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ABSTRACT

Volatile organic compounds (VOCs) function as infochemicals and are important means of communication

between bacteria and plants. Bacterial VOCs can promote plant growth and protect plants against both bi-

otic and abiotic stresses. Most studies to date have focused on VOCs from single bacterial strains; conse-

quently, very little is known about VOCs emitted by bacterial communities and their role in modulating plant

phenotypes. In this work, we showed that VOCs from a root-derived 16-strain synthetic community affect

Arabidopsis growth and root system architecture, whereas VOCs from individual strains produce a range of

different effects. Removal of key species from the community changed the relative abundances of other

strains and altered the VOC composition; however, the effect on plant growth remained the same. We

therefore concluded that bacterial VOC-induced modulation of plant responses in the rhizosphere may

be an emergent property of bacterial communities, rather than merely the sum of effects exerted by indi-

vidual species. In total, we detected 135 different volatiles from individual strains, with dimethyl disulfide

(DMDS) being the most abundant compound emitted by the community. Correlation analysis predicted

several sulfur-containing compounds to promote plant growth, and revealed that exposure to two such

VOCs, along with DMDS, leads to plant growth promotion. We also identified plant mutants unresponsive

to DMDS, suggesting that its mechanism of action may involve assimilation into S-methylcysteine. Finally,

we propose that the ecological role of VOCs is to provide early signaling alerts that prime plants for inter-

action with the bacterial community through modulation of root exudate composition and accumulation of

defense compounds, thereby affecting the bacterial colonization of the plants.
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INTRODUCTION

In nature, the roots of healthy plants associate with a diverse set

of microorganisms, collectively termed the root microbiota

(Bulgarelli et al., 2013; Bai et al., 2015). These communities

of microbes—particularly bacteria—benefit their host by

protecting against abiotic and biotic stresses and promoting

growth through nutrient acquisition and modulation of host

phytohormone levels (Trapet et al., 2016; Castrillo et al., 2017;

Zhang et al., 2019; Harbort et al., 2020; Piechulla et al., 2017).

In addition, plants use short-range communication to shape

their microbiome by secreting belowground metabolites known

as root exudates (Stringlis et al., 2018; Koprivova and Kopriva,

2022; Basak et al., 2024). Although most attention has

focused on communication from the plant to the microbiome,

this interaction is bidirectional. One important mode of
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communication involves volatile organic compounds (VOCs)

emitted by bacteria. Due to their low molecular mass, low

boiling point, and high vapor pressure, VOCs can act as both

long- and short-range signals via air, water, and soil (Schulz

and Dickschat, 2007). Bacterial VOCs are chemically diverse

and can make up complex ‘‘bouquets’’ of compounds with

emergent properties and overlapping effects that depend

on the growth substrate and environmental conditions (Blom

et al., 2011; Fincheira and Quiroz, 2018). These VOCs are

derived from major biosynthetic pathways, including primary

metabolism, fermentation, sulfur metabolism, fatty acid

metabolism, and terpene synthesis (Schulz and Dickschat,

2007; Peñuelas et al., 2014; Weisskopf et al., 2021). For

example, VOCs produced through primary metabolism include

derivatives of valine, leucine, and isoleucine, such as 2-

methylbutanoic acid, 3-methylbutanoic acid, and methylpropa-

noic acid (Peñuelas et al., 2014). These compounds tend to be

common components of VOC bouquets rather than being

specific to a limited number of bacterial strains (Ryu et al.,

2020). In contrast, 1-undecene, produced by the fatty acid

pathway (Popova et al., 2014; Lo Cantore et al., 2015), is

limited to Pseudomonas strains. VOCs produced through

secondary metabolism include bacterial family-specific com-

pounds, such as 2,5-diisopropylpyrazine, which is produced

from valine by Paenibacillus polymyxa and Chondromyces

(Beck et al., 2003; Schulz and Dickschat, 2007; Blom et al.,

2011), and the terpenoid geosmin, produced by actinobacteria,

myxobacteria, and cyanobacteria (Martı́n-Sánchez et al., 2019).

Some VOCs are even strain-specific, such as sodorifen, pro-

duced through the terpene biosynthesis pathway by Serratia ply-

muthica (Weise et al., 2014), and the polyketide streptopyridine

from Streptomyces (Groenhagen et al., 2014). Others are widely

produced across the bacterial kingdom, such as the sulfur-

containing VOCs dimethyl sulfide, dimethyl disulfide (DMDS),

and dimethyl trisulfide, and the aromatic compounds indole and

2-phenylethanol (Ryu et al., 2020; Weisskopf et al., 2021).

A large number of bacterial strains have been reported to modu-

late plant growth, leading to increased biomass and changes in

root system architecture (Ryu et al., 2003; Groenhagen et al.,

2013). One of the best-characterized bacterial models for

such plant growth promotion (PGP) studies is Pseudomonas

simiae WCS417 (Pieterse et al., 2021), a strain first isolated

from the wheat rhizosphere that triggers direct plant growth

promotion and induces systemic resistance in the host

(Pieterse et al., 1996; Knoester et al., 1999). WCS417 acts as

a biocontrol agent by suppressing wheat disease caused by

the soil-borne fungus Gaeumannomyces graminis var. tritici

(Lamers et al., 1988). It also protects plants from abiotic

stress; e.g., it increases drought resistance in peppermint

(Chiappero et al., 2019) and salt tolerance in A. thaliana (Loo

et al., 2022). Moreover, VOCs produced by WCS417 promote

plant growth and induce changes in root architecture,

increasing lateral root and root hair density in a manner

comparable to direct bacterial contact (Blom et al., 2011;

Zamioudis et al., 2013). Most VOC-related studies have been

conducted with single bacterial strains, or they have used

low-diversity bacterial communities and focused on

community richness effects (Raza et al., 2021) or on their

ability to suppress disease in natural environments (Gfeller

et al., 2022). Bacterial VOCs are also important to natural

ecosystems, e.g., for modulating insect behavior and plant

attractiveness to insects (Zhang et al., 2024). Interestingly, the

strongest PGP effects have been observed at the lowest

community richness, whereas intermediate richness promoted

pathogen suppression by VOCs (Raza et al., 2020). Similarly,

reduced community diversity increased overall VOC emissions

from soil but decreased the number of distinct VOCs

produced (Abis et al., 2020). However, another study

reported that increasing species richness within a bacterial

family increased both pathogen suppression and PGP (Wang

et al., 2021). Therefore, the framework for understanding

VOC-mediated modulation of plants by root-associated

bacterial communities under conditions resembling natural

environments seems to still be underdeveloped (Weisskopf

et al., 2021). Synthetic communities (SynComs) that

represent the phylogenetic diversity of natural soil bacteria pro-

vide a powerful tool to investigate plant–microbe interactions

and microbiome functions, including the role of bacterial

VOCs (Vorholt et al., 2017; Martins et al., 2023). For example,

SynComs composed of 16 bacterial families isolated from Ara-

bidopsis roots have been used to demonstrate host preference

for commensal bacteria (Wippel et al., 2021).

In this work, we investigate how VOCs derived from root micro-

biome bacterial communities affect Arabidopsis growth and

root architecture. Using a 16-member SynCom, we show that

bacteria–bacteria interactions affect community VOC profiles,

leading to emergent properties in the resulting VOC bouquets.

We identify several VOCs with PGP properties and propose a

mechanism by which DMDS promotes plant growth. We suggest

that bacterial VOCs may function as signaling compounds that

prime plants for interactions with the bacterial community

through modulation of root exudate composition and accumula-

tion of defense compounds.

RESULTS

VOCs from a 16-member SynCom and its individual

strains affect Arabidopsis growth and root architecture

To study how bacterial VOCs affect Arabidopsis seedlings, we

chose a previously established and characterized 16-member

SynCom (16 SC) (Wippel et al., 2021). This SynCom consists of

strains from 16 bacterial families selected from the At-

RSPHERE strain library, isolated from the roots of Arabidopsis

plants grown in natural soil (Bai et al., 2015). These families

cover a broad taxonomic range and are also found in the roots

of other plant species (Bai et al., 2015; Wippel et al., 2021)

(Supplemental Figure 1B). By cultivating plants alone (control),

with bacteria mixed into the plant growth medium (direct

bacterial contact [DBC]), with bacteria in a separate

compartment (non-bacterial contact [NBC]), and with both DBC

and NBC (Supplemental Figure 1A), we assessed the extent to

which 16 SC modulates plant growth. In line with previous

findings (Durán et al., 2018; Wippel et al., 2021), in the DBC

configuration, 16 SC significantly increased the whole-plant

fresh weight compared with the control (Figure 1A;

Supplemental Figure 2). Intriguingly, in the NBC and combined

configurations, the fresh weight was also significantly increased

(Figure 1A); however, unlike the DBC configuration, both

treatments led to a significant decrease in primary root length
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(PRL) and a concurrent increase in lateral root number (LRN)

(Figure 1B and 1C). These results indicate that VOCs produced

by a root-associated bacterial community promote plant

growth and modulate root architecture.

To disentangle these effects, we examined how individual mem-

bers of 16 SC affected Arabidopsis plants in the NBC configuration.

As a positive control, we used the Pseudomonas strain WCS417,

known to promote growth in Arabidopsis seedlings through VOCs

(Zamioudis et al., 2015; Pieterse et al., 2021). Interestingly,

among the 16 strains included in 16 SC, only R77 affected fresh

weight, PRL, and LRN in the same manner as 16 SC, whereas

VOCs from 4 strains (R685, R101, R61, and R480) had

no significant effects (Figure 1D; Supplemental Figure 3). VOCs

from 7 strains (R83, R131, R77, R29, R935, R265, and R68) and

WCS417 significantly increased total fresh weight, similar to 16

SC (Figure 1D). VOCs from 4 strains (R131, R77, R935, and R418)

reduced PRL, similar to 16 SC, whereas R695 and R142 had the

opposite effect and increased PRL (Figure 1D). Six strains (R83,

R123D2, R77, R29, R418, and R1310) promoted LRN, similar to

16 SC, whereas WCS417, R935, R68, and R142 reduced LRN

compared with controls (Figure 1D). These results allowed us to

classify the strains into those that produced plant growth-

promoting VOC blends (PGPs) and those that did not (non-

PGPs). Taken together, the individual strains elicited a range of

responses affecting shoot biomass and/or root architecture that

were distinct from those of 16 SC. These findings suggest that

the plant response to 16 SC may result from specific key strains,

Figure 1. Effects of bacterial VOCs on Arabidopsis growth and root system architecture.

(A–C) Five-day-old Arabidopsis thaliana seedlings were transferred to MS-agar Petri dishes and grown for 10 days under 4 conditions: without bacteria as

a control (ctrl), in a shared headspace with 16 SC (NBC), with 16 SC in the agar in direct bacterial contact (DBC), or in a combination of both exposure

types (Combined) (cf. Supplemental Figure 1).

(A) Fresh weight of whole seedlings compared with the control (ctrl = 100%); mean of 3 pooled samples with at least 10 seedlings each.

(B) Primary root length compared with the control (ctrl = 100%); mean of 30 plants.

(C) Lateral root number compared with the control (ctrl = 100%); mean of 30 plants. (A–C) Data are shown as boxplots: the central bar indicates the

median, the lower and upper box limits indicate the 25th and 75th percentiles, respectively; whiskers indicate the minimum and maximum values; dots

indicate individual samples. Different letters indicate statistically significant differences: one-way ANOVA with Tukey’s HSD test (A), Welch and Brown–

Forsythe tests with Dunnett’s test (B), and Kruskal–Wallis with Dunnett’s test (C); p < 0.05.

(D) Heatmap showing the effects of 16 SC, its individual component strains, and Pseudomonas simiae WCS417 on Arabidopsis fresh weight (FW), primary

root length (PRL), and lateral root number (LRN) after 10 days of growth with VOC exposure in the NBC setup. Results are shown as percentages relative

to the control without bacteria, based on means of 3 biological replicates containing 10 seedlings each. Asterisks indicate statistically significant dif-

ferences compared with the control (Student’s t-test, p < 0.05). For absolute data, see Supplemental Figure 3.
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or it may be an emergent property arising from species interactions

within the mixed community.

GC–MS analysis reveals distinct yet overlapping VOC

profiles in communities and individual strains

Next, to identify compounds that might affect plant phenotypes,

we conducted gas chromatography–mass spectrometry (GC–

MS) analysis of the VOCs emitted by 16 SC and its individual

strains. In total, 135 different VOCs were detected, including

sulfur-containing volatiles, terpenes, alcohols, and ketones

(Supplemental Table 1). The VOC blend from 16 SC contained

55 compounds, whereas the number emitted by individual

strains ranged from 5 VOCs in R101 to 62 in R83. Therefore,

not all compounds emitted by individual strains were present

in the 16 SC VOC bouquet. Principal component analysis

(PCA) of the VOC profiles showed that each strain had a

distinct profile, and all of them differed from that of 16 SC

(Figure 2A). R83 not only produced the highest number of

VOCs but also exhibited the most distinct VOC profile

(Figure 2A), likely due to several unidentified terpene

compounds unique to this strain (Supplemental Table 1). Fifty-

seven compounds were unique to a single strain, whereas two

sulfur-containing VOCs, DMDS and dimethyl trisulfide, were

detected in all strains, though at varying levels (Supplemental

Table 1). As DMDS is known to promote plant growth (Meldau

et al., 2013; Tyagi et al., 2019), it is not surprising that the

highest DMDS emitters were the PGP strains R83, R935, and

WCS417, all of which emitted more DMDS in monoculture

than 16 SC (Figure 2B) (Meldau et al., 2013; Tyagi et al.,

2019). In contrast, strains emitting DMDS at levels similar to

16 SC included both PGP strains (R29, R68, and R77) and

non-PGP strains (R418, R142, and R1310). Strains emitting

low levels of DMDS were mostly non-PGP strains (R685, R61,

Figure 2. VOC profiles of individual strains.

(A) 16 SC, its individual component strains, and the control strain Pseudomonas WCS417 were grown on TSB medium for 2 days. VOCs were captured

using SPME and analyzed by GC–MS. PCA of all 135 identified volatiles from 3 biological replicates was performed using ClustVis. Colored circles and

squares indicate plant growth-promoting (PGP) and non-PGP strains, respectively.

(B) Relative abundance of dimethyl disulfide (DMDS) produced by individual strains and 16 SC, determined via SPME capture and GC–MS. Values are

based on peak areas from 3 biological replicates. The means and standard deviations of the peak areas are normalized to 16 SC, which was set to 1. Red

indicates strains that produce a plant growth-promoting VOC blend.

(C) Relative abundance of individual 16 SC strains based on 16S rRNA gene profiling from 6 biological replicates. Data are shown as boxplots: the central

bar indicates the median; the lower and upper box limits indicate the 25th and 75th percentiles, respectively; dots indicate individual samples.
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R101, R480, and R123D2), with the exceptions of R265 and

R131 (Figure 2B). Therefore, DMDS is unlikely to be solely

responsible for the Arabidopsis growth modulation induced by

16 SC VOCs.

To determine which strains drove the VOC profile of 16 SC,

we analyzed the community composition after 10 days of

growth using 16S rRNA gene amplicon sequencing. Interestingly,

although the community was assembled using equal proportions

of all 16 strains, after 10 days, it was dominated by R83, R935,

and R68 (Figure 2C). These three strains collectively accounted

for about 90% of the bacterial DNA detected in the community.

Therefore, although the individual strains exhibit complex

VOC profiles with both shared and unique compounds, the

community VOC profile may be formed by a few dominant strains.

VOCs emitted by communities have beneficial effects

beyond the combination of individual strains

To determine whether the dominant bacterial strains R935, R83,

and R68 were responsible for the effects of 16 SC VOCs on

plants, we performed drop-out experiments in which these

strains were individually or jointly omitted from the SynCom.

These reduced communities were then grown with plants in the

NBC configuration. In all drop-out combinations, the fresh weight

of exposed plants was significantly higher than that of the control

(Figure 3A). We also observed a significant reduction of PRL in all

combinations (Figure 3B). Therefore, the effect of VOCs from the

full SynCom on plants is likely an emergent property of the bac-

terial community and not the result of a few dominant strains.

We then tested whether the less-abundant strains might have

important contributions to the community VOC profile by

exposing plants to VOCs from 16 SC drop-outs missing PGP

strains R265 and R131 or the non-PGP strain R123D2

(Figure 1D). As with the previous drop-out communities, these re-

tained the same PGP properties as 16 SC when compared with

the R935 drop-out as a control (Supplemental Figure 4).

Therefore, the loss of one or more strains does not significantly

alter the effect of 16 SC VOCs on Arabidopsis growth.

Because the drop-out communities had the same effect on plants

as the full 16 SC, we examined whether and how their VOC pro-

files changed. Overall, there were clear differences in

VOC composition (Figure 3C; Supplemental Table 2). DMDS

was the dominant VOC in most of the drop-out communities

(Figure 3D), except in those omitting R935 or both R935 and

R83. However, further exclusion of R68 restored DMDS

abundance (Figure 3D). Interestingly, loss of the highest DMDS

producer, R83, did not reduce DMDS concentration compared

with the full 16 SC. In contrast, terpene and undecene

production was lost in the absence of R83 and R68,

respectively (Figure 3D).

Because removal of the dominant strains only moderately

affected the profiles of major VOCs, we investigated how their

absence affected community composition using 16S rRNA

profiling. PCA of beta-diversity (Bray–Curtis dissimilarities)

showed a clear separation of the drop-out communities

(Supplemental Figure 5A). Removal of the three dominant

strains had a strong impact on community structure but did not

appear to affect the observed VOC-mediated effects on plants.

The dominant strains R935, R68, and R83 continued to

dominate the drop-out communities unless all three were

removed (Supplemental Figure 5B). For quantitative analysis,

we adjusted the relative abundance (RA) in each 16 SC drop-

out community by in silico removal of reads corresponding to

the omitted strains before the RA calculation. Interestingly,

removal of R68 led to increased RA of R83, and conversely,

removal of R83 led to increased RA of R68, whereas removal of

R935 had no effect on either strain (Figure 3E). However,

removal of the dominant strains also affected the RAs of other

strains compared with the full 16 SC (Figure 3E). For example,

removal of R68 and R83, with or without R935, increased the

RA of R101, a non-PGP strain. Likewise, removal of R935

increased the RA of the PGP strain R77. The greatest effect on

the RAs of other strains was observed when all three dominant

strains were removed, although omission of R83 and R68 alone

produced similar effects (Figure 3E). Nevertheless, despite

these large changes in bacterial abundances and community

composition, the emitted VOC blends continued to

influence the plant in a similar manner to the full SynCom. This

suggests that the community may adjust its composition and/or

metabolism to produce a growth-promoting VOC blend that

acts as more than just the sum of its parts.

To further investigate these emergent properties, we analyzed

two partial SynComs composed exclusively of either the PGP

or non-PGP strains (Figure 1D). VOCs from both groups triggered

significant growth promotion, similar to that of 16 SC (Figure 4A).

Similarly, VOCs from both groups led to significantly shorter PRL,

though not to the same degree as VOCs from 16 SC (Figure 4B).

Comparison of the community compositions revealed that

removal of the nine non-PGP strains did not alter the dominance

of R83, R935, and R68 in the PGP community (Figure 4C). The

non-PGP community, composed of those nine strains, was domi-

nated by R101, R142, and R61. The RAs of R101 and R142

increased in most of the drop-out communities, which indicates

that they might be suppressed by the dominant strains in the

full 16 SC. VOC profiling showed that both communities emitted

DMDS at levels similar to 16 SC. However, only the PGP commu-

nity produced 1-undecene and terpenes, because the respective

producers of these VOCs, R68 and R83, were present only in

that group (Figure 4D; Supplemental Table 2). In summary, a

combination of strains that individually do not promote growth

can still result in growth promotion and similar root system

changes, supporting the conclusion that bacterial communities

as a whole exhibit emergent properties beyond the additive

effects of individual strains.

Characterization of plant growth promoting volatiles

from 16-member SynCom

To identify additional putative PGP volatiles, we correlated the

VOC data with the changes in plant fresh weight (Figure 5A;

Supplemental Table 3). Variable importance in projection (VIP)

values suggested that three compounds, 2-methyl-5-(methyl-

thio)-furan (2M5MTF), 2-methyl-5-(methylthio)-thiophene, and 2,

4-dithiapentane (2,4-DTP), may possess PGP activity in Arabi-

dopsis. We selected 2M5MTF and 2,4-DTP for further testing,

along with three other VOCs: the ubiquitous DMDS, S-methyl

thiobutyrate (SMTB), and the well-characterized antifungal and

anti-oomycete VOC 1-undecene (C11:1) (Hunziker et al., 2015;

Plant Communications 6, 101351, June 9 2025 5

Bacterial VOCs in community context Plant Communications



Lo Cantore et al., 2015). To determine whether these VOCs were

responsible for the observed plant phenotypes, we used pure

compounds instead of SynComs in the NBC setup. As

previously reported (Tyagi et al., 2019), the application of 50 μl

of 50 μM DMDS significantly promoted growth, similar to 16 SC

(Figure 5B). The same was true for 2M5MTF and 2,4-DTP, as pre-

dicted (Figure 5A). In contrast, neither SMTB nor 1-undecene

affected Arabidopsis fresh weight (Figure 5B). Interestingly,

when tested at different concentrations, all of the growth-promot-

ing VOCs except 2,4-DTP lost this effect at the highest concen-

tration (500 μM), and SMTB was toxic at high concentration

(Supplemental Figure 6). Overall, these results show that

multiple individual VOCs may contribute to the effect of 16 SC

VOCs on shoot growth.

Because DMDS is a ubiquitous VOC and its sulfur can be assim-

ilated by plants (Meldau et al., 2013), we investigated the

mechanisms underlying its PGP effect. DMDS is converted to

Figure 3. Characterization of drop-out communities.

(A–B) Arabidopsis plants were grown for 10 days in the NBC setup in a shared headspace with the full 16 SC, drop-out communities where the highly

abundant strains were individually or jointly omitted, or without bacteria (ctrl). Shoot fresh weight (A) and primary root length (B) were measured in 4

replicate plates, each containing 10 plants. Results are expressed as percentages relative to the control and shown as boxplots, with individual values

indicated by red dots. Asterisks indicate statistically significant differences compared with the control (Kruskal–Wallis with Dunnett’s test, p < 0.05,

n = 40).

(C) PCA of 7 VOCs identified with high confidence by headspace GC–MS analysis of VOCs produced by the drop-out communities after 1 day of growth

on TSB medium, based on 4 biological replicates.

(D) Relative abundance of the 7 VOCs identified by headspace GC–MS analysis of VOCs produced by the 16 SC and drop-out communities after 1 day of

growth on TSB medium, based on peak areas from 4 biological replicates.

(E) Dot plot showing the relative abundance (RA) of each strain in the drop-out communities compared with the full 16 SC, based on rRNA profiling of 9

biological replicates. Dot size corresponds to the log2 mean RA; color indicates the log2 fold change in RA relative to 16 SC after in silico depletion of the

relevant strain(s) (see Materials and methods). Circled dots indicate statistically significant changes (Wilcoxon rank sum test, p < 0.05).
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methanethiol, a naturally occurring plant metabolite derived from

methionine degradation by methionine γ-lyase (MGL) (Figure 5C)

(Rébeillé et al., 2006). Methanethiol can be further degraded to

hydrogen sulfide, formaldehyde, and hydrogen peroxide by

methanethiol oxidase (MTO), which in animals is carried out by

selenium-binding proteins (SELENBPs) (Philipp et al., 2023).

Alternatively, it can be incorporated into O-acetylserine (OAS),

the precursor of cysteine, to form S-methylcysteine (Rébeillé

et al., 2006). To determine which of these reactions contribute

to DMDS-induced growth promotion, we assessed the effect of

DMDS in Arabidopsis mutants defective in these pathways. The

sbp1 (defective in the SELENBP homolog) and mgl mutants

showed DMDS-induced increases in growth similar to the wild-

type (WT) Col-0 (Figure 5D), which makes MTO an unlikely

route for DMDS assimilation. In contrast, two mutants in O-

acetylserine(thiol)lyase—oastlA and oastlBC, which disrupt the

main cytosolic isoform and both plastidic and mitochondrial

isoforms, respectively (Wirtz and Hell, 2006; Watanabe et al.,

2008)—did not benefit from DMDS exposure (Figure 5D). These

results suggest that the OAS pathway is essential for this effect.

This conclusion was further supported by the loss of growth

promotion in serat2;2, a mutant that lacks the mitochondrial

isoform of serine acetyltransferase, the enzyme that

synthesizes OAS, the putative acceptor of methanethiol

(Figure 5D). These findings suggest that DMDS from 16 SC

(and other bacteria) is incorporated into the plant’s organic

sulfur pool through a reaction with OAS, resulting in S-

methylcysteine. However, the subsequent fate of this

compound is unknown. The oastlA and oastlBC mutants still

exhibited increased growth upon exposure to VOCs from 16 SC

(Supplemental Figure 7), providing further evidence that the

PGP effect of 16 SC VOCs is multifactorial and mediated by

multiple compounds.

VOCs act as early signals to prime bacterial colonization

of plants

We then considered the physiological relevance of bacterial VOC

signaling. We hypothesized that bacterial VOCs may prime plants

for subsequent microbial interactions, and thus VOC-treated

plants would assemble a different community. To test this, we

first grew plants for 5 days with or without exposure to 16 SC

Figure 4. Analysis of PGP and non-PGP communities.

Arabidopsis plants were grown for 10 days in the NBC setup in a shared headspace with 16 SC, or with communities formed from all PGP strains (PGPs) or

all non-PGP strains (non-PGPs) from 16 SC. Shoot fresh weight (A) and primary root length (B) were measured in 4 replicate plates, each containing 10

plants. Results are expressed as percentages relative to the control and shown as boxplots with individual values indicated by red dots. Different letters

indicate statistically significant differences (one-way ANOVA with Tukey’s HSD test, p < 0.05, n = 40).

(C) Relative abundance of bacterial strains in each community, determined by 16S rRNA gene profiling.

(D) Relative abundance of the 7 VOCs in the 16 SC, PGP, and non-PGP communities, determined by headspace GC–MS analysis after 1 day of growth on

TSB medium, based on peak areas from 4 biological replicates.
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VOCs, then transferred them to DBC or control conditions for

another 7 days. The VOC pre-treatment resulted in PGP regard-

less of the presence of 16 SC in the agar (Figure 6A). We

then analyzed the composition of root-associated microbes

using 16S rRNA profiling. Pre-treatment with 16 SC VOCs

Figure 5. Effects of pure VOCs on plants.

(A) Candidate VOCs associated with growth re-

sponses in Arabidopsis. The variable importance

in projection (VIP) plot was derived from orthog-

onal partial least-squares analysis, using growth

response as the predictor. VIP scores are plotted

against Pearson correlation coefficients (p(corr))

from correlations between plant fresh weight and

the peak area of each VOC. VOCs with abun-

dance significantly correlated with growth are

labeled.

(B) Arabidopsis plants were grown for 10 days in a

shared headspace with 16 SC or with 50 μl of the

following VOCs: 50 μM DMDS, 10 μM 2-methyl-5-

(methylthio)furan (2M5MTF), 50 μM 2,4-

dithiapentane (2,4-DTP), 10 μM S-methyl thio-

butyrate (SMTB), or 50 μM 1-undecene (C11:1).

Shoot fresh weight was determined in 40 plants.

Results are expressed as percentages relative to

the control and shown as boxplots with individual

values indicated by dots. Asterisks indicate sta-

tistically significant differences compared with

the control (Student’s t-test, p < 0.05, n = 40). ns,

not significant.

(C) Proposed scheme of reactions involved in

DMDS assimilation.

(D) Wild-type Col-0 and the mutants mgl, sbp1,

oastlA, oastlBC, and serat2;2 were grown for

10 days in a shared headspace with 50 μl of 50 μM

DMDS. Shoot fresh weight was determined in 40

plants. Results are expressed as percentages

relative to the control and shown as boxplots with

individual values indicated by dots. Asterisks

indicate statistically significant differences

compared with the control (Student’s t-test, p <

0.05, n = 40). ns, not significant.

significantly altered the composition of

the root-associated community. Surpris-

ingly, in the control plants, after 7 days on

16 SC plates, the root microbiome was

dominated by R68, which accounted for

approximately 90% of all reads. In contrast,

in plants pre-exposed to 16 SC VOCs, the

root-associated community was signifi-

cantly different, with increased RAs of

R101, R131, and R1310 (Figure 6B). These

findings suggest that VOCs prime plants

for bacterial colonization. Interestingly,

pre-exposure to DMDS under the same

conditions did not promote growth or

affect the root-associated community

(Supplemental Figure 8).

We then hypothesized that VOCs trigger

metabolic changes in plants, for

example by altering the synthesis of plant

defense compounds or the composition of root exudates,

thereby facilitating bacterial colonization. To test this, we

measured the levels of defense compounds, namely glucosino-

lates and camalexin, in the shoots of plants exposed to 16 SC

or the model bacterial strain Pseudomonas WCS417 in the
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NBC setup, along with untreated controls. Although the levels of

aliphatic glucosinolates after VOC exposure were unchanged,

the levels of indolic glucosinolates and camalexin were reduced

(Figure 6C–6E). To gain deeper insight into VOC-induced

metabolic alterations, we performed a GC–MS analysis of

Arabidopsis exudates, roots, and shoots at 2 and 5 days after

exposure to 16 SC VOCs. We quantified a total of 102

metabolites, of which 71 were detected in the exudates,

including many sugars, amino acids, organic acids, and several

defense-related compounds (Figure 7). Exposure to 16 SC

VOCs affected metabolite composition not only in the

exudates, but also in both roots and shoots, with a clear

temporal dynamic. In the exudates, changes were more

pronounced after 5 days, with the majority of metabolites being

less abundant in VOC-treated plants than in the controls.

However, remarkably, except for tricarboxylic acid cycle

intermediates (such as citrate, oxoglutarate, and malate) and

the amino acids aspartate and glutamate, most metabolites

were more abundant in the exudates after 2 days and less

abundant after 5 days of VOC exposure, when compared

with the respective controls (Figure 7; Supplemental Table 4).

After 5 days of VOC treatment, many metabolites were

significantly less abundant in the exudates, particularly

sugars such as fructose, glucose, and raffinose; sugar-related

compounds such as erythritol, galactinol, and glycerate; and

most amino acids (Figure 7; Supplemental Table 4).

Interestingly, consistent with the observed reduction in indolic

defense compounds (Figure 6C and 6E), the defensive

metabolite pipecolic acid was also less abundant in exudates

from VOC-treated plants than in those from controls. In

addition, VOC exposure shifted coumarin profiles; exudation of

scopoline and skimmin was reduced, and levels of esculetin

and fraxetin increased (Figure 7).

In general, the effects of VOCs on root metabolites and exudates

showed opposite trends, particularly for amino acids, which, after

2 days, were less abundant in the roots of VOC-treated plants

than in controls but accumulated in the exudates; after 5 days,

they were reduced in the exudates and increased in the roots

relative to untreated plants. In contrast, in the roots, VOC

exposure increased the levels of tricarboxylic acid cycle metabo-

lites, particularly citrate and malate, whereas xylose, raffinose,

myo-inositol, β-alanine, and pantoic acid levels in roots were

lower than in the controls, as in the exudates. Interestingly, ascor-

bate and dehydroascorbate accumulated to higher levels in VOC-

treated roots than in those of controls, indicating an increased

need for antioxidants in roots. In shoots, amino acid accumula-

tion was generally lower than in controls, with the exception of

histidine, asparagine, and glutamine, as well as fructose and

sugar phosphates, especially after 5 days of VOC treatment. In

contrast, tocopherols and some amino acid derivatives accumu-

lated to higher levels (Figure 7). Of particular interest was the

increased accumulation of S-methylcysteine in the roots and

shoots of VOC-treated plants, consistent with its predicted role

as an intermediate in DMDS assimilation. Overall, VOCs

emitted by the bacterial community caused large alterations in

metabolite profiles in both plant tissues and root exudates, and

this seems to facilitate bacterial colonization of plants.

DISCUSSION

VOCs emitted by 16-member SynCom are not a sum of

VOCs from individual strains

One major advantage of using a synthetic community is the ability

to compare the composition and effects of its VOCs with those of

the individual strains. The strains included in 16 SC are

Figure 6. Priming by VOCs.

Arabidopsis plants were grown for 5 days on MS–

agar plates, with or without sharing headspace

with 16 SC. Plants were then transferred to plates

with or without direct contact with 16 SC and

grown for an additional 7 days.

(A) FW of primed (VOC–DBC, VOC–ctrl), non-

primed (ctrl–DBC), and control plants (ctrl–ctrl)

was determined. Results are expressed as per-

centages relative to the control and shown as

boxplots with individual values indicated by dots.

Different letters indicate statistically significant

differences (Welch and Brown–Forsythe tests

with Dunnett’s test, p < 0.05, n = 10).

(B) Root community composition was analyzed

by 16S rRNA gene profiling. The chart shows the

RA of bacterial strains in the root communities of

plants primed or not primed with 16 SC VOCs.

(C–E) Arabidopsis plants were grown for 10 days

in a shared headspace with 16 SC, Pseudomonas

WCS417, or no bacteria (control). The amounts of

camalexin (C), aliphatic glucosinolates (D), and

indolic glucosinolates (E) were quantified by

HPLC in eight independent pools of three shoots.

Results are shown as boxplots with individual

values indicated by dots. Different letters indicate

statistically significant differences (one-way

ANOVA with Tukey’s HSD test, p < 0.05, n = 8). ns,

not significant.
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taxonomically related to strains with known VOC-mediated ef-

fects. For example, the Pseudomonas strain R68 and the Bur-

kholderiales strains R83 and R29 trigger growth promotion similar

to WCS417 and Burkholderia cepacia, respectively (Figure 1D)

(Vespermann et al., 2007; Zamioudis et al., 2013; Pieterse et al.,

2021). Surprisingly, none of the individual strains except R77

affected plant growth and root architecture in the same way as

16 SC. Therefore, it was unclear whether 16 SC emits the sum

of the VOCs from individual strains, whether emergent

properties arise from interactions among the bacterial strains,

Figure 7. Metabolite analysis of the response of Arabidopsis to 16 SC VOCs.

Arabidopsis plants were grown for 5 days on MS–agar plates and transferred to new plates with or without sharing headspace with 16 SC. After 2 and

5 days, exudates, roots, and shoots were collected and subjected to metabolite analysis by GC–MS of six biological replicates. The heatmaps show the

log2 fold change between VOC-treated and mock-treated plants. Asterisks indicate significant differences between bacterial and mock treatments

(Student’s t-test, p < 0.05, n = 6). ND, not detected.
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or whether the community’s effects are driven by its most

abundant strains.

An efficient way to distinguish between these possibilities is

through the analysis of drop-out communities (Carlström et al.,

2019). We initially selected three strains (R83, R68, and R935)

for drop-out analysis because of their high abundance in the

community (Figure 2C) and their unique VOC profiles; R68 is

the major producer of 1-undecene, and R83 produces diverse

terpene compounds (Supplemental Table 1). Notably, although

the VOC profiles varied across the drop-out communities, their

effects on plants—growth promotion and primary root short-

ening—remained consistent (Figure 3A and 3B). Omission of

individual low-abundance strains, such as R131 or R77, did not

alter the PGP effect of the VOCs, which remained stable even

in the PGP community, which lacked nine strains compared

with 16 SC (Figure 4; Supplemental Figure 4). Thus, despite the

changes in community composition and VOC profiles,

the effects on the plants remained unchanged. Therefore, the

community seems to adapt its VOC production, for example, to

compensate for the loss of the three major DMDS producers.

This aligns with previous studies in both plant and human

microbial communities, where omitting specific strains has

consistently affected the abundance of other community

members (Carlström et al., 2019; Wang et al., 2023). However,

such changes in abundance are not uniformly distributed, e.g.,

in a human gut microbiome study, removal of individual strains

from a 107-member SynCom resulted in a large change in

abundance for only 8 strains (Wang et al., 2023). Our results are

fully concordant with this pattern, as drop-outs affected only a

limited number of other strains. Notably, the abundance of one

strain in our SynCom, R77 from the Caulobacteraceae, was al-

ways increased (Figure 3C). These alterations in 16 SC were

compensatory, such that the function of the drop-out commu-

nities, as measured by the effect of their VOCs on Arabidopsis, re-

mained unchanged compared with the full community.

Similarly, the analysis of a non-PGP community revealed that the

community can acquire a new function that is not present in any

individual strain (Figure 4). This is possible because the strains

forming 16 SC collectively produced 135 different volatiles, but

only 55 were present in the VOC profile of the full SynCom.

Although this could reflect differences in strain density between

pure cultures and the community, it may also represent an

emergent property arising from microbe–microbe interactions

that affect the metabolism and VOC emissions of the individual

strains. An example of a similar emergent function is the ability

of several Streptomyces strains to grow on chitin as the sole

carbon source in a community, but not in pure culture (McClure

et al., 2022). Another acquired community function is seen in

the maize C7 community, which has been shown to provide

plants with much better protection against a fungal pathogen

than any individual strain (Niu et al., 2017). Microbe–microbe

interactions were also clearly detected in the compositions of

the drop-out communities (Figure 3E), likely caused by changes

in the bacterial exometabolite balance, a primary determinant

of community composition (Getzke et al., 2023). VOCs have

also been shown to affect community composition (Yuan et al.,

2017). These metabolites, including diffusible antimicrobial

compounds, may underlie the dominance of a small number of

strains in our community (Figures 4C and 6B). In conclusion,

analysis of the non-PGP community suggests that its VOC-

mediated phenotypes are emergent and cannot be predicted

from the additive effects of the individual strains or even of a

few key species.

Sulfur-containing metabolites and growth promotion

Of the 135 compounds detected in the VOC blends, several

correlated with the PGP effects (Figure 5A) and promoted

growth as pure chemicals (Figure 5B). Interestingly, all tested

volatiles with PGP effects—2M5MTF, 2,4-DTP, and DMDS—

contain sulfur atoms. Among the 135 VOCs, 24 contain sulfur,

and 19 were detected among the 16 SC VOCs, forming 35% of

all compounds (Supplemental Table 1). However, many of

these compounds were particularly abundant, accounting for 8

of the 10 most abundant 16 SC VOCs. Nevertheless, there was

no correlation between the presence of any individual sulfur-

containing VOC, or the total number of such VOCs, and the

PGP properties of the VOC bouquets, indicating that the final

effect on the plant results from an interplay of multiple

compounds.

Among the sulfur-containing compounds, DMDS is of particular

interest, as it is commonly produced by microbiota and

plants and exhibits both PGP and antifungal activities (Meldau

et al., 2013; Lin et al., 2021). In our experiments, direct

exposure of plants to DMDS also led to growth promotion

(Figure 5). DMDS is synthesized via the sulfur metabolism

pathway in a wide range of bacteria, presumably through the

oxidation of methanethiol, which is derived from methionine by

MGL (Weisskopf et al., 2021). Radioisotope tracing has shown

that DMDS is incorporated into plant sulfur-containing com-

pounds and proteins; it also promotes growth, especially under

low-sulfur conditions (Meldau et al., 2013). DMDS can serve as

the sole source of both carbon and sulfur for various bacteria

via a pathway involving methanethiol, sulfide, formaldehyde,

and formate as intermediates (Figure 5C) (Smith and Kelly,

1988). However, the mechanism of DMDS assimilation in plants

is unclear, in contrast to that of hydrogen sulfide, another

sulfur-containing volatile, which is directly incorporated into

cysteine and can also serve as the sole sulfur source for plant

growth (Ausma and De Kok, 2019).

Our analysis of DMDS assimilation strongly suggests that, after

its reduction to methanethiol, DMDS is incorporated into

O-acetylserine by OAS-TL to form S-methylcysteine. This was

supported by the loss of DMDS-induced growth promotion in

the oastlA, oastlBC, and serat2;2 mutants (Figure 5D), and was

confirmed by the metabolite analysis, which showed increased

S-methylcysteine accumulation in the roots and shoots of

plants exposed to VOCs from DMDS-emitting 16 SC strains

(Figure 7). Correspondingly, DMDS induced OAS-TL

transcription in tobacco, corroborating the role of OAS-TL in

DMDS assimilation (Meldau et al., 2013). The reaction of DMDS

with O-acetylserine is well documented in plant sulfur meta-

bolism as part of methionine catabolism (Rébeillé et al., 2006),

and S-methylcysteine accumulates to significant levels in some

plant species, including common bean, other legumes, onion,

and garlic (Chen et al., 1970; Akash et al., 2014; Joshi et al.,

2019). Conversion of DMDS to S-methylcysteine increases the

availability of reduced sulfur for other metabolic activities and
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might, therefore, underlie DMDS-induced growth promotion. The

subsequent metabolic path of sulfur contained in S-

methylcysteine requires further investigation, but it likely follows

the methionine catabolism pathway. Importantly, because

some high DMDS emitters, such as R695 and R418, did not

promote growth, DMDS cannot be the only growth-promoting

component in the VOC blends. Notably, although the oastlA

and oastlBC mutants did not exhibit increased growth after

DMDS exposure, they gained fresh weight following incubation

with 16 SC (Supplemental Figure 7). This further indicates a

complex interplay of multiple compounds in modulating plant

responses to bacterial VOCs.

Priming function of bacterial VOCs

Because the drop-out experiments appeared to show that 16 SC

adapts its emitted VOCs to induce a consistent effect on plant

growth, the VOCs must also serve a function for the bacterial

community itself. One explanation is that enhanced plant growth

increases the availability of organic carbon for the microorgan-

isms and expands the endophytic space (Weisskopf et al.,

2021). However, our experiments revealed additional traits

affected by the bacterial VOCs that benefit the microbiota. The

reduction in the accumulation of defensive metabolites in the

plants and/or root exudates, such as camalexin, glucosinolates,

pipecolic acid, salicylic acid, scopolin, and skimmin, may

facilitate colonization (Figures 6 and 7). This may seem

counterintuitive, because camalexin has been shown to be

necessary for plant interactions with beneficial bacteria, i.e.,

low camalexin was associated with loss of growth promotion

(Koprivova et al., 2019). However, the function of camalexin

remains unclear, and low camalexin levels might actually

lead to greater bacterial proliferation and thus stronger biotic

stress, negating the growth benefits. Indeed, the loss of indolic

phytoalexins (such as camalexin and indolic glucosinolates) in

the Arabidopsis cyp79B2 cyp79B3 mutant caused otherwise

growth-promoting endophytic fungi (Sebacina vermifera, Pirifor-

mospora indica, and Colletotrichum tofieldiae) to grow exten-

sively in plant tissues, inhibiting plant growth and even causing

plant death (Lahrmann et al., 2015; Hiruma et al., 2016). In

addition, because bacterial root colonization triggers an initial

defense response that includes the production of reactive

oxygen species (Teixeira et al., 2021), the resulting

accumulation of ascorbate in roots and tocopherol in shoots

might prime the plants and reduce the effects of reactive

oxygen species. However, VOCs affect plant metabolism and

exudation to a much greater extent than defense compounds

alone. The rapid stimulation of the exudation of many primary

metabolites, including sugars and amino acids, increases

carbon availability for bacteria and may promote colonization

(Figure 7). In contrast, the reduced exudation of these

metabolites after 5 days may result from increased bacterial

growth in the plants or from a regulatory mechanism that limits

the attractiveness of the rhizosphere to further microorganisms.

Indeed, bacterial VOCs strongly affected both primary and sec-

ondary plant metabolism, and plants exposed to such VOCs ulti-

mately assembled an altered microbial community (Figure 6). This

is interesting because, traditionally, only plant-derived VOCs

have been implicated as factors in microbiome assembly (Liu

and Brettell, 2019). For example, the sand sedge Carex arenaria

changes its volatile profile following fungal infection, to

specifically attract bacteria with antifungal properties (Schulz-

Bohm et al., 2018). VOCs can also coordinate microbiome

assembly in neighboring plants, as demonstrated in tomato, in

which exposure to a β-caryophyllene signal alters root exudate

composition, leading to synchronization of the assembled

microbiome (Kong et al., 2021). Such signaling also occurs

between different plant species; VOCs from potato and

onion affect Pseudomonas and Bacillus recruitment in the

tomato rhizosphere, thereby promoting growth (Zhou et al.,

2024). Interestingly, the active compound in these cases was

dipropyl disulfide, a sulfur-containing volatile with effects similar

to those observed for DMDS or 2,4-DTP in our study. Fungi

also emit VOCs that modulate bacterial metabolism; for example,

VOCs from the fungal pathogen Fusarium culmorum induce

extensive transcriptional alterations in Serratia plymuthica, lead-

ing to synthesis of the volatile terpene compound sodorifen

(Schmidt et al., 2017). The effects of bacterial VOCs on other

bacteria have received less attention. VOCs from Bacillus

amyloliquefaciens NJN-6 have been shown to alter the composi-

tion of soil bacterial and fungal communities (Yuan et al., 2017);

however, the effect on plant colonization was not studied. Our

findings add a new perspective to the increasing knowledge of

how plants shape their microbiome; it seems that microbe

assembly might be controlled not only by the plant but also by

the microbes themselves. Whether this mechanism can be

exploited to predict or engineer plant-associated microbial

communities remains to be investigated. To better understand

how bacterial communities prime plants for colonization, the

mechanisms of action of individual VOCs must be

investigated—both alone and in combination—in plants and in

the bacterial community, using multi-omics approaches and

pathway manipulations. In addition, because our experiments

were performed under controlled conditions on agar plates, the

applicability of these results to natural soil ecosystems and

over longer time scales requires validation.

In summary, our work highlights that VOCs produced by bacterial

communities are likely important for plant–microbe communica-

tion and for shaping bacterial community composition. We

showed that a bacterial community emits a distinct VOC bouquet

that differs from the sum of the VOCs produced by its individual

members. We demonstrated that changes in community compo-

sition modulate VOC chemical profiles but have minimal effects

on VOC-mediated PGP. We identified several VOCs from 16

SC that exhibit PGP and proposed a mechanism by which

DMDS, one of the major VOCs, exerts its PGP effect. We also

showed that the ecological function of these VOCs seems to be

the priming of plants for bacterial colonization by altering in root

exudates and suppressing defense metabolites. The ability to

manipulate plant performance via bacterial VOCs, independent

of contact-dependent plant–microbe interactions, represents

an exciting and novel opportunity for improving plant health and

may lead to a deeper molecular understanding of the mecha-

nisms that drive overall plant performance under field conditions.

MATERIALS AND METHODS

Plant material and growth conditions

A. thaliana WT ecotype Columbia-0 (Col-0) was used for all experiments.

For the DMDS experiments, the mutant lines oastlA and oastlBC (SP1960,
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SALK_021183, SALK_000860; Heeg et al., 2008) were obtained from R.

Hell, University of Heidelberg, and serat2;2 (Kazusa_KG752), sbp1

(SALK_058073), and mgl (SALK_103805) were obtained from R. Hoefgen,

MPI Golm. Seeds were surface-sterilized for 5 min with 70% ethanol, fol-

lowed by a brief wash with 100% ethanol. Sterilized seeds were dried and

sown on square plates (Greiner, 120 × 120 mm) containing half-strength

Murashige and Skoog medium (½ MS) without sucrose and with 0.8%

Bacto Agar (pH 5.8). Plates were sealed with Micropore tape and kept

in the dark at 4◦C for 2–3 days for stratification, then transferred vertically

to a growth chamber (16 h light/8 h dark cycle, 21◦C/19◦C, 100 μmol/m2/s)

for germination for 5 days.

Bacterial growth conditions

The synthetic community of 16 strains (16 SC) was derived from the

SynCom At-SC3 (Wippel et al., 2021), with minor changes: Root1221

was replaced by Root29, and Root1485 was replaced by Root418. P.

simiae WCS417 (Pieterse et al., 2021) was used as a positive control.

Bacterial strains were cultured at 28◦C on solid medium containing

15 g/l tryptic soy broth (TSB) (Sigma-Aldrich) and 18 g/l Bacto Agar.

Information on individual strains can be found at At-RSPHERE (http://

www.at-sphere.com/) (Bai et al., 2015). Prior to the experiments, liquid

cultures were started from single bacterial colonies in 4 ml liquid TSB

and incubated overnight at 28◦C with shaking.

For VOC profiling of single strains, overnight cultures were diluted to

OD600 = 1 in 0.9% sodium chloride and 100 μl of each culture was inocu-

lated onto 1 ml of solid medium containing 15 g/l TSB and 18 g/l Bacto

Agar in 10 ml sterile glass headspace vials with crimp caps, then incu-

bated at 22◦C. To prepare the SynComs, 50 μl each of the 16 bacterial

strains (OD600 = 1) were combined and vortexed briefly, then 100 μl of

the mixture was used for inoculation. The bacteria were cultured under

a photosynthetic photon flux density of 100 μmol m− 2 s− 1

during a 16 h

photoperiod to match the conditions used for the plate-based system.

The duration of cultivation is specified in the individual experiments.

Co-cultivation of plants and bacteria

For the VOC experiments, warm ½ MS medium containing 10 g/l Bacto

Agar was poured into square Petri dishes (Greiner, 120 × 120 mm), with

a small Petri dish lid (Greiner, 35 × 10 mm) positioned at the center of

the bottom part of the plate (Supplemental Figure 1A). The small dish

was filled with 4 ml TSB agar medium and allowed to solidify. Five-day-

old Col-0 seedlings were placed approximately 1 cm below the top of

the square plate. For NBC and combined experiments, 100 μl of bacterial

culture (OD600 = 1, in 0.9% NaCl; individual strains or 16 SC SynCom) were

added to the small Petri dish. For controls and DBC experiments, 0.9%

NaCl was added to the small TSB dish. For DBC, we followed a previously

established protocol (Ma et al., 2021). In brief, strains were adjusted to

OD600 = 0.2 using 0.9% NaCl, and 150 μl of each bacterial culture was

added to 50 ml of 40◦C warm ½ MS agar medium to yield a final density

of OD600 = 0.0005. The mixture was poured into a square Petri dish and

stored at room temperature overnight before seedling transfer. For the

control treatment, 150 μl of 0.9% NaCl was added to 50 ml of ½ MS

agar medium at 40◦C. All plates were sealed with Micropore tape after

inoculation and placed vertically in random order in a growth chamber

(16 h light/8 h dark cycle, 21◦C/19◦C, 100 μmol/m2/s). Pictures were taken

after 10 days of VOC exposure (15-day-old seedlings), after which the

plants were harvested for fresh weight and metabolite analyses. PRL

and LRN were quantified manually from the photographs using ImageJ

(Fiji) (Schindelin et al., 2012).

Bacterial profiling

Bacterial DNA for community profiling of pure SynComs was isolated via

alkaline lysis. A streak of bacteria was resuspended in 200 μl of 0.9%

NaCl, and 12 μl of the suspension was added to 20 μl of buffer I (25 mM

NaOH, 0.2 mM EDTA(Na) [pH 12]), mixed by pipetting, and incubated at

94◦C for 30 min. To neutralize the pH, 20 μl of buffer II (40 mM Tris–

HCl [pH 7.46]) was added. The communities were profiled by amplicon

sequencing of the variable V5–V7 regions of the bacterial 16S rRNA

gene. Library preparation for Illumina MiSeq sequencing was performed

as described previously (Durán et al., 2018). In all experiments, sample

multiplexing was performed using double-indexing (barcoded forward

and reverse primers for 16S rRNA gene amplification). Amplicon

sequencing data were demultiplexed according to their barcode

sequences using the QIIME pipeline (Caporaso et al., 2010). Quality-

filtered, merged paired-end reads were aligned to reference sequences

extracted from the whole-genome assemblies of each strain included in

a SynCom, using Rbec (v1.0.0) (Zhang et al., 2021). A count table was

generated, RAs were calculated, and these were used for downstream

diversity analyses in R (v4.0.3) with the vegan package (v2.5–6; vegdist

function with method = ‘‘bray’’ for Bray–Curtis dissimilarities). Amplicon

data were visualized using the ggplot2 package (v3.3.0) (Wickham,

2016). To quantitatively compare the RAs of individual strains in drop-

out SynComs vs. the 16-member SynCom, reads corresponding to the

omitted strain were removed from the count table of the full SynCom sam-

ples prior to RA calculation.

For priming experiments, DNA was extracted from plant roots using the

FastDNA SPIN Kit for Soil (MP Biomedicals, Solon). DNA was eluted

with 40 μl of nuclease-free water. The rRNA amplification, library prepara-

tion, amplicon sequencing, and raw data generation were performed by

Novogene.

VOC profiling of bacterial strains and communities

VOCs were analyzed using a Trace 1300 gas chromatograph coupled with

a Q Exactive GC Orbitrap tandem mass spectrometer (Thermo Fisher).

One milliliter of the gas phase was directly injected using a TriPlus RSH

Autosampler (syringe temperature 100◦C; Thermo Fisher) into the injec-

tion port (inlet temperature 200◦C, splitless time 0.8 min, purge flow rate

5.0 ml/min, split flow rate 10.0 ml/min) connected to a TG-5SilMS GC col-

umn (30 m× 0.25 mm× 0.25 μm; Thermo Fisher) with helium as the carrier

gas at a constant flow rate of 1 ml/min.

VOCs were collected using an SPME fiber assembly (divinylbenzene/car-

boxen/polydimethylsiloxane [DVB/CAR/PDMS], film thickness 50/30 μm,

length 1 cm; Supelco) coupled with an SPME fiber holder (Supelco). The

fiber was exposed to the headspace in the vial for 35 min at 22◦C to absorb

VOCs, then manually inserted into the injection port for 5 min (inlet temper-

ature 250◦C, splitless time 4 min, purge flow rate 5.0 ml/min, split flow rate

10.0 ml/min) connected to a TG-5SilMS GC column with helium as the car-

rier gas at a constant flow rate of 1 ml/min. The column was heated to

320◦C between samples.

Metabolites were separated over a 23-min gradient (held at 30◦C for 5 min,

then increased at 10◦C/min until 260◦C, then a 2-min hold) and ionized us-

ing electron ionization mode (electron energy 70 eV, emission current 50

μA, transfer line and ion source temperature 250◦C). The mass spectrom-

eter operated in full scan mode (resolution 60 000, scan range m/z 30–500)

with automatic maximum injection time, automatic gain control set to

1e6, and internal lock-mass calibration using the background ion

C5H15O3Si3 (m/z 207.0323).

Data were analyzed using Compound Discoverer 3.3 (Thermo Fisher) and

searched against the NIST2014 and GC-Orbitrap Metabolomics libraries

(peak detection settings: mass tolerance, 5 ppm; TIC threshold, 10,000;

S/N threshold, 3; smoothing, 9; ion overlap window, 90%; group com-

pound settings: RT tolerance, 6 s). Retention indices were calculated us-

ing a saturated alkane standard solution (C8–C40). The metabolites were

annotated using spectral similarity and retention index comparison. The

detectable molecular ion was also considered during the identification.

Only metabolites that met the identification criteria (score > 75 and ΔRI

< 2%) were retained. Due to the structural diversity of terpenes, only mo-

lecular composition was reported. The identification of DMDS and
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1-undecene was confirmed by comparison with the corresponding stan-

dards. The final evaluation was performed by manual inspection using

Skyline 19.1 (Pino et al., 2020). Only peaks fulfilling stringent criteria

(absent in blanks and with at least three specific fragment ions) were

retained.

Pure compound application

DMDS (Sigma-Aldrich), 2-methyl-5-(methylthio)furan (Thermo Scientific),

2,4-dithiapentane (Sigma-Aldrich), and S-methyl thiobutyrate (Thermo

Scientific) were diluted to concentrations of 10–500 μM in ethanol. A cot-

ton bud was placed inside a TSA-containing small Petri dish within the

VOC plate system (Supplemental Figure 1A), and 50 μl of each

solution was used, with 50 μl of ethanol as the control. 1-Undecene

(Sigma-Aldrich) was diluted in chloroform (Sigma-Aldrich), and 50 μl was

used in the same manner, with 50 μl of chloroform as the control. The

plants were then grown for another 10 days while sealed with

microporous tape, as in the bacterial culture experiments.

Priming experiment

Five-day-old plants were transferred to NBC plates (Supplemental

Figure 1A) inoculated with 16 SC, as described above, or with sterile

medium as a control, and grown for 5 days. Both VOC-treated and

untreated plants were then transferred to DBC plates containing 16 SC

and cultivated for an additional 7 days. As a control, mock-treated

plants were transferred to plates without bacterial inoculation. During

harvesting, root material was collected under sterile conditions. Roots

were washed with sterile 10 mM MgSO4, transferred to Lysing Matrix E

tubes, flash-frozen in liquid nitrogen, and stored at − 80◦C for bacterial

DNA extraction, as described in the community profiling section.

Analysis of defense compounds

Camalexin was extracted from ∼20 mg of shoot tissue (fresh weight) in

100 μl of dimethylsulfoxide for 20 min with shaking at 1,000 rpm. After

centrifugation for 20 min at maximum speed, 20 μl was injected into a

Thermo Scientific Dionex UltiMate 3000 HPLC system equipped with a

Waters Spherisorb ODS-2 column (250 mm × 4.6 mm, 5 μm). Samples

were resolved using a gradient of 0.01% (v/v) formic acid (solvent A)

and a mixture of 98% (v/v) acetonitrile, 2% (v/v) water, and 0.01% (v/v) for-

mic acid (solvent B). The gradient program was as follows: 97% A for

5 min; 90% A in 5 min; 40% A in 8 min; 20% A in 2 min; 0% A in 20 min

and held at 0% A for 10 min; 100% A in 2.5 min and held at 100% A for

3.5 min; 97% A in 2 min and held at 97% A for 2 min. Camalexin was de-

tected using a fluorescence detector with excitation at 318 nm and emis-

sion at 368 nm (sensitivity set to 3), as described in Koprivova et al. (2019).

Glucosinolates were determined in shoots using the protocol from Dietzen

et al. (2020). In brief, ∼25 mg of tissue was homogenized in 500 μl of hot

(70◦C) 70% methanol in water, with 2.5 nmol sinigrin used as an internal

standard. The extract was incubated at 70◦C for 45 min, centrifuged,

and loaded onto columns containing 0.5 ml of DEAE-Sephadex A-25. Col-

umns were washed twice with 0.5 ml H2O and twice with 0.02 M sodium

acetate. Then, 75 μl of sulfatase preparation (30 U) was added to each col-

umn and incubated overnight. Desulfo-glucosinolates were eluted twice

with 0.5 ml of sterile H2O, followed by a final elution with 0.25 ml. The com-

bined eluates were analyzed by HPLC (Spherisorb ODS-2, 250 × 4.6 mm,

5 μm; Waters) using a gradient of acetonitrile in water and detected by UV

absorption at 229 nm. Glucosinolates were quantified using the internal

standard and response factors as described in Dietzen et al. (2020).

Exudate analysis

Plants transferred to NBC conditions for priming with 16 SC were used for

exudate collection. After 2 or 5 days of VOC exposure, the seedlings were

transferred into 12-well plates containing 1 ml of sterile Milli-Q water and

incubated for 2 h. The 1 ml exudates were collected and flash-frozen in

liquid nitrogen. Roots and shoots were separated and frozen for subse-

quent metabolic analysis.

Exudate samples were spiked with [13C]L-valine for internal calibration

and dried in a speed-vacuum concentrator. Samples were derivatized us-

ing 10 μl of methoximation solution (40 mg methoxyamine hydrochloride in

1 ml pyridine) and incubated for 90 min at 30◦C with continuous shaking.

Then, 40 μl of silylation solution (N-methyl-N-trimethylsilyltrifluoroaceta-

mide) was added, and the mixture was incubated for 30 min at 37◦C

with continuous shaking, followed by GC–MS analysis.

Metabolite analysis and GC–MS

Root and shoot samples were lyophilized and homogenized in a RETSCH

mill using grinding balls (5 min, 30 Hz). Homogenized plant tissue (six bio-

logical replicates per condition) was extracted using 0.3 ml of pre-cooled

(− 20◦C) MTBE/methanol (3:1, v/v) spiked with [13C]L-valine, following

Berková et al. (2024) with minor modifications. The extracts were

vortexed using a RETSCH mill (2 min, 30 Hz, pre-cooled rack), then son-

icated for 15 min in an ice-cooled sonication bath. Metabolites were ex-

tracted overnight at − 20◦C, and then the sonication and vortexing steps

were repeated. Samples were centrifuged for 10 min at 10 000 g at 4◦C,

and the supernatant was transferred to new 2 ml microcentrifuge tubes.

The precipitated pellet was washed with 0.15 ml of methanol and vortexed

using a RETSCH mill (2 min, 30 Hz, pre-cooled rack). Samples were centri-

fuged again for 10 min at 10 000 g at 4◦C, and the supernatant was com-

bined with the initial supernatant. The combined sample was mixed, ali-

quoted into new 1.5 ml tubes, and dried in a speed-vacuum

concentrator. Samples were dissolved in 15 μl of pyridine and derivatized

by incubation with 60 μl of silylation solution (N-methyl-N-

trimethylsilyltrifluoroacetamide) for 30 min at 37◦C with continuous

shaking.

Derivatized metabolites from plant tissue and exudates were injected onto

a TG-5SILMS GC column (30 m × 0.25 mm × 0.25 μm; Thermo Fisher),

separated using a 28 min temperature gradient (70◦C–320◦C), and ionized

using electron ionization mode (electron energy, 70 eV; emission current,

50 μA; transfer line and ion source temperature, 250◦C) (Dufková et al.,

2023). Data were analyzed using Compound Discoverer 3.3 (Thermo

Fisher; peak detection, 5 ppm; TIC threshold, 25,000; S/N threshold, 3)

and searched against the NIST2023 library, the GC-Orbitrap metabolo-

mics library, and an in-house library. Only metabolites that met the iden-

tification criteria (score > 75 and ΔRI < 2%) were retained. Quantitative dif-

ferences were validated using manual peak assignment in Skyline 19.1

(Pino et al., 2020).

Statistical analysis

Pairwise comparisons were performed using two-tailed Student’s t-tests

in Microsoft Excel (treatment mean vs. control mean). GraphPad version

10 was used for Shapiro–Wilk normality tests and to conduct one-way

ANOVA with Tukey’s HSD (honestly significant difference) post hoc pair-

wise t-tests when ANOVA assumptions were met. Alternatively, either

the Kruskal–Wallis test or the Welch and Brown–Forsythe tests, followed

by Dunnett’s test, were performed. Letters and asterisks (*) indicate statis-

tically significant differences between means (p < 0.05). Graphs were

generated using GraphPad versions 8.02 and 10, R, or Excel. For box-

plots, the central bar indicates the median, the lower and upper box limits

indicate the 25th and 75th percentiles, respectively, whiskers indicate the

minimum and maximum values, and closed dots indicate individual sam-

ples. PCA analyses were performed in ClustVis (Metsalu and Vilo, 2015).

The data were derived from 4 independent Petri dishes, each containing

10 plants, and all experiments were independently repeated at least twice.
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