traits by intro-
ducing beneficial bacteria at flowering into progeny seeds. Front
Microbiol. 2017:8:11. https://doi.org/10.3389/fmicb.2017.00011

Munoz N, Qi X, Li M-W, Xie M, Gao Y, Cheung M-Y, Wong F-L, Lam
H-M. Improvement in nitrogen fixation capacity could be part
of the domestication process in soybean. Heredity (Edinb).
2016:117(2):84-93. https://doi.org/10.1038/hdy.2016.27

Nemergut DR, Schmidt SK, Fukami T, O’Neill SP, Bilinski TM, Stanish
LF, Knelman JE, Darcy JL, Lynch RC, Wickey P, et al. Patterns and
processes of microbial community assembly. Microbiol Mol Biol
Rev. 2013:77(3):342-356. https://doi.org/10.1128/MMBR.00051-12

Northen TR, Kleiner M, Torres M, Kovacs AT, Nicolaisen MH,
Krzyzanowska DM, Sharma S, Lund G, Jelsbak L, Baars O, et al.
Community standards and future opportunities for synthetic
communities in plant-microbiota research. Nat Microbiol.
2024:9(11):2774-2784. https://doi.org/10.1038/s41564-024-01833-4

O’Banion BS, Jones P, Demetros AA, Kelley BR, Knoor LH, Wagner AS,
Chen J-G, Muchero W, Reynolds TB, Jacobson D, et al. Plant
myo-inositol transport influences bacterial colonization pheno-
types. Curr Biol. 2023:33(15):3111-3124.e5. https://doi.org/10.
1016/j.cub.2023.06.057

Oger PM, Mansouri H, Nesme X, Dessaux Y. Engineering root exuda-
tion of lotus toward the production of two novel carbon com-
pounds leads to the selection of distinct microbial populations
in the rhizosphere. Microb Ecol. 2004:47(1):96-103. https://doi.
0rg/10.1007/500248-003-2012-9

Orozco-Mosqueda MDC, Santoyo G, Glick BR. Recent advances in the
bacterial phytohormone modulation of plant growth. Plants.
2023:12(3):606. https:/doi.org/10.3390/plants12030606

Oyserman BO, Flores SS, Griffioen T, Pan X, van der Wijk E, Pronk L,
Lokhorst W, Nurfikari A, Paulson JN, Movassagh M, et al.
Disentangling the genetic basis of rhizosphere microbiome as-
sembly in tomato. Nat Commun. 2022:13(1):3228. https://doi.org/
10.1038/s41467-022-30849-9

Paasch BC, Sohrabi R, Kremer JM, Nomura K, Cheng YT, Martz J,
Kvitko B, Tiedje JM, He SY. A critical role of a eubiotic microbiota
in gating proper immunocompetence in Arabidopsis. Nat Plants.
2023:9(9):1468-1480. https:/doi.org/10.1038/s41477-023-01501-1

Pacheco-Moreno A, Bollmann-Giolai A, Chandra G, Brett P, Davies J,
Thornton O, Poole P, Ramachandran V, Brown JKM, Nicholson P,
et al. The genotype of barley cultivars influences multiple aspects
of their associated microbiota via differential root exudate


https://doi.org/10.1128/mbio.00927-21
https://doi.org/10.1094/Phyto-85-827
https://doi.org/10.1128/msphere.00534-20
https://doi.org/10.1038/s41477-024-01749-1
https://doi.org/10.1038/s41477-024-01749-1
https://doi.org/10.1016/j.xplc.2024.100930
https://doi.org/10.3389/fgene.2020.00973
https://doi.org/10.1038/s41396-023-01406-z
https://doi.org/10.1094/MPMI-20-2-0207
https://doi.org/10.1094/MPMI-20-2-0207
https://doi.org/10.1023/B:ANTO.0000024903.10757.6e
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1038/nature11237
https://dl.acm.org/doi/10.5555/3295222.3295230
https://dl.acm.org/doi/10.5555/3295222.3295230
https://doi.org/10.1038/s41564-023-01520-w
https://doi.org/10.1038/s41564-023-01520-w
https://doi.org/10.1038/s41477-021-00920-2
https://doi.org/10.1038/s41396-021-01138-y
https://doi.org/10.1016/j.copbio.2016.11.010
https://doi.org/10.1126/science.1105486
https://doi.org/10.1038/s41467-023-41059-2
https://doi.org/10.1126/science.1203980
https://doi.org/10.1126/science.1203980
https://doi.org/10.3389/fmicb.2017.00011
https://doi.org/10.1038/hdy.2016.27
https://doi.org/10.1128/MMBR.00051-12
https://doi.org/10.1038/s41564-024-01833-4
https://doi.org/10.1016/j.cub.2023.06.057
https://doi.org/10.1016/j.cub.2023.06.057
https://doi.org/10.1007/s00248-003-2012-9
https://doi.org/10.1007/s00248-003-2012-9
https://doi.org/10.3390/plants12030606
https://doi.org/10.1038/s41467-022-30849-9
https://doi.org/10.1038/s41467-022-30849-9
https://doi.org/10.1038/s41477-023-01501-1

18 | The Plant Cell, 2025, Vol. 37, No. 8

secretion. PLoS Biol. 2024:22(4):€3002232. https://doi.org/10.1371/
journal.pbio.3002232

Pankievicz VCS, do Amaral FP, Santos KFDN, Agtuca B, Xu Y,
Schueller MJ, Arisi ACM, Steffens Maria BR, de Souza EM,
Pedrosa FO, et al. Robust biological nitrogen fixation in a model
grass-bacterial association. Plant J. 2015:81(6):907-919. https:/
doi.org/10.1111/tpj.12777

Pantigoso HA, Manter DK, Fonte SJ, Vivanco JM. Root exudate-
derived compounds stimulate the phosphorus solubilizing ability
of bacteria. Sci Rep. 2023:13(1):4050. https://doi.org/10.1038/
$41598-023-30915-2

Parfrey LW, Lahr DJG, Knoll AH, Katz LA. Estimating the timing of
early eukaryotic diversification with multigene molecular clocks.
Proc Natl Acad Sci U S A. 2011:108(33):13624-13629. https://doi.org/
10.1073/pnas.1110633108

Pereira GVDM, de Carvalho Neto DP, Medeiros ABP, Soccol VT, Neto
E, Woiciechowski AL, Soccol CR. Potential of lactic acid bacteria to
improve the fermentation and quality of coffee during on-farm
processing. Int ] Food Sci Technol. 2016:51(7):1689-1695. https:/
doi.org/10.1111/ijfs.13142

Pfeilmeier S, Petti GC, Bortfeld-miller M, Daniel B, Field CM,
Sunagawa S, Vorholt JA. The plant NADPH oxidase RBOHD is re-
quired for microbiota homeostasis in leaves. Nat Microbiol.
2021:6(7):852-864. https://doi.org/10.1038/s41564-021-00929-5

Pfeilmeier S, Werz A, Ote M, Bortfeld-Miller M, Kirner P, Keppler A,
Hemmerle L, Gabelein CG, Petti GC, Wolf S, et al. Leaf microbiome
dysbiosis triggered by T2SS-dependent enzyme secretion from
opportunistic Xanthomonas pathogens. Nat Microbiol. 2024:9(1):
136-149. https://doi.org/10.1038/s41564-023-01555-2

Pieterse CMJ, Berendsen RL, de Jonge R, Stringlis IA, Van Dijken AJH,
Van Pelt JA, Van Wees SCM, Yu K, Zamioudis C, Bakker PAHM.
Pseudomonas simiae WCS417: star track of a model beneficial rhi-
zobacterium. Plant Soil. 2021:461(1-2):245-263. https:/doi.org/
10.1007/511104-020-04786-9

Ptaszek M, Canfora L, Pugliese M, Pinzari F, Gilardi G, Trzcinski P,
Malusa E. Microbial-based products to control soil-borne patho-
gens: methods to improve efficacy and to assess impacts on mi-
crobiome. Microorganisms. 2023:11(1):224. https://doi.org/10.
3390/microorganisms11010224

Qi M, Berry JC, Veley KW, O’Connor L, Finkel OM, Salas-Gonzalez I,
Kuhs M, Jupe ], Holcomb E, Glavina del Rio T, et al.
Identification of beneficial and detrimental bacteria impacting
sorghum responses to drought using multi-scale and multi-
system microbiome comparisons. ISME J. 2022:16(8):1957-1969.
https://doi.org/10.1038/541396-022-01245-4

Raaijmakers JM, Weller DM. Exploiting genotypic diversity of
2,4-diacetylphloroglucinol-producing Pseudomonas spp. charac-
terization of superior root-colonizing P. fluorescens strain Q8rl-
96. Appl Environ Microbiol. 2001:67(6):2545-2554. https://doi.org/
10.1128/AEM.67.6.2545-2554.2001

Ran L, Larsson J, Vigil-Stenman T, Nylander JAA, Ininbergs K, Zheng
W-W, Lapidus A, Lowry S, Haselkorn R, Bergman B. Genome ero-
sion in a nitrogen-fixing vertically transmitted endosymbiotic
multicellular cyanobacterium. PLoS One. 2010:5(7):e11486.
https://doi.org/10.1371/journal.pone.0011486

Rathore S, Desai PM, Liew CV, Chan LW, Heng PWS.
Microencapsulation of microbial cells. J Food Eng. 2013:116(2):
369-381. https://doi.org/10.1016/j.jfoodeng.2012.12.022

Robert CAM, Mateo P. The chemical ecology of benzoxazinoids. CHIMIA.
2022:76(11):928-938. https://doi.org/10.2533/chimia.2022.928

Rocha I, Ma Y, Souza-Alonso P, Vosatka M, Freitas H, Oliveira RS.
Seed coating: a tool for delivering beneficial microbes to

agricultural crops. Front Plant Sci. 2019:10:1357. https://doi.org/
10.3389/fpls.2019.01357

Roux F, Frachon L, Bartoli C. The genetic architecture of adaptation to
leaf and root bacterial microbiota in Arabidopsis thaliana. Mol Biol
Evol. 2023:40(5):msad093. https:/doi.org/10.1093/molbev/msad093

Rudrappa T, Czymmek KJ, Paré PW, Bais HP.. Root-Secreted Malic
Acid Recruits Beneficial Soil Bacteria. Plant Phys. 2008:148(3):
1547-1556. https://doi.org/10.1104/pp.108.127613

Ryu C-M, Farag MA, Hu C-H, Reddy MS, Wei H-X, Paré PW, Kloepper
JW. Bacterial volatiles promote growth in Arabidopsis. Proc Natl
Acad Sci U S A. 2003:100(8):4927-4932. https://doi.org/10.1073/
pnas.0730845100

Salas-Gonzalez I, Reyt G, Flis P, Custéddio V, Gopaulchan D, Bakhoum
N, Dew TP, Suresh K, Franke RB, Dangl JL, et al. Coordination be-
tween microbiota and root endodermis supports plant mineral
nutrient homeostasis. Science. 2021:371(6525):eabd0695. https:/
doi.org/10.1126/science.abd0695

Sanchez-GilJJ, Poppeliers SWM, Vacheron J, Zhang H, Odijk B, Keel C,
de Jonge R. The conserved iol gene cluster in Pseudomonas is in-
volved in rhizosphere competence. Curr Biol. 2023:33(15):3097—-
3110.e6. https://doi.org/10.1016/j.cub.2023.05.057

Sanders FE, Tinker PB. Mechanism of absorption of phosphate from
soil by endogone mycorrhizas. Nature. 1971:233(5317):278-279.
https://doi.org/10.1038/233278c0

Savary S, Willocquet L, Pethybridge SJ, Esker P, McRoberts N, Nelson
A. The global burden of pathogens and pests on major food crops.
Nat Ecol Evol. 2019:3(3):430-439. https://doi.org/10.1038/s41559-
018-0793-y

Schafer M, Pacheco AR, Klinzler R, Bortfeld-Miller M, Field CM, Vayena
E, Hatzimanikatis V, Vorholt JA. Metabolic interaction models reca-
pitulate leaf microbiota ecology. Science. 2023:381(6653):eadf5121.
https://doi.org/10.1126/science.adf5121

Schirring A, Wijsmuller J, Uwland S, Jiang-Rempel P, Kubicki M,
Manker D. Serenade (strain QST 713), a unique biological fungi-
cide to enhance potato quality and viability: foundational to re-
generative potato production. Gewasbescherming. 2023:54(2):
32-36.

Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N,
Kohli SK, Yadav P, Bali AS, Parihar RD, et al. Worldwide pesticide
usage and its impacts on ecosystem. SN Appl Sci. 2019:1(11):1446.
https://doi.org/10.1007/s42452-019-1485-1

Sivaram AK, Abinandan S, Chen C, Venkateswartlu K, Megharaj M.
Microbial inoculant carriers: soil health improvement and mois-
ture retention in sustainable agriculture. Advances in Agronomy.
2023;180:35-91. https://doi.org/10.1016/bs.agron.2023.03.001

Smith FA, Jakobsen I, Smith SE. Spatial differences in acquisition of
soil phosphate between two arbuscular mycorrhizal fungi in
symbiosis with Medicago truncatula. New Phytol. 2000:147(2):
357-366. https://doi.org/10.1046/j.1469-8137.2000.00695.x

Smith SE, Smith FA, Jakobsen I. Functional diversity in arbuscular
mycorrhizal (AM) symbioses: the contribution of the mycorrhizal
P uptake pathway is not correlated with mycorrhizal responses in
growth or total P uptake. New Phytol. 2004:162(2):511-524. https://
doi.org/10.1111/j.1469-8137.2004.01039.x

Song S, Morales Moreira Z, Briggs AL, Zhang X-C, Diener AC, Haney
CH. PSKR1 balances the plant growth-defence trade-off in the
rhizosphere microbiome. Nat Plants. 2023:9(12):2071-2084.
https://doi.org/10.1038/541477-023-01539-1

Song Y, Atza E, Sanchez-Gil JJ, Akkermans D, de Jonge R, de Roojj
PGH, Kakembo D, Bakker PAHM, Pieterse CMJ, Budko NV, et al.
Seed tuber microbiome can predict growth potential of potato va-
rieties. Nat Microbiol. 2025:10(1):28-40. https://doi.org/10.1038/
541564-024-01872-x


https://doi.org/10.1371/journal.pbio.3002232
https://doi.org/10.1371/journal.pbio.3002232
https://doi.org/10.1111/tpj.12777
https://doi.org/10.1111/tpj.12777
https://doi.org/10.1038/s41598-023-30915-2
https://doi.org/10.1038/s41598-023-30915-2
https://doi.org/10.1073/pnas.1110633108
https://doi.org/10.1073/pnas.1110633108
https://doi.org/10.1111/ijfs.13142
https://doi.org/10.1111/ijfs.13142
https://doi.org/10.1038/s41564-021-00929-5
https://doi.org/10.1038/s41564-023-01555-z
https://doi.org/10.1007/s11104-020-04786-9
https://doi.org/10.1007/s11104-020-04786-9
https://doi.org/10.3390/microorganisms11010224
https://doi.org/10.3390/microorganisms11010224
https://doi.org/10.1038/s41396-022-01245-4
https://doi.org/10.1128/AEM.67.6.2545-2554.2001
https://doi.org/10.1128/AEM.67.6.2545-2554.2001
https://doi.org/10.1371/journal.pone.0011486
https://doi.org/10.1016/j.jfoodeng.2012.12.022
https://doi.org/10.2533/chimia.2022.928
https://doi.org/10.3389/fpls.2019.01357
https://doi.org/10.3389/fpls.2019.01357
https://doi.org/10.1093/molbev/msad093
https://doi.org/10.1104/pp.108.127613
https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.1126/science.abd0695
https://doi.org/10.1126/science.abd0695
https://doi.org/10.1016/j.cub.2023.05.057
https://doi.org/10.1038/233278c0
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1126/science.adf5121
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1016/bs.agron.2023.03.001
https://doi.org/10.1046/j.1469-8137.2000.00695.x
https://doi.org/10.1111/j.1469-8137.2004.01039.x
https://doi.org/10.1111/j.1469-8137.2004.01039.x
https://doi.org/10.1038/s41477-023-01539-1
https://doi.org/10.1038/s41564-024-01872-x
https://doi.org/10.1038/s41564-024-01872-x

Potential and challenges for application of microbiomes in agriculture

SongY, Spooren J, Jongekrijg CD, Manders EJHH, de Jonge R, Pieterse
CM]J, Bakker PAHM, Berendsen RL. Seed tuber imprinting shapes
the next-generation potato microbiome. Environ Microbiome.
2024:19(1):12. https://doi.org/10.1186/s40793-024-00553-w

Song Y, Wilson AJ, Zhang X-CC, Thoms D, Sohrabi R, Song S,
Geissmann Q, Liu Y, Walgren L, He SY, et al. FERONIA restricts
Pseudomonas in the rhizosphere microbiome via regulation of re-
active oxygen species. Nat Plants. 2021:7(5):644-654. https:/doi.
0rg/10.1038/s41477-021-00914-0

Soumare A, Boubekri K, Lyamlouli K, Hafidi M, Ouhdouch Y, Kouisni
L. From isolation of phosphate solubilizing microbes to their for-
mulation and use as biofertilizers: status and needs. Front Bioeng
Biotechnol. 2020:7:425. https://doi.org/10.3389/fbioe.2019.00425

Spooren J, van Bentum S, Thomashow LS, Pieterse CMJ, Weller DM,
Berendsen RL. Plant-driven assembly of disease-suppressive
soil microbiomes. Annu Revi Phytopathol. 2024:62:1-30. https://
doi.org/10.1146/annurev-phyto-021622-100127

Stringlis IA, Yu K, Feussner X, de Jonge R, Van Bentum S, Van Verk MC,
Berendsen RL, Bakker PAHM, Feussner I, Pieterse CM]J.
MYB72-dependent coumarin exudation shapes root microbiome as-
sembly to promote plant health. Proc Natl Acad Sci U S A. 2018:115(22):
ES5213-E5222. https://doi.org/10.1073/pnas.1722335115

Styer A, Pettinga D, Caddell D, Coleman-Derr D. Improving rice
drought tolerance through host mediated microbiome selection.
eLife. 2024:13:RP97015. https://doi.org/10.7554/eLife.97015.1

Su P, Kang H, Peng Q, Wicaksono WA, Berg G, Liu Z, Ma J, Zhang D,
Cernava T, Liu Y. Microbiome homeostasis on rice leaves is regu-
lated by a precursor molecule of lignin biosynthesis. Nat Commun.
2024:15(1):23. https://doi.org/10.1038/s41467-023-44335-3

SwiftJF, Kolp MR, Carmichael A, Ford NE, Hansen PM, Sikes BA, Kleiner
M, Wagner MR. Drought stress homogenizes maize growth re-
sponses to diverse natural soil microbiomes. Plant Soil. 2024:509
(1-2):181-199. https://doi.org/10.1007/s11104-024-06853-x

Tabassum B, Khan A, Tarig M, Ramzan M, Igbal Khan MS, Shahid N,
Aaliya K. Bottlenecks in commercialisation and future prospects
of PGPR. Applied Soil Ecology. 2017:121:102-117. https://doi.org/10.
1016/j.aps0il.2017.09.030

TangJ, WuD, LiX, WangL, XuL, ZhangV, XuF, LiuH, Xie Q, Dai S, et al.
Plant immunity suppression via PHR1-RALF-FERONIA shapes the
root microbiome to alleviate phosphate starvation. EMBO J.
2022:41(6):€109102. https://doi.org/10.15252/embj.2021109102

Teixeira PJPL, Colaianni NR, Law TF, Conway JM, Gilbert S, Li H,
Salas-Gonzalez I, Panda D, Del Risco NM, Finkel OM, et al.
Specific modulation of the root immune system by a community
of commensal bacteria. Proc Natl Acad Sci U S A. 2021:118(16):
€2100678118. https://doi.org/10.1073/pnas.2100678118

Thiergart T, Duran P, Ellis T, Vannier N, Garrido-Oter R, Kemen E,
Roux F, Alonso-Blanco C, Agren J, Schulze-Lefert P, et al. Root mi-
crobiota assembly and adaptive differentiation among European
Arabidopsis populations. Nat Ecol Evol. 2020:4(1):122-131. https:/
doi.org/10.1038/541559-019-1063-3

Thilakarathna MS, Raizada MN. A meta-analysis of the effectiveness
of diverse rhizobia inoculants on soybean traits under field con-
ditions. Soil Biology and Biochemistry. 2017:105:177-196. https://
doi.org/10.1016/j.s0ilbi0.2016.11.022

ThoenenL, Giroud C, Kreuzer M, Waelchli], Gfeller V, Deslandes-Hérold
G, Mateo P, Robert CAM, Ahrens CH, Rubio-Somoza I, et al. Bacterial
tolerance to host-exuded specialized metabolites structures the
maize root microbiome. Proc Natl Acad Sci U S A. 2023:120(44):
€2310134120. https://doi.org/10.1073/pnas.2310134120

Thoenen L, Kreuzer M, Pestalozzi C, Florean M, Mateo P, ZUst T, Wei
A, Giroud C, Rouyer L, Gfeller V, et al. The lactonase BxdA medi-
ates metabolic specialisation of maize root bacteria to

19

benzoxazinoids. Nat Commun. 2024:15(1):6535. https://doi.org/
10.1038/s41467-024-49643-w

Tkacz A, Bestion E, Bo Z, Hortala M, Poole PS. Influence of plant frac-
tion, soil, and plant species on microbiota: a multikingdom com-
parison. mBio. 2020:11(1):e02785-19. https://doi.org/10.1128/mbio.
02785-19

Topguoglu BD, Lesniak NA, Ruffin MT, Wiens J, Schloss PD. A frame-
work for effective application of machine learning to
microbiome-based classification problems. mBio. 2020:11(3):
e00434-20. https://doi.org/10.1128/mbio.00434-20

Tzipilevich E, Russ D, Dangl JL, Benfey PN. Plant immune system ac-
tivation is necessary for efficient root colonization by auxin-
secreting beneficial bacteria. Cell Host Microbe. 2021:29(10):1507—-
1520.e4. https://doi.org/10.1016/j.chom.2021.09.005

Veach AM, Morris R, Yip DZ, Yang ZK, Engle NL, Cregger MA,
Tschaplinski TJ, Schadt CW. Rhizosphere microbiomes diverge
among Populus trichocarpa plant-host genotypes and chemotypes,
but it depends on soil origin. Microbiome. 2019:7(1):76. https://doi.
0rg/10.1186/540168-019-0668-8

Vismans G, van Bentum S, Spooren J, Song Y, Goossens P, Valls J,
Snoek BL, Thiombiano B, Schilder M, Dong L, et al. Coumarin bio-
synthesis genes are required after foliar pathogen infection for
the creation of a microbial soil-borne legacy that primes plants
for SA-dependent defenses. Sci Rep. 2022:12(1):22473. https://doi.
0rg/10.1038/541598-022-26551-x

Voges MJEEE, Bai Y, Schulze-Lefert P, Sattely ES. Plant-derived cou-
marins shape the composition of an Arabidopsis synthetic root
microbiome. Proc Natl Acad Sci U S A. 2019:116(25):12558-12565.
https://doi.org/10.1073/pnas.1820691116

Wagner MR. Prioritizing host phenotype to understand microbiome
heritability in plants. New Phytol. 2021:232(2):502-509. https:/
doi.org/10.1111/nph.17622

Wagner MR, Lundberg DS, del Rio TG, Tringe SG, Dangl JL,
Mitchell-Olds T. Host genotype and age shape the leaf and root
microbiomes of a wild perennial plant. Nat Commun. 2016:7(1):
12151. https://doi.org/10.1038/ncomms12151

Walters WA, Jin Z, Youngblut N, Wallace JG, Sutter J, Zhang W,
Gonzéalez-Pefia A, Peiffer ], Koren O, Shi Q, et al. Large-scale repli-
cated field study of maize rhizosphere identifies heritable mi-
crobes. Proc Natl Acad Sci U S A. 2018:115(28):7368-7373. https:/
doi.org/10.1073/pnas.1800918115

Wang C, Sun J, Lassabliere B, Yu B, Liu SQ. Coffee flavour modifica-
tion through controlled fermentation of green coffee beans by
Lactococcus lactis subsp cremoris. LWT. 2020a:120:108930. https:/
doi.org/10.1016/1.1wt.2019.108930

Wang W, Chu C, Hu B, Li A, Chu C. NRT1.1 in plants: functions be-
yond nitrate transporter. J Exp Bot. 2020b:71(15):4373-4379.
https://doi.org/10.1093/jxb/erz554

Wang X, Wei Z, Yang K, WangJ, Jousset A, Xu'Y, Shen Q, Friman V-P.
Phage combination therapies for bacterial wilt disease in tomato.
Nat Biotechnol. 2019:37(12):1513-1520. https://doi.org/10.1038/
$41587-019-0328-3

Weller DM, Raaijmakers JM, Gardener BBM, Thomashow LS. Microbial
populations responsible for specific soil suppressiveness to plant
pathogens. Annu Rev Phytopathol. 2002:40(1):309-348. https://doi.
org/10.1146/annurev.phyto.40.030402.110010

Westmoreland AG, Schafer TB, Breland KE, Beard AR, Osborne TZ.
Sucralose (C12H19CI308) impact on microbial activity in estuar-
ine and freshwater marsh soils. Environ Monit Assess. 2024:196(5):
451. https:/doi.org/10.1007/s10661-024-12610-5

Wippel K, Tao K, Niu'Y, Zgadzaj R, Kiel N, Guan R, Dahms E, Zhang P,
Jensen DB, Logemann E, et al. Host preference and invasiveness
of commensal bacteria in the Lotus and Arabidopsis root


https://doi.org/10.1186/s40793-024-00553-w
https://doi.org/10.1038/s41477-021-00914-0
https://doi.org/10.1038/s41477-021-00914-0
https://doi.org/10.3389/fbioe.2019.00425
https://doi.org/10.1146/annurev-phyto-021622-100127
https://doi.org/10.1146/annurev-phyto-021622-100127
https://doi.org/10.1073/pnas.1722335115
https://doi.org/10.7554/eLife.97015.1
https://doi.org/10.1038/s41467-023-44335-3
https://doi.org/10.1007/s11104-024-06853-x
https://doi.org/10.1016/j.apsoil.2017.09.030
https://doi.org/10.1016/j.apsoil.2017.09.030
https://doi.org/10.15252/embj.2021109102
https://doi.org/10.1073/pnas.2100678118
https://doi.org/10.1038/s41559-019-1063-3
https://doi.org/10.1038/s41559-019-1063-3
https://doi.org/10.1016/j.soilbio.2016.11.022
https://doi.org/10.1016/j.soilbio.2016.11.022
https://doi.org/10.1073/pnas.2310134120
https://doi.org/10.1038/s41467-024-49643-w
https://doi.org/10.1038/s41467-024-49643-w
https://doi.org/10.1128/mbio.02785-19
https://doi.org/10.1128/mbio.02785-19
https://doi.org/10.1128/mbio.00434-20
https://doi.org/10.1016/j.chom.2021.09.005
https://doi.org/10.1186/s40168-019-0668-8
https://doi.org/10.1186/s40168-019-0668-8
https://doi.org/10.1038/s41598-022-26551-x
https://doi.org/10.1038/s41598-022-26551-x
https://doi.org/10.1073/pnas.1820691116
https://doi.org/10.1111/nph.17622
https://doi.org/10.1111/nph.17622
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1073/pnas.1800918115
https://doi.org/10.1073/pnas.1800918115
https://doi.org/10.1016/j.lwt.2019.108930
https://doi.org/10.1016/j.lwt.2019.108930
https://doi.org/10.1093/jxb/erz554
https://doi.org/10.1038/s41587-019-0328-3
https://doi.org/10.1038/s41587-019-0328-3
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1007/s10661-024-12610-5

20 | The Plant Cell, 2025, Vol. 37, No. 8

microbiota. Nat Microbiol. 2021:6(9):1150-1162. https://doi.org/10.
1038/s41564-021-00941-9

Xin W, ZhangJ,YuY, TianY,LiH, Chen X, LiW, LiuY,Lu T, He B, et al.
Root microbiota of tea plants regulate nitrogen homeostasis and
theanine synthesis to influence tea quality. Curr Biol. 2024:34(4):
868-880.e6. https://doi.org/10.1016/j.cub.2024.01.044

Xin X-F,Nomura K, AungK, Velasquez AC, YaoJ, Boutrot F, ChangJH,
Zipfel C, He SY. Bacteria establish an aqueous living space in
plants crucial for virulence. Nature. 2016:539(7630):524-529.
https://doi.org/10.1038/nature20166

Xu L, Dong Z, Chiniquy D, Pierroz G, Deng S, Gao C, Diamond S,
Simmons T, Wipf HML, Caddell D, et al. Genome-resolved meta-
genomics reveals role of iron metabolism in drought-induced rhi-
zosphere microbiome dynamics. Nat Commun. 2021:12(1):3209.
https://doi.org/10.1038/s41467-021-23553-7

Xu L, Naylor D, Dong Z, Simmons T, Pierroz G, Hixson KK, Kim Y-M,
Zink EM, Engbrecht KM, Wang Y, et al. Drought delays develop-
ment of the sorghum root microbiome and enriches for mono-
derm bacteria. Proc Natl Acad Sci U S A. 2018:115(18):
E4284-E4293. https://doi.org/10.1073/pnas.1717308115

Yang K, Fu R, Feng H, Jiang G, Finkel O, Sun T, Liu M, Huang B, Li S,
Wang X, et al. RIN enhances plant disease resistance via root
exudate-mediated assembly of disease-suppressive rhizosphere
microbiota. Mol Plant. 2023a:16(9):1379-1395. https://doi.org/10.
1016/j.molp.2023.08.004

Yang N, Nesme ], Rgder HL, Li X, Zuo Z, Petersen M, Burmglle M,
Sgrensen S]. Emergent bacterial community properties induce
enhanced drought tolerance in Arabidopsis. NPJ Biofilms
Microbiomes. 2021:7(1):1-11. https://doi.org/10.1038/s41522-021-
00253-0

Yang XJ, Finnegan PM. Regulation of phosphate starvation responses
in higher plants. Ann Bot. 2010:105(4):513-526. https://doi.org/10.
1093/aob/mcq015

Yang Z, Qiao Y, Konakalla NC, Strgbech E, Harris P, Peschel G,
Agler-Rosenbaum M, Weber T, Andreasson E, Ding L.
Streptomyces alleviate abiotic stress in plant by producing pteridic
acids. Nat Commun. 2023b:14(1):7398. https://doi.org/10.1038/
541467-023-43177-3

Yeoh YK, Dennis PG, Paungfoo-Lonhienne C, Weber L, Brackin R,
Ragan MA, Schmidt S, Hugenholtz P. Evolutionary conservation
of a core root microbiome across plant phyla along a tropical
soil chronosequence. Nat Commun. 2017:8(1):215. https://doi.org/
10.1038/s41467-017-00262-8

Yoon HS, Hackett]D, Ciniglia C, Pinto G, Bhattacharya D. Amolecular
timeline for the origin of photosynthetic eukaryotes. Mol Biol Evol.
2004:21(5):809-818. https://doi.org/10.1093/molbev/msh075

Yoshihara A, Shimatani M, Sakata M, Takemura C, Senuma W,
Hikichi Y, Kai K. Quorum sensing inhibition attenuates the viru-
lence of the plant pathogen Ralstonia solanacearum species com-
plex. ACS Chem Biol. 2020:15(11):3050-3059. https://doi.org/10.
1021/acschembio.0c00752

Yu K, Liu Y, Tichelaar R, Savant N, Lagendijk E, van Kuijk SJL,
Stringlis IA, van Dijken AJH, Pieterse CMJ, Bakker PAHM, et al.

Rhizosphere-associated Pseudomonas suppress local root immune
responses by gluconic acid-mediated lowering of environmental
pH. Curr Biol. 2019:29(22):3913-3920.e4. https://doi.org/10.1016/j.
cub.2019.09.015

Yu P, He X, Baer M, Beirinckx S, Tian T, Moya YAT, Zhang X,
Deichmann M, Frey FP, Bresgen V, et al. Plant flavones enrich rhi-
zosphere Oxalobacteraceae to improve maize performance
under nitrogen deprivation. Nat Plants. 2021:7(4):481-499.
https://doi.org/10.1038/s41477-021-00897-y

Zengler K, Hofmockel K, Baliga NS, Behie SW, Bernstein HC, Brown
JB, Dinneny JR, Floge SA, Forry SP, Hess M, et al. EcoFABs: advanc-
ing microbiome science through standardized fabricated ecosys-
tems. Nat Methods. 2019:16(7):567-571. https://doi.org/10.1038/
541592-019-0465-0

Zhalnina K, Louie KB, Hao Z, Mansoori N, Da Rocha UN, Shi S, Cho H,
Karaoz U, Loqué D, Bowen BP, et al. Dynamic root exudate chem-
istry and microbial substrate preferences drive patterns in rhizo-
sphere microbial community assembly. Nat Microbiol. 2018:3(4):
470-480. https://doi.org/10.1038/s41564-018-0129-3

Zhang H, Kim M-S, Krishnamachari V, Payton P, Sun Y, Grimson M,
Farag MA, Ryu C-M, Allen R, Melo IS, et al. Rhizobacterial volatile
emissions regulate auxin homeostasis and cell expansion in
Arabidopsis. Planta. 2007:226(4):839-851. https://doi.org/10.1007/
500425-007-0530-2

Zhang], Liu Y-X, Zhang N, Hu B, Jin T, Xu H, Qin Y, Yan P, Zhang X,
Guo X, et al. NRT1.1B is associated with root microbiota composi-
tion and nitrogen use in field-grown rice. Nat Biotechnol.
2019:37(6):676-684. https://doi.org/10.1038/s41587-019-0104-4

Zhang ], Wang B, Xu H, Liu W, Yu ], Wang Q, Yu H, Wei J-W, Dai R,
Zhou J, et al. Root microbiota regulates tiller number in rice.
Cell. 2025:188(12):3152-3166.e16. https:/doi.org/10.1016/j.cell.
2025.03.033

Zhang L, Zhang M, Huang S, Li L, Gao Q, Wang Y, Zhang S, Huang S,
YuanL, WenY, etal. Ahighly conserved core bacterial microbiota
with nitrogen-fixation capacity inhabits the xylem sap in maize
plants. Nat Commun. 2022:13(1):3361. https:/doi.org/10.1038/
541467-022-31113-w

ZhouY, YangZ, LiuJ, Li X, Wang X, Dai C, Zhang T, Carrién VJ, Wei Z,
Cao F, et al. Crop rotation and native microbiome inoculation re-
store soil capacity to suppress a root disease. Nat Commun.
2023:14(1):8126. https://doi.org/10.1038/s41467-023-43926-4

Ziegler ], Schmidt S, Chutia R, Miiller J, Béttcher C, Strehmel N,
Scheel D, Abel S. Non-targeted profiling of semi-polar metabo-
lites in Arabidopsis root exudates uncovers a role for coumarin
secretion and lignification during the local response to phosphate
limitation. J Exp Bot. 2016:67(5):1421-1432. https://doi.org/10.
1093/jxb/erv539

2s50gon A, Cermak T, Naves ER, Notini MM, Edel KH, Weinl S, Freschi
L, Voytas DF, Kudla J, Peres LEP. De novo domestication of wild to-
mato using genome editing. Nat Biotechnol. 2018:36(12):1211-1216.
https://doi.org/10.1038/nbt.4272


https://doi.org/10.1038/s41564-021-00941-9
https://doi.org/10.1038/s41564-021-00941-9
https://doi.org/10.1016/j.cub.2024.01.044
https://doi.org/10.1038/nature20166
https://doi.org/10.1038/s41467-021-23553-7
https://doi.org/10.1073/pnas.1717308115
https://doi.org/10.1016/j.molp.2023.08.004
https://doi.org/10.1016/j.molp.2023.08.004
https://doi.org/10.1038/s41522-021-00253-0
https://doi.org/10.1038/s41522-021-00253-0
https://doi.org/10.1093/aob/mcq015
https://doi.org/10.1093/aob/mcq015
https://doi.org/10.1038/s41467-023-43177-3
https://doi.org/10.1038/s41467-023-43177-3
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1093/molbev/msh075
https://doi.org/10.1021/acschembio.0c00752
https://doi.org/10.1021/acschembio.0c00752
https://doi.org/10.1016/j.cub.2019.09.015
https://doi.org/10.1016/j.cub.2019.09.015
https://doi.org/10.1038/s41477-021-00897-y
https://doi.org/10.1038/s41592-019-0465-0
https://doi.org/10.1038/s41592-019-0465-0
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1007/s00425-007-0530-2
https://doi.org/10.1007/s00425-007-0530-2
https://doi.org/10.1038/s41587-019-0104-4
https://doi.org/10.1016/j.cell.2025.03.033
https://doi.org/10.1016/j.cell.2025.03.033
https://doi.org/10.1038/s41467-022-31113-w
https://doi.org/10.1038/s41467-022-31113-w
https://doi.org/10.1038/s41467-023-43926-4
https://doi.org/10.1093/jxb/erv539
https://doi.org/10.1093/jxb/erv539
https://doi.org/10.1038/nbt.4272

	Potential and challenges for application of microbiomes in agriculture
	Introduction
	Beneficial services provided by the microbiota
	Plant growth promotion and modulation of plant development
	Nutrition
	Protection against pathogens
	Drought and salinity stress
	Flavors and taste
	Challenges for the deployment of beneficial microbes in an agricultural setting
	Microbial invasion and persistence in indigenous communities
	Microbial-mediated trade-offs
	Differences in microbiota composition due to host genetic variation
	Shaping of microbiota by metabolites
	ML-assisted microbiome study
	Delivery of microbes

	Concluding remarks
	References


