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Abstract

Despite the numerous benefits plants receive from probiotics, maintaining consistent results across applications is still a challenge. Cultivation-
independent methods associated with reduced sequencing costs have considerably improved the overall understanding of microbial ecology in the
plant environment. As a result, now, it is possible to engineer a consortium of microbes aiming for improved plant health. Such synthetic microbial
communities (SynComs) contain carefully chosen microbial species to produce the desired microbiome function. Microbial biofilm formation,
production of secondary metabolites, and ability to induce plant resistance are some of the microbial traits to consider when designing SynComs.
Plant-associated microbial communities are not assembled randomly. Ecological theories suggest that these communities have a defined phylogenetic
organization structured by general community assembly rules. Using machine learning, we can study these rules and target microbial functions
that generate desired plant phenotypes. Well-structured assemblages are more likely to lead to a stable SynCom that thrives under environmental
stressors as compared with the classical selection of single microbial activities or taxonomy. However, ensuring microbial colonization and long-term
plant phenotype stability is still one of the challenges to overcome with SynComs, as the synthetic community may change over time with microbial
horizontal gene transfer and retained mutations. Here, we explored the advances made in SynCom research regarding plant health, focusing on bacteria,
as they are the most dominant microbial form compared with other members of the microbiome and the most commonly found in SynCom studies.

Keywords: biofilm, dysbiosis, eubiosis, food security, induced systemic resistance (ISR), inoculants, microbial volatile organic compounds (mVOCs),
microbiome, phytobiome, plant growth promoting (PGP), plant−bacteria interaction

As our global population and the number of diseases it must
contend with both increase steadily, microbes beneficial to human
health have gained more attention as an alternative treatment. Some
of these beneficial microbes, often termed probiotics, have been
studied with positive outcomes through fecal microbiome trans-
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plantation from healthy donors to sick patients to treat infectious
diseases and to overcome resistance to powerful immunotherapies
(Erdmann 2022). These probiotics act by antagonizing specific
pathogens and/or inducing host immunity (Sanders et al. 2019).
Similar to the human gut, the plant rhizosphere, defined as the
narrow area of soil around the root under direct influence of root
exudates, is colonized by diverse microbes. These microbes play a
crucial role in plant physiological processes, in addition to being the
first line of defense against invading pathogens/parasites (Berg et al.
2020; Trivedi et al. 2020). When isolated and applied to the plant,
these microbes can act as probiotics and increase plant nutrient up-
take, control diseases, alleviate environmental stress, and promote
growth (Martins et al. 2015, 2022; Poudel et al. 2021). Despite the
numerous benefits of these probiotics to the plant, maintaining con-
sistent results between applications is a challenge, especially under
field conditions, where there are other native microbes, and plants
experience a wide range of abiotic stressors. For over 100 years,
the use of beneficial microbes to support plant health has had the
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potential to become a reliable, sustainable approach in agriculture,
but there are still persistent challenges in realizing this potential.
To enhance probiotic performance and reliability, we need a bet-
ter understanding of microbial interactions as a community and
the factors that contribute to successes and failures of probiotics in
different environments.

In recent years, cultivation-independent methods based on profil-
ing marker genes or shotgun metagenome sequencing, associated
with reduced sequencing costs, have considerably improved the
overall understanding of microbial ecology in the plant environ-
ment. As a result, we can now engineer small consortia of microbes
that can mimic the observed function and structure of the micro-
biome in natural conditions (De Souza et al. 2020). Such consortia
are known as synthetic microbial communities (SynComs), and
each species in these communities has to be carefully chosen to
mimic the function of the microbiome and preserve the symbiotic
interactions within the plant (Shayanthan et al. 2022). To effectively
manipulate and engineer SynComs, integrated with the approxi-
mately 10 billion microorganisms present in 1 g of soil, has been a
major challenge in microbial ecology. In this review, we explored
the advances made with SynComs to support plant health. We fo-
cused on bacteria, as they are the most dominant microbial form,
and most SynComs use bacteria.

From Single Microbes to SynComs
To feed our growing population, it is imperative to increase agri-

cultural productivity 70% by the year 2050 (Singh et al. 2020). To
meet this goal, a possible sustainable solution involves alterations of
the microbial communities in the rhizosphere, where the majority of
plant microbes are found. The beneficial microbes associated with
suppressive soils were termed plant growth-promoting rhizobac-
teria (PGPR) by Kloepper and Schroth (1978), who also showed
that there are bacteria in the rhizosphere that specifically influence
plant growth. These realizations sparked a world of research oppor-
tunities, as the influence of these suppressive soil microbes could
have more beneficial effects than previously known. The question
of disease suppression was addressed by Broadbent et al. (1971),
who determined that some strains of Bacillus and Streptomyces had
suppressive qualities against damping-off, caused by Rhizoctonia
solani. Later, Schroth and Hancock (1982) determined that inocu-
lating soil with Pseudomonas spp. could produce a soil suppressive
to deleterious rhizobacteria (including Pseudomonas, Enterobac-
ter, Klebsiella, Citrobacter, Flavobacterium, Achromobacter, and
Anthrobacter) in sugar beet (Beta vulgaris subsp. vulgaris). Al-
though single-strain inoculation showed promise, the importance
of the community of microbes became increasingly clear, as micro-
bial communities and their interactions are beneficial to plants and
increase their resistance to diseases (Qu et al. 2020). In the same
train of thought as fecal microbiome transfer from healthy to sick
patients, the idea of transferring a percentage of the soil is being
explored to transfer the beneficial microbiome and turn conducive
soils into suppressive soils (Jiang et al. 2022).

The transfer of rhizosphere microbes from one community into
another has been addressed by several methods, each with its own set
of strategies and challenges. The most classic of these approaches
is soil transfer, which involves a donor and recipient soil. The donor
soil is disease-suppressive, whereas the recipient is conducive to the
disease of interest (Jiang et al. 2022). Mendes et al. (2011) sought
to understand the possibility of using this soil-transfer method to
control disease. They specifically focused on a soil that was pre-
viously identified as suppressive to R. solani infections. The team
transferred a portion of the suppressive soil into a conducive soil in
a 1:9 (wt/wt) ratio. The authors concluded that the transfer of soil
partially conferred disease suppression of R. solani infections in
sugar beet (Beta vulgaris subsp. vulgaris) as the result of microbes
in the soil. Another approach to microbiome transfer is extraction

of soil microbes. The rhizosphere microbiome transplant approach
eliminates the abiotic factors of soil, and the microbials from the
suppressive rhizosphere are extracted for transplant into the recipi-
ent soil (Jiang et al. 2022). The strategy begins very similarly to the
soil-transfer approach, as a disease-suppressive soil is identified,
but the microbiome will be prepared into a slurry that will be added
to the conducive soil, as described by Elhady et al. (2018), Silva
et al. (2022), and Zhou et al. (2019). There are slight variations be-
tween these protocols, but the methods begin with a donor soil from
the rhizosphere being collected for extraction. Soil is extracted in
a 1:10 ratio of soil to salt buffer, and the solution is then shaken or
blended (Zhou et al. 2019). After vigorous mixing, the supernatant
is passed through a sieve and centrifuged (Silva et al. 2022). The
remaining microbiome slurry is resuspended in water to then trans-
plant into the recipient soil (Elhady et al. 2018). Another benefit of
both soil-transfer and rhizosphere microbiome transplant methods
is the delivery of microbes in the exact proportion that was found
in the suppressive soil.

Another approach to microbial transfer that has been explored
recently is the isolation of key microbial taxa and their assembly into
SynComs. The number of microbes present in a SynCom for crop
health typically varies from 2 to 23, and more than half of SynCom
studies used between 2 and 5 microbes (Fig. 1A; Supplementary
Table S1).

Although the average number of microbes used in SynComs
was seven (with the average influenced by the outliers with big-
ger values), the mode and probably the most meaningful value was
four (Fig. 1A). The top five bacterial genera used in a SynCom are
Bacillus, Pseudomonas, Enterobacter, Streptomyces, and Pantoea
(Fig. 1B). Despite beneficial organisms being identified, plant col-
onization and maintaining the long-term stability of a SynCom are
still challenges to be overcome, as the SynCom may change over
time with horizontal gene transfer among microbes and retained
mutations (Jiang et al. 2022; Shayanthan et al. 2022).

In contrast to selecting microbes based on single microbial in
vitro activities or taxonomy, as in the classic method, in Syn-
Com development, multiple attributes should be considered. These
attributes include microbes associated with desirable plant phe-
notypes and microbial traits that will give the microbials fitness
to persist in different environments and to colonize plants. These
microbial traits include the production of exometabolites, such as
secondary metabolites and volatile organic compounds (VOCs), ro-
bust biofilm formation, and the ability to chemically trigger plant
defense mechanisms.

Network Analysis to Understand Community
Interactions

Although SynComs with greater numbers of species have the
potential to be more resilient, there are increasing challenges for
characterizing the systems, as the number of interactions among
species also increases. Greater resilience could result if species pro-
duce microenvironments that support the SynCom, suppress natural
enemies of the SynCom in the environment to which the SynCom
is introduced, and/or compensate for each other’s functions when
environmental fluctuations favor one species over another. Ecolog-
ical concepts include a wide range of potential benefits of diversity,
including the idea that SynComs with greater numbers may be more
likely to include a particularly effective species by chance (Tilman
et al. 2014). Challenges arise in understanding each type of in-
teraction among species and how those interactions may change
across abiotic environments and in the presence of other background
microbes. Evaluating the microbiome network, the network of as-
sociations among microbial taxa, and potentially associations with
plant phenotypic traits can help to identify candidate assemblages
for a SynCom (Fig. 2).
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Conventionally, the selection of microbes for plant health has
generally followed the in vitro screening approach, targeting the
selection of well-known microbial taxa for the control of a specific
pathogen or pest, or aiming at improving some plant phenotypic
traits, such as plant growth, nitrogen fixation, and phytohormone
production (De Souza et al. 2020; Glick 2012). In practice, these
inoculants often fail to have the intended effect and may simply be
unable to establish in agricultural environments (Besset-Manzoni
et al. 2019; Zimmer et al. 2016). As an alternative, there can be
a greater chance of success if we identify relevant microbes with
key traits in each system. Plant-associated microbial communities
are not assembled randomly. Instead, these communities have a de-
fined phylogenetic organization structured by general community
assembly rules (Carlström et al. 2019; Trivedi et al. 2020). Machine
learning for identifying potential SynCom composition is a poten-
tially powerful approach. The phytobiome is defined as a network of
interactions between plants, their environment, and their associated
micro- and macroorganisms (American Phytopathological Society
2016). Methods such as machine learning and network analysis
can integrate analysis of microbes and plant phenotypes as a sys-
tem for understanding how phytobiome structure influences crop
health.

The position and identity of microbes in microbiome networks
can indicate their importance within the microbial community,
where their role in determining plant phenotypes can be either pos-
itive or negative (Fig. 2). For instance, highly interactive members
of the core microbiome, known as “hub” microbes, may strongly
shape the phytobiome communities (Muller et al. 2018; Trivedi
et al. 2020) by promoting or suppressing the growth and diversity
of other microbes within and across kingdoms (Agler et al. 2016).
Hub microbes may play significant roles in plant health by sup-
pressing pathogenic microbes and/or promoting the expression of
disease-resistant genes (Poudel et al. 2016). Identifying these hub
microbes in each plant species could be key to creating success-
ful and effective SynComs (Toju et al. 2020). Identification of hub
microbes, and other taxa with key effects, must involve multiple
steps. First, associations across samples should be evaluated to see
which taxa co-occur more or less often than would be expected by
chance or are associated with desired plant phenotypes. Microbial
associations may simply be due to shared or opposing preferences

for particular abiotic environmental conditions; however, additional
tests are needed to determine whether there are actual interactions
between species rather than simply different niches (Poudel et al.
2016). Likewise, taxa may be associated with abiotic conditions
that favor plant health rather than having a causal relationship with
plant health. Thus, an additional step is needed to understand causal
relationships, testing plant phenotypes with and without combina-
tions of specific microbial taxa. Successfully integrating studies of
associations and confirmation of causal effects can usher in a new
era of plant health enhanced by SynComs.

SynComs and Plant Biotic Stress Improvement
The potential of microbial VOCs in SynComs for improving plant
health

Microorganisms generally occur in mixed-species communities
in which biological diversity is accompanied by chemical diversity.
The latter is partially composed of secondary metabolites produced
by microorganisms. One specific type of such metabolites are VOCs
that are often secreted as mediators for molecular communication or
as antimicrobial compounds (Cernava et al. 2015; Weisskopf et al.
2021) (Fig. 2).

Microbe-produced VOCs comprise a broad spectrum of small
molecules that can spread in the atmosphere at ambient temper-
atures (Schmidt et al. 2015). One of their key characteristics is
that they can reach long distances not only in the air, but also
in soil (Schulz-Bohm et al. 2018; Terra et al. 2018). This makes
them highly efficient as mediators of intra- as well as interspe-
cific communication that can even extend between kingdoms, such
as bacterial−fungal or bacterial−plant interactions via volatiles
(Martins et al. 2019; Schmidt et al. 2016; Weisskopf et al. 2021). An
even more complex interplay was deciphered when tomato plants
were inoculated with a specific Bacillus amyloliquefaciens strain
(Kong et al. 2021). Plants that were inoculated with this bacterium
released a specific VOC that was received by neighboring plants,
resulting in a modulation of their rhizosphere microbiome. Other
VOCs that exhibit strong antimicrobial effects on certain pathogens
have become the focus of research due to their potential for biotech-
nological applications (Wiltschi et al. 2020). Pathogen suppressive-
ness in certain soils can be partially attributable to VOCs that are

FIGURE 1
Number of microbes used in synthetic microbial communities (SynComs) when the authors used in vivo experiments (n = 28), excluding model
plants. A, The blue dashed line represents the mean value. B, Top five bacterial genera used in an in vivo SynCom study, excluding model plants.
The five most frequently used genera in 34 SynComs across 28 studies.
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likely of microbial origin (Ossowicki et al. 2020). Unambiguous
results were obtained in binary systems where specific pathogens
were suppressed by the VOCs of isolated bacteria (Cernava et al.
2015; Mülner et al. 2019). In fact, many bacteria known for their
high potential in plant protection, such as Bacillus spp. and Pseu-
domonas spp., were shown to produce bioactive VOCs that inhibit
pathogen growth without direct contact (Asari et al. 2016; Mülner
et al. 2019). When isolated and grown under laboratory conditions,
these bacteria usually produce distinct mixtures of VOCs that are de-
tectable by sampling the gas phase and subsequent analysis via gas
chromatography-mass spectrometry (Cernava et al. 2015). A study
by Mülner et al. (2019) demonstrated that specific mixtures of VOCs
have a significantly stronger inhibitory effect on phytopathogenic
fungi than the individual VOCs. What is even more interesting
is that microorganisms will alter their VOC emission when ex-
posed to volatiles of other bacteria or fungi. Rybakova et al. (2022)
showed that VOC production in the beneficial bacterium Serratia
plymuthica specifically responds to the presence of three different
pathogenic fungi. This knowledge opens up new possibilities for
the design of SynComs where the integrated strains mutually steer
each other’s VOC production in a certain direction. Such SynComs
might not only be applicable for plant protection against pathogens
and pests but also to improve plant growth (Türksoy et al. 2022).
For the design of such SynComs, it is important not only to select

compatible strains but also to ensure that they are present in appro-
priate concentrations; otherwise, they may cause undesirable effects
(Cordovez et al. 2018). It was previously observed that certain
microbial VOCs positively affect plant growth at low concentra-
tions but become detrimental after a certain threshold is reached
(Cordovez et al. 2018; Song et al. 2022). The design of SynComs
might also benefit from VOC producers with dual functions (i.e.,
that can inhibit the growth of pathogens while simultaneously pro-
moting plant growth) (Asari et al. 2016). Overall, microbial VOCs
can elicit various desirable effects in plant production, and their
targeted activation in SynComs will be an important milestone.

Nonvolatile secondary metabolites
Microbial plant symbionts produce and secrete a large number

of secondary metabolites (SMs) of diverse biosynthetic origins that
play pivotal roles in interspecies interactions, from communication
to direct antagonism. Knowledge about the diversity and functions
of SMs produced by members of the plant microbiome has tradi-
tionally come from studies conducted with single strains isolated
from specific niches, such as PGPR selected as antagonists of plant
pathogens and used as biological control agents (Paulsen et al.
2005). In this context, the production and excretion of a few major
groups of SMs by biological control agents inoculated and main-
tained at high cell densities result in direct pathogen suppression

FIGURE 2
Roadmap to design a synthetic microbial community (SynCom) involving plant phenotypes and microbial traits. Characterizing plants across a range
of levels of infection by different pathogens provides information about the network of microbial associations with each other and with specific plant
phenotypes. Microbes with positive associations with desirable plant phenotypes, or microbes with negative associations with undesirable microbes
or positive associations with desirable microbes, can be tested for potential inclusion in SynComs.
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(antibiosis) or the activation of defense mechanisms in the host plant
(induced systemic resistance) (Ongena et al. 2007; Raaijmakers
et al. 2002).

Several species of Bacillus and members of the Pseudomonas
fluorescens clade are dominant PGPR taxa that produce complex
mixtures of SMs with a wide range of bioactivities toward prokary-
otes and eukaryotes (Raaijmakers et al. 2010). Lipopeptides are
amphiphilic molecules with surfactant properties that interact with
lipid bilayers and cause damage to the cell membranes of sus-
ceptible organisms (Balleza et al. 2019). Plant-associated Bacillus
produce antifungal and antibacterial cyclic lipopeptides of the iturin,
fengycin, surfactin, and kurstatin biosynthetic families; these SMs
are active against many plant pathogens and may also induce sys-
temic disease resistance in some plants (Ongena and Jacques 2008).
Fluorescent pseudomonads are also prolific producers of many lin-
ear and cyclic lipopeptides with antimicrobial activities (Zhao et al.
2019). Interestingly, lipopeptides produced by plant-pathogenic
Pseudomonas can act as phytotoxins (Götze and Stallforth 2020).
Phloroglucinols and phenazines are other well-known bioactive SM
produced by fluorescent pseudomonads in the rhizosphere of wheat
and other crops cultivated in soils that are suppressive to soilborne
pathogens (Raaijmakers et al. 2002). A third group of prominent
PGPR is composed of Actinobacteria, especially those of the genus
Streptomyces that produce thousands of bioactive metabolites in
their secondary metabolism, a feature that has traditionally attracted
the attention of researchers looking for new pharmaceuticals (Bérdy
2012).

In natural microbial communities, complex interspecies interac-
tions govern the biosynthesis and excretion of SMs through quorum-
sensing control mechanisms (Chodkowski and Shade 2017). In this
context, most SMs are present at subinhibitory concentrations in
the medium, where they may participate in formation of biofilms,
mediate cell mobility, or function as signaling molecules affecting
quorum-sensing-dependent phenotypes, including the production
of other SMs by different microbial species (Chevrette et al. 2022;
Raaijmakers and Mazzola 2012). On the other hand, the accumu-
lation of antifungal molecules such as 2,4 diacetylphloroglucinol
and phenazines, produced by fluorescent pseudomonads, and sev-
eral cyclic lipopeptides of Bacillus and Pseudomonas spp. in the
rhizosphere of crops planted in naturally suppressive or artificially
inoculated nonsterile soils provides evidence that major SMs pro-
duced by dominant PGPR can reach inhibitory concentrations in
nature (Kinsella et al. 2009; Mavrodi et al. 2012; Nielsen and
Sørensen 2003; Raaijmakers et al. 1999).

Recent microbiome-based studies have used culture-independent
multi-omic approaches combined with dedicated databases and
analysis pipelines to characterize the biosynthetic gene clusters
(BGCs) responsible for biosynthesis of microbial SMs. These
studies have uncovered a large number of microbial BGCs re-
sponsible for the biosynthesis of polyketides, nonribosomal pep-
tides, terpenes, aryl polyenes, ribosomally synthesized and post-
translationally modified peptides, and metabolites of mixed origin in
the metagenomes of plant-associated microbes (Carrión et al. 2019;
Dror et al. 2020; Tracanna et al. 2021). In one study involving the
protection of sugar beet seedlings against damping-off caused by R.
solani in a suppressive soil, metagenomic analyses of the root endo-
sphere showed an expressive enrichment of bacteria-derived BCGs
in the endophytic compartments of plants subjected to pathogen in-
oculation in the suppressive soil. Interestingly, only 12 out of 117
enriched BGCs could be linked to known bioactive SMs produced
by PGPR (Carrión et al. 2019). In another study, partial sequenc-
ing of the adenylation domain of nonribosomal peptide synthetases
and functional metagenomics were used to study the diversity of
nonribosomal peptides in the rhizosphere microbiome of wheat
planted in soils classified as suppressive or conducive to root rot
caused by Fusarium culmorum. More than 50,000 unique domains
were detected, and functional annotations showed that siderophores

and cyclic lipopeptides are enriched in the rhizosphere of plants in
suppressive soils (Tracanna et al. 2021).

Collections of culturable bacteria representing the dominant taxa
in the plant microbiome can be used to test the insights gained
from culture-independent studies. Helfrich et al. (2018) conducted
thousands of in vitro pairwise confrontations with dominant mem-
bers of the phyllosphere microbiome of Arabidopsis thaliana and
found that the most potent inhibitors belonged to the orders Bacil-
lales and Pseudomonadales. A single strain of Brevibacillus was
the top inhibitor in dual confrontations, and MALDI imaging mass
spectrometry showed the accumulation of several SMs in the in-
hibition zones induced by this strain. The mixture of antibacterial
SMs produced by this strain contained the cyclopeptides, strepto-
cidins and marthiapeptide A, and the novel metabolites macrobrevin
and phosphobrevin (Helfrich et al. 2018). In another study, the
microbiome-informed isolation of fluorescent pseudomonads from
the rhizosphere of sugarbeet cultivated in a suppressive soil inoc-
ulated with R. solani led to the discovery of a strain capable of
protecting the plants against damping-off through the production of
a chlorinated cyclic lipopeptide, later identified as a new metabolite,
thanamycin (Mendes et al. 2011).

Synthetic communities containing key taxa selected from the
plant microbiome can be used for studying more complex roles
of SMs in interspecies interactions. A three-member SynCom was
composed of Bacillus cereus, Flavobacterium johnsoniae, and
Pseudomonas koreensis, three taxa that coexist in the rhizosphere
of soybean and interact in distinct ways in vitro. In dual cultures,
P. koreensis partially inhibits the growth of F. johnsoniae, but in
tripartite interactions, B. cereus protects the latter (Lozano et al.
2019). The novel alkaloids koreenceines are produced by P. ko-
reensis in co-cultures with the other members of the SynCom and
induce extensive reprogramming of gene expression in both bac-
terial partners while also having direct antimicrobial effects on
F. johnsoniae (Hurley et al. 2022). Meta-metabolomic analysis
showed that several SMs are only produced in tripartite interactions,
such as a biotransformation derivative of the cyclic lipopeptide lok-
isin produced by P. koreensis, whereas the relative concentration
of several SMs of B. cereus, including siderophores and the antibi-
otic kanosamine, varied in response to the presence or absence of
koreenceines in the medium (Chevrette et al. 2022).

The use of SynComs for studying the function of microbial SMs
in pathogen suppression in situ was shown in the work of Carrión
et al. (2019). Metagenome data provided evidence for the key role of
BGCs from Flavobacterium and chitinases from Chitinophaga in
the suppression of R. solani by the endophytic root microbiome
of sugarbeet. Accordingly, a minimal two-strain SynCom com-
posed of Flavobacterium and Chitinophaga isolates representing
dominant haplotypes found in the root endosphere protected sugar-
beet seedlings against damping-off. Gene expression analyses and
site-directed mutagenesis confirmed the production of chitinases
by Chitinophaga and showed that a specific BGC from Flavobac-
terium, responsible for the biosynthesis of a yet unknown nonribo-
somal peptide-polyketide hybrid, was crucial for maintaining the
level of plant protection provided by SynComs.

The more in-depth understanding of the function of SMs
produced by key members of the microbiome provided by
(meta)genomic studies can directly inform the selection of micro-
bial taxa for the composition of SynComs having plant protecting
roles. Selection can favor strains that secrete antimicrobial SMs
in sufficient amounts for pathogen inhibition while causing no
major disruptions in the stability of the assembled communities.
Attention should also be given to producers of SMs having more
subtle roles in interspecies interactions taking place in the Syn-
Com, including attenuated antagonism toward more competitive
members and protection of less aggressive ones and induction of
desirable community-level phenotypic expressions by SMs having
quorum-sensing signaling roles.
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Biofilms
Biofilms are microbial communities within an extracellular ma-

trix, adhering to a fixed surface (Lakshmanan et al. 2012; Vlamakis
et al. 2013). Bacterial biofilms can be found on plant surfaces,
specifically on colonizing seeds through the release of seed exudates
(Martins et al. 2018), on leaves (Beattie and Lindow 1999), and on
roots (Lakshmanan et al. 2012). During biofilm formation, bacteria
grow to form microbial colonies composed of one (homogenous)
or multiple (heterogeneous) bacterial species. In heterogeneous mi-
crobial colony formation, different bacterial species can migrate or
be enveloped into the microbial colony. This heterogeneity can en-
hance the survival and growth of the biofilm (Beattie and Lindow
1999). In the root, biofilm formation starts in the rhizosphere, where
the bacteria feed on these root exudates, increasing their growth
(Lakshmanan et al. 2012). Signaling from the plant triggers bacte-
rial cells to express matrix genes and form a biofilm, adhering to the
root surface via an extracellular matrix (Vlamakis et al. 2013). Com-
pounds, such as surfactin, activate kinase C and kinase D, which,
in return, both influence the activity of the Spo0A-P pathway that
controls multiple genes involved in biofilm formation (Vlamakis
et al. 2013). Other kinases and external signals influencing biofilm
formation can be produced by plants and other soil microorganisms
(Vlamakis et al. 2013). Signaling between microbes of different
species in a singular biofilm may have enhanced benefits. For ex-
ample, microbe-microbe enhancements include increased biofilm
formation, colonization, and synergism (Niu et al. 2020). Bacil-
lus species present in soil positively influenced biofilm formation
and growth of Bacillus subtilis by activating kinase D (Shank et al.
2011). The exact mechanisms of microbe-microbe enhancement
within biofilms are still unknown (Niu et al. 2020).

During the formation of biofilms, small autoinducer molecules
regulate quorum sensing, most commonly Acyl-homoserine lac-
tones (AHLs) N-acyl homoserine lactones. A certain level of AHLs
is produced by bacteria until the bacterial population grows to a spe-

cific threshold. Then, AHLs bind to global transcription regulators,
LuxR or LuxR-like proteins, to trigger quorum-sensing-controlled
gene activity, including virulence factors involved in bacterial colo-
nization (Lakshmanan et al. 2012). However, our knowledge of root
regions that trigger or deter biofilm formation in PGPR is limited.
Conventionally, it is speculated that the root tip, a highly metabol-
ically active site, may secrete the majority of exudates, leading to
increased microbial association. The temporal secretion patterns
within the specific region of roots are not fully understood (Fig. 3).

The method of microbial inoculation has been found to influ-
ence the site of root bacterial colonization. Bacteria concentration
increases closer to the point of inoculation for plants inoculated as
seeds. Generally, bacterial colonization increases in root locations
where root exudates are released, including at the root elongation
zone and on root hairs (Hassan et al. 2019). The factor of root surface
roughness influences colonization in that more bacteria colonize
roots where the root surface is rougher (Dandurand et al. 1997;
Knights et al. 2021). Time is also a factor that influences bacterial
distribution, as the location of root bacterial colonization changes
with time (Benizri et al. 2001). Factors contributing to the location
of bacterial colonization on roots should be further investigated.

Biofilm quantification. Biofilms can be harvested from soil and
observed using the buried slide technique. The technique involves
placing a sterile slide in soil for 1 to 3 weeks, then removing the slide
and staining it to observe the soil microbial community. However,
the method is not ideally representative of the microbial distribu-
tions within the soil because the microscope slide is a new substrate
that alters the composition of microbial species in comparison with
the soil populations (Cunningham et al. 2011). Quantification of
biofilms in the rhizosphere involves marking bacteria with fluores-
cent proteins and quantifying the number of bacteria via flow cytom-
etry (Knights et al. 2021). Eight fluorescent proteins ranging from
blue to far-red can tag a range of bacterial species to study biofilms
composed of multiple bacterial species (Schlechter et al. 2018).

FIGURE 3
Root and leaf exudates trigger microcolonies and biofilm formation by plant growth promoting rhizobacteria (PGPR). The biofilm formation in roots
is more prominent compared to the phyllosphere regions. The root regions such as tip, CEZ, and maturation zones may facilitate biofilm formation
based on secretion patterns and profiles. The confocal micrographs in the inset show root colonization by PGPR (in green) in different crop species
localized in the maturation root region.
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Plant resistance mechanisms triggered by SynComs
To cope with pathogenic microbes, plants developed sophisti-

cated defense mechanisms. As a first line of defense, these resistance
mechanisms depend on the perception of microbe-derived com-
pounds called microbe-associated molecular patterns (MAMPs).
Examples of MAMPs include bacterial flagellin, bacterial peptido-
glycan, fungal chitin, and oomycetal β-glucans (Gómez-Gómez and
Boller 2000; Miya et al. 2007; Tyler 2002). These MAMPs are rec-
ognized by the plant’s pattern recognition receptors, which trigger a
cascade of reactions that lead to transcriptional reprogramming and
activation of the plant’s first line of defense, called MAMP-triggered
immunity (MTI) (Boller and Felix 2009; Galletti et al. 2011; Jones
and Dangl 2006; Newman et al. 2013). As the plant is putting a sub-
stantial amount of energy into its defense systems, a prolonged state
of MTI can lead to growth inhibition due to growth-defense trade-
offs (Gómez-Gómez et al. 1999; Zipfel et al. 2006). For that reason,
it is vitally important for the plant to be selective about activating
its defense systems against microbes that can activate MTI.

SynComs and the plant immune system. MAMPs are evo-
lutionarily conserved across the bacterial, fungal, and oomycetal
kingdoms. Commensal and beneficial microbes in the plant micro-
biome possess MAMPs similar to those of their pathogenic coun-
terparts. It is therefore highly unlikely that SynComs consisting of
commensal and/or beneficial microbes will not activate the plant’s
defense systems. In fact, in many SynCom studies, the bacterial
strains used did not cause disease themselves. When the SynCom-
treated plants were subsequently challenged with a pathogen, they
actually developed fewer disease symptoms than nontreated con-
trol plants (Berendsen et al. 2018; Berg and Koskella 2018; Carrión
et al. 2019; Durán et al. 2018, 2021; Gómez-Pérez et al. 2022; Hu
et al. 2016; Li et al. 2021; Liu et al. 2022; Ma et al. 2021; Niu
et al. 2017; Prigigallo et al. 2022; Vogel et al. 2021), either through
direct competition with the pathogen or via the onset of a plant-
mediated induced systemic resistance (ISR) or systemic acquired
resistance (De Kesel et al. 2021; Pieterse et al. 2014). Phenotypic
data from these studies revealed that in the absence of the pathogen,
the SynComs either had no effect (Ma et al. 2021; Niu et al. 2017) or
significantly increased plant growth (Berendsen et al. 2018; Durán
et al. 2018; Liu et al. 2022), suggesting that the SynComs are able to
circumvent growth-defense tradeoffs that result from the activation
of plant defenses. So, how do plants accommodate plant growth-
promoting microbes, such as those provided in a SynCom, while
at the same time being able to ward off pathogens? To answer this
question, it is important to investigate the role of different plant de-
fense systems, such as MTI, ISR, and systemic-acquired resistance,
during plant interactions with plant-beneficial SynComs.

SynComs and evasion of local host immunity. Flagellin is one
of the major MAMPs in bacterial communities. Treating wildtype
Arabidopsis plants with the immunogenic flagellin epitope flg22
of pathogenic Pseudomonas aeruginosa PO1 or from beneficial
Pseudomonas simiae WCS417 leads to highly similar root defense
transcriptome changes and suppression of plant growth (Stringlis
et al. 2018a). This suggests that the initial response of plant roots
to MAMPs of beneficial and pathogenic microbes is highly similar.
However, live beneficial rhizobacteria have been shown to actively
suppress this flg22-induced root MTI response (Yu et al. 2019a).
Yu et al. (2019b) showed that of the tested root microbiota, 42%
were able to quench local Arabidopsis root immune responses that
are triggered by flg22. This shows that suppression of local MTI is
an important function of the root microbiome, possibly to accom-
modate colonization by beneficial microbiota. An flg22-induced
root MTI response can lead to a growth-defense tradeoff phe-
nomenon called root growth inhibition (RGI) (Garrido-Oter et al.
2018; Gómez-Gómez et al. 1999; Huot et al. 2014). Interestingly,
Teixeira et al. (2021) demonstrated in Arabidopsis that a 35-member
SynCom was able to revert flg22-induced RGI. Additionally, a
mono-association study in which 151 rhizobacterial strains were

individually inoculated on Arabidopsis roots indicated that roughly
40% of this selection of bacterial strains have the ability to sup-
press RGI (Ma et al. 2021). The mechanisms by which RGI can
be suppressed can be multiple. Yu et al. (2019b) demonstrated that
lowering environmental pH through the production of gluconic acid
by the Pseudomonas rhizobacteria plays a role in the suppression
of flg22-triggered MTI. Additionally, two studies found Variovorax
and Bradyrhizobium species to be able to revert RGI by degrading
auxin in the root compartment (Conway et al. 2022; Finkel et al.
2020). Another study found that two Janibacter species avoid RGI
by degrading flg22 (Ma et al. 2021). In particular, bacteria from the
Variovorax genus seem to be good RGI suppressors, as they were
able to revert RGI in multiple studies (Finkel et al. 2020; Qi et al.
2022; Teixeira et al. 2021).

SynComs and dysbiosis
The beneficial effects that a SynCom can have on the plant are

much more evident when growth inhibition responses such as RGI
are reverted by the SynCom. So, what is the role of MTI in plant
interactions with complex microbial communities when it seems to
stand in the way of beneficial functions of the microbiome? A Syn-
Com study with the peptidoglycan receptor mutant bak1 bkk1, the
flagellin-chitin receptor mutant efrfls2 cerk1, and the chitin recep-
tor mutant lyk5 indicated that a nonfunctional MTI response leads
to a higher amount of bacterial and fungal cells in the rhizosphere
(Wolinska et al. 2021). Similar MAMP receptor mutants, as well
as the MTI response mutant rbohD, which is impaired in the pro-
duction of reactive oxygen species (ROS), displayed a phenomenon
called “dysbiosis” in the phyllosphere or rhizosphere (Chen et al.
2020; Pfeilmeier et al. 2021; Wolinska et al. 2021). Dysbiosis is a
state of imbalance in the microbial community that can have ad-
verse effects on the plant, such as the loss of disease resistance
mediated by the bacterial community or the increase in oppor-
tunistic pathogens that can subsequently harm the plant (Pfeilmeier
et al. 2021). Additionally, Arabidopsis mutants impaired in the re-
sponse to the defense hormones salicylic acid, jasmonic acid, or
ethylene displayed a significant shift in microbial community com-
position, in both a natural microbiome setting and a SynCom setting
(Bodenhausen et al. 2014; Lebeis et al. 2015). Hence, besides its
function in the first line of defense against pathogens, MTI and its
associated defense responses also seem to be important to prevent
dysbiosis in plant-associated microbial communities, as dysbiosis
can possibly lead to resilient beneficial communities turning into
consortia that can easily be invaded by pathogenic microbes or that
can cause disease in the plants themselves.

SynComs and plant-derived metabolites. One way to keep
order in the root and leaf microbiome is by the production of
antimicrobial compounds such as ROS, phytoalexins, or indole glu-
cosinolates (Favaron et al. 2009; Ferrari et al. 2007; Pascale et al.
2020; Tsuji et al. 1992; Voges et al. 2019; Wolinska et al. 2021).
These compounds are known to be released to repress pathogens,
although it is likely that they can also affect beneficial and com-
mensal members of the plant microbiome and its representatives
in SynComs. Expectedly, plant-associated microbial communities
have developed mechanisms to cope with these antimicrobial com-
pounds. For instance, Stringlis et al. (2018b) demonstrated that
antimicrobial coumarin production in plant roots can inhibit fungal
pathogens, such as Fusarium oxysporum f. sp. raphani and Verti-
cillium dahliae JR2, whereas ISR-inducing rhizobacterial strains
P. simiae WCS417 and Pseudomonas capeferrum WCS358 were
insensitive to the antimicrobial effect of coumarins. In an in vitro
screen that included P. simiae WCS417, Voges et al. (2019) showed
that the majority of SynCom members across bacterial families
were unaffected by the catecholic coumarins sideretin, fraxetin, and
esculetin, which generate ROS compounds in iron-deficient condi-
tions. Interestingly, the bacterial strains that were sensitive to these
coumarins were also found in high abundance on plant roots that
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were grown under iron-deficient conditions during which coumarins
secretion is typically enhanced (Voges et al. 2019). A similar study
focusing on the release of antimicrobial benzoxazinoids (BXs) by
wheat and maize showed that Beta- and Gammaproteobacteria are
largely resistant to these compounds (Schandry et al. 2021). When
tested in a SynCom, these BX-resistant Beta- and Gammapro-
teobacteria were able to make the whole community, which also
included BX-susceptible members, resistant against BXs. These
findings suggest that microbes with resistance against certain an-
timicrobial compounds might be able to confer the whole microbial
community resistance against these compounds.

SynComs and plant protection against pathogens. SynComs
of well-characterized bacterial or fungal communities are used to
empirically test functions of much more complex microbial com-
munities in the root or phyllosphere microbiome (Vorholt et al.
2017). Mono-association and small SynCom studies show that for
a SynCom to have a disease-resistance-enhancing effect, the level
of complexity can be modest, as only one or a few strains can be
enough to enhance disease resistance in a plant host against certain
pathogens (Berendsen et al. 2018; Berg and Koskella 2018; Carrión
et al. 2019; Li et al. 2021; Liu et al. 2022; Niu et al. 2017; Prigigallo
et al. 2022). How does that hold up when increasing the complexity
of SynComs? Only a few studies have investigated the ability of
SynCom members to provide pathogen protection in the context
of increasing SynCom complexity. For instance, in a potato study,
increasing SynCom complexity had stronger effects on the level of
resistance against Phytophthora infestans (De Vrieze et al. 2018).
In another study, SynComs consisting of bacterial members versus
multi-kingdom members were compared in terms of circumventing
growth-defense tradeoffs when the plant was grown under different
light intensities (Hou et al. 2021). In this study, a multi-kingdom
SynCom consisting of bacteria, fungi, and oomycetes was able to
prevent the growth-defense tradeoffs that were apparent when plants
under low light were grown in the absence of microbes or exposed
to bacterial SynComs (Hou et al. 2021). When bacteria are left
out of the multi-kingdom SynCom it can, however, lead to severe
dysbiosis (Durán et al. 2018), indicating that bacterial community
members are important for maintaining a healthy microbiome.

In conclusion, SynCom research has made evident that microbial
communities have developed evasion strategies to avoid immune
responses that the plant has evolved to cope with pathogens. The
interplay between the plant’s defense mechanisms and the microbial
communities in its various compartments is necessary, however, as
it avoids dysbiosis and allows the plant to maximally benefit from
PGPR in its associated microbiome.

The potential in SynComs for improving plants’ tolerance to abiotic
stress

When exposed to pathogen infection, plants promote signaling
in the rhizosphere to attract beneficial microbes. These microbes
protect the plants against biotic stressors and improve tolerance to
abiotic stressors, such as salinity, drought, and temperature stresses
(Martins et al. 2014; Trivedi et al. 2020). To mitigate salinity stress
in the rhizosphere, exopolysaccharides (EPS) produced by microbes
for biofilm formation and adherence can bind cations such as Na+.
EPS binds to Na+ and makes Na+ unavailable to plants, thus reduc-
ing Na+ plant uptake, which helps to maintain the K+/Na+ balance
in plant roots under salinity stress (Gupta et al. 2017; Morcillo and
Manzanera 2021). Additionally, biofilms improve salinity tolerance
by forming a layer of water around bacterial cells, which improves
bacterial adhesion to the plant root and mitigates salinity stress.
EPS also encourages plant growth under salinity stress by improv-
ing soil aggregation. However, the influence of EPS compositional
change and physical and chemical properties on plant salinity stress
is still largely unknown (Morcillo and Manzanera 2021). Bacterial
biofilm formation has also been found to improve drought tolerance
(Martins et al. 2018). Under drought stress, bacterial EPS in the rhi-

zosphere decrease plant water loss and increase bacterial survival
due to their increased water content (Roberson and Firestone 1992).
This increased water content also provides plants with water in the
rhizosphere, allowing more time for plants to adjust their metabolic
activity to drought conditions (Morcillo and Manzanera 2021). EPS
also mitigates drought stress by improving the soil structure to retain
more water in the soil (Zheng et al. 2018), although the exact influ-
ence of EPS on plant physiology is not well understood (Morcillo
and Manzanera 2021).

EPS-producing bacteria in the rhizosphere may also mitigate heat
and cold stress, likely due to their matrix formation that also im-
proves soil water content. EPS also produces heat shock-related
proteins that protect microbes by mitigating the heat shock. How-
ever, few studies have investigated the mitigation of heat stress and
heat shock by EPS-producing bacteria. More research is needed
on EPS improvement of plant heat stress tolerance. Additionally,
in colder temperatures, EPS binding of Na+ cations can improve
osmotic balance in cold-stressed plants (Morcillo and Manzanera
2021).

Final considerations
In conclusion, cultivation-independent methods, more readily

available due to reduced sequencing costs, have considerably im-
proved the overall understanding of microbial ecology in the plant
environment, making it possible to engineer SynComs for plant
health. Using machine learning, with plant and microbial trait
phenotypes as input, can generate candidate compositions for Syn-
Coms. The number of distinct microbes in the SynComs is still a
practical challenge to overcome due to a lack of industrial technolo-
gies and difficulties in handling the microbes (Shayanthan et al.
2022). Moreover, although a single SynCom can provide plant
resilience to multiple pathogens (Santhanam et al. 2015), it is un-
realistic to think that one SynCom will act as a “one size fits all.”
For a scenario that is more likely to be successful, SynComs should
contain microbes with multiple beneficial traits as discussed in this
review (robust biofilm formation, production of desired secondary
metabolites and mVOCs capable of inducing plant resistance) and
possess synergistic interactions among themselves.

Acknowledgments

We thank UF/IFAS Communications and the Graphic Designer Heather
Griffith for designing Figure 2.

Literature Cited

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.-T., Weigel, D., and
Kemen, E. M. 2016. Microbial hub taxa link host and abiotic factors to plant
microbiome variation. PLoS Biol. 14:e1002352.

American Phytopathological Society. 2016. Phytobiomes: A roadmap for
research and translation. American Phytopathological Society, St. Paul, MN.
http://www.phytobiomes.org/Roadmap/Documents/PhytobiomesRoadmap.
pdf

Asari, S., Matzén, S., Petersen, M. A., Bejai, S., and Meijer, J. 2016. Multi-
ple effects of Bacillus amyloliquefaciens volatile compounds: Plant growth
promotion and growth inhibition of phytopathogens. FEMS Microbiol. Ecol.
92:fiw070.

Balleza, D., Alessandrini, A., and Beltrán García, M. J. 2019. Role of lipid
composition, physicochemical interactions, and membrane mechanics in the
molecular actions of microbial cyclic lipopeptides. J. Membr. Biol. 252:
131-157.

Beattie, G. A., and Lindow, S. E. 1999. Bacterial colonization of leaves: A
spectrum of strategies. Phytopathology 89:353-359.

Benizri, E., Baudoin, E., and Guckert, A. 2001. Root colonization by inoculated
plant growth-promoting rhizobacteria. Biocontrol Sci. Technol. 11:557-574.

Bérdy, J. 2012. Thoughts and facts about antibiotics: Where we are now and
where we are heading. J. Antibiot. (Tokyo) 65:385-395.

Berendsen, R. L., Vismans, G., Yu, K., Song, Y., de Jonge, R., Burgman, W. P.,
Burmølle, M., Herschend, J., Bakker, P. A. H. M., and Pieterse, C. M. J. 2018.
Disease-induced assemblage of a plant-beneficial bacterial consortium. ISME
J. 12:1496-1507.

1376 PHYTOPATHOLOGY®



Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M.-C. C., Charles,
T., Chen, X., Cocolin, L., Eversole, K., Corral, G. H., Kazou, M., Kinkel,
L., Lange, L., Lima, N., Loy, A., Macklin, J. A., Maguin, E., Mauchline, T.,
McClure, R., Mitter, B., Ryan, M., Sarand, I., Smidt, H., Schelkle, B., Roume,
H., Kiran, G. S., Selvin, J., Souza, R. S. C. D., van Overbeek, L., Singh, B. K.,
Wagner, M., Walsh, A., Sessitsch, A., and Schloter, M. 2020. Microbiome
definition re-visited: Old concepts and new challenges. Microbiome 8:103.

Berg, M., and Koskella, B. 2018. Nutrient- and dose-dependent microbiome-
mediated protection against a plant pathogen. Curr. Biol. 28:2487.

Besset-Manzoni, Y., Joly, P., Brutel, A., Gerin, F., Soudiere, O., Langin, T., and
Prigent-Combaret, C. 2019. Does in vitro selection of biocontrol agents guar-
antee success in planta? A study case of wheat protection against Fusarium
seedling blight by soil bacteria. PLoS One 14:e0225655.

Bodenhausen, N., Bortfeld-Miller, M., Ackermann, M., and Vorholt, J. A.
2014. A synthetic community approach reveals plant genotypes affecting
the phyllosphere microbiota. PLoS Genet. 10:e1004283.

Boller, T., and Felix, G. 2009. A renaissance of elicitors: Perception of microbe-
associated molecular patterns and danger signals by pattern-recognition
receptors. Annu. Rev. Plant Biol. 60:379-406.

Broadbent, P., Baker, K. F., and Waterworth, Y. 1971. Bacteria and actinomycetes
antagonistic to fungal root pathogens in Australian soils. Aust. J. Biol. Sci.
24:925-944.

Carlström, C. I., Field, C. M., Bortfeld-Miller, M., Müller, B., Sunagawa, S., and
Vorholt, J. A. 2019. Synthetic microbiota reveal priority effects and keystone
strains in the Arabidopsis phyllosphere. Nat. Ecol. Evol. 3:1445-1454.

Carrión, V. J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., de Hollander, M.,
Ruiz-Buck, D., Mendes, L. W., van Ijcken, W. F. J., Gomez-Exposito, R.,
Elsayed, S. S., Mohanraju, P., Arifah, A., van der Oost, J., Paulson, J. N.,
Mendes, R., van Wezel, G. P., Medema, M. H., and Raaijmakers, J. M.
2019. Pathogen-induced activation of disease-suppressive functions in the
endophytic root microbiome. Science 366:606.

Cernava, T., Aschenbrenner, I. A., Grube, M., Liebminger, S., and Berg, G. 2015.
A novel assay for the detection of bioactive volatiles evaluated by screening
of lichen-associated bacteria. Front. Microbiol. 6:398.

Chen, T., Nomura, K., Wang, X., Sohrabi, R., Xu, J., Yao, L., Paasch, B. C.,
Ma, L., Kremer, J., Cheng, Y., Zhang, L., Wang, N., Wang, E., Xin, X.-F.,
and He, S. Y. 2020. A plant genetic network for preventing dysbiosis in the
phyllosphere. Nature 580:653.

Chevrette, M. G., Thomas, C. S., Hurley, A., Rosario-Meléndez, N., Sankaran,
K., Tu, Y., Hall, A., Magesh, S., and Handelsman, J. 2022. Microbiome
composition modulates secondary metabolism in a multispecies bacterial
community. Proc. Natl. Acad. Sci. 119:e2212930119.

Chodkowski, J. L., and Shade, A. 2017. A synthetic community system for prob-
ing microbial interactions driven by exometabolites. mSystems 2:e00129-17.

Conway, J. M., Walton, W. G., Salas-González, I., Law, T. F., Lindberg, C. A.,
Crook, L. E., Kosina, S. M., Fitzpatrick, C. R., Lietzan, A. D., Northen, T. R.,
Jones, C. D., Finkel, O. M., Redinbo, M. R., and Dangl, J. L. 2022. Diverse
MarR bacterial regulators of auxin catabolism in the plant microbiome. Nat.
Microbiol. 7:1817.

Cordovez, V., Schop, S., Hordijk, K., Dupré de Boulois, H., Coppens, F.,
Hanssen, I., Raaijmakers, J. M., and Carrión, V. J. 2018. Priming of plant
growth promotion by volatiles of root-associated Microbacterium spp. Appl.
Environ. Microbiol. 84:e01865-18.

Cunningham, A. B., Lennox, J. E., and Ross, R. J. 2011. Collecting soil biofilms
by the buried slide technique—instructions for students. Biofilms: The Hy-
pertextbook. http://www.hypertextbookshop.com/biofilmbook/v004/r003/

Dandurand, L. M., Schotzko, D. J., and Knudsen, G. R. 1997. Spatial pat-
terns of rhizoplane populations of Pseudomonas fluorescens. Appl. Environ.
Microbiol. 63:3211-3217.

De Kesel, J., Conrath, U., Flors, V., Luna, E., Mageroy, M. H., Mauch-Mani,
B., Pastor, V., Pozo, M. J., Pieterse, C. M. J., Ton, J., and Kyndt, T. 2021. The
induced resistance lexicon: Do’s and don’ts. Trends Plant Sci. 26:685-691.

De Souza, R. S. C., Armanhi, J. S. L., and Arruda, P. 2020. From micro-
biome to traits: Designing synthetic microbial communities for improved
crop resiliency. Front. Plant Sci. 11:1179.

De Vrieze, M., Germanier, F., Vuille, N., and Weisskopf, L. 2018. Combining
different potato-associated Pseudomonas strains for improved biocontrol of
Phytophthora infestans. Front Microbiol. 9:2573.

Dror, B., Wang, Z., Brady, S. F., Jurkevitch, E., and Cytryn, E. 2020. Elucidating
the diversity and potential function of nonribosomal peptide and polyketide
biosynthetic gene clusters in the root microbiome. mSystems 5:e00866-20.

Durán, P., Reinstädler, A., Rajakrut, A. L., Hashimoto, M., Garrido-Oter,
R., Schulze-Lefert, P., and Panstruga, R. 2021. A fungal powdery mildew
pathogen induces extensive local and marginal systemic changes in the
Arabidopsis thaliana microbiota. Environ. Microbiol. 23:6292-6308.

Durán, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert,
P., and Hacquard, S. 2018. Microbial interkingdom interactions in roots
promote Arabidopsis survival. Cell 175:973.

Elhady, A., Adss, S., Hallmann, J., and Heuer, H. 2018. Rhizosphere micro-
biomes modulated by pre-crops assisted plants in defense against plant-
parasitic nematodes. Front. Microbiol. 9:1133.

Erdmann, J. 2022. How gut bacteria could boost cancer treatments. Nature
607:436-439.

Favaron, F., Lucchetta, M., Odorizzi, S., Pais da Cunha, A. T., and Sella, L. 2009.
The role of grape polyphenols on trans-resveratrol activity against Botrytis
cinerea and of fungal laccase on the solubility of putative grape PR proteins.
J. Plant Pathol. 91:579-588.

Ferrari, S., Galletti, R., Denoux, C., de Lorenzo, G., Ausubel, F. M., and
Dewdney, J. 2007. Resistance to Botrytis cinerea induced in Arabidopsis
by elicitors is independent of salicylic acid, ethylene, or jasmonate signaling
but requires PHYTOALEXIN DEFICIENT3. Plant Physiol. 144:367-379.

Finkel, O. M., Salas-González, I., Castrillo, G., Conway, J. M., Law, T. F.,
Teixeira, P. J. P. L., Wilson, E. D., Fitzpatrick, C. R., Jones, C. D., and Dangl,
J. L. 2020. A single bacterial genus maintains root growth in a complex
microbiome. Nature 587:103.

Galletti, R., Ferrari, S., and de Lorenzo, G. 2011. Arabidopsis MPK3 and MPK6
play different roles in basal and oligogalacturonide- or flagellin-induced
resistance against Botrytis cinerea. Plant Physiol. 157:804-814.

Garrido-Oter, R., Nakano, R. T., Dombrowski, N., Ma, K. W., McHardy, A. C.,
and Schulze-Lefert, P. 2018. Modular traits of the Rhizobiales root micro-
biota and their evolutionary relationship with symbiotic rhizobia. Cell Host
Microbe 24:155.

Glick, B. R. 2012. Plant growth-promoting bacteria: Mechanisms and applica-
tions. Scientifica 2012:963401.

Gómez-Gómez, L., and Boller, T. 2000. FLS2: An LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Mol. Cell. 5:1003-1011.

Gómez-Gómez, L., Felix, G., and Boller, T. 1999. A single locus determines
sensitivity to bacterial flagellin in Arabidopsis thaliana. Plant J. 18:277-284.

Gómez-Pérez, D., Schmid, M., Chaudhry, V., Velic, A., Maček, B., and Kemen,
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