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Therhizosphereis a niche surrounding plant roots, where soluble and

volatile molecules mediate signaling between plants and the associated
microbiota. The preferred lifestyle of soil microorganismsis in the form
of biofilms. However, less is known about whether root volatile organic
compounds (rVOCs) can influence soil biofilms beyond the 2-10 mm
rhizosphere zone influenced by root exudates. We report that rVOCs

shift the microbiome composition and growth dynamics of complex soil
biofilms. This signaling is evolutionarily conserved from ferns to higher
plants. Methyljasmonate (MeJA) is a bioactive signal of rVOCs that rapidly
triggers both biofilm and microbiome changes. In contrast to the planktonic
community, the resulting biofilm community provides ecological benefits
tothe host from a distance viagrowth enhancement. Thus, a volatile host
defense signal, MeJA, is co-opted for assembling host-beneficial biofilms
inthe soil microbiota and extending the sphere of host influence in the

rhizosphere.

Alarge percentage of microorganisms in nature reside in biofilms,
where they are attached to a surface and embedded in a self-secreted
polymeric matrix, in contrast to their free-floating or planktonic coun-
terparts'. The diversity of these microorganisms is among the highest
insoils, whichare atleast ten times higher than that of the human gut or
other high-diversity environments. This high diversityis also reflected
inthe communities within the biofilms, whichis the preferred lifestyle
modeinsoils for allmicroorganisms?. Multispecies biofilms in the soil
can lead to emergent functions in communities that are not found
in the planktonic mode for the same microorganisms**. Some such
emergent functions include adhesion-cohesion capability’, nutrient
sourcing, metabolic exchange®’, communication and stability against

environmental stress®. Plant-root-associated microorganisms are
nearly 100-fold more abundant in vegetated soils than in soils lacking
hostinfluence’. This is mainly because plants release up to 40% of the
photosynthetically fixed carbon as root exudates and volatile organic
compounds (VOCs)', thereby influencing the chemical ecology of
root environments.

The chemical milieu around the host roots exerts a feed-forward
influence in shaping the rhizosphere microbiome, which is distinct
from the bulk soil microbiome™'?, This zone of rhizospheric influence
extends 2-10 mm from the root surface”. Within this zone, several
mediators of community assembly have been identified, such as cou-
marins, benzoxazinoids, salicylic acid and flavones. The resulting

'Singapore Centre for Environmental Life Science Engineering (SCELSE), Singapore, Singapore. 2Department of Biological Sciences, National University
of Singapore, Singapore, Singapore. *Wilmar Innovation Center, Wilmar International Ltd., Singapore, Singapore. “NUS Synthetic Biology for Clinical
and Technological Innovation (SynCTl), National University of Singapore, Singapore, Singapore. °School of Biological Sciences, Nanyang Technological
University, Singapore, Singapore. °School of Biological, Earth Environmental Sciences, University of New South Wales, Sydney, New South Wales,
Australia. ’Centre for Marine Science and Innovation, University of New South Wales, Sydney, New South Wales, Australia. 8NUS Environmental Research

Institute, Singapore, Singapore. °These authors contributed equally: Omkar S. Kulkarni, Mrinmoy Mazumder.

e-mail: sanjay@nus.edu.sg

Nature Chemical Biology | Volume 20 | April 2024 | 473-483

473


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-023-01462-8
http://orcid.org/0000-0001-6997-9999
http://orcid.org/0000-0002-0926-0373
http://orcid.org/0000-0001-6391-0624
http://crossmark.crossref.org/dialog/?doi=10.1038/s41589-023-01462-8&domain=pdf
mailto:sanjay@nus.edu.sg

Article

https://doi.org/10.1038/s41589-023-01462-8

microbiome provides beneficial feedback to the host under both
favorable and adverse environmental conditions'. Some of the root
exudate components, such as polysaccharides®, fumaric acid and
citricacid'®, promote biofilm formation in individual microbial strains,
mainly Bacillus sp. These biofilms provide beneficial functions to hosts
throughmicroorganism-microorganisminteractions, leading todirect
protection against pathogens” and indirect protection through the
induction of stress tolerance in hosts". Inaddition, such biofilms also
aid nutritional provisioning through nitrogen fixation'. However, com-
pared toroot exudate-mediated microbiome regulation, theimpact of
root VOCs (rVOCs) onthe soil microbiome has been less well explored.

While root exudates are rich in soluble compounds, roots
also release several rVOCs, such as terpenes, sesquiterpenes and
sulfur-containing metabolites?°. These VOCs have a low molecular
weight (100-500 Da) and high vapor pressure”. These properties allow
themto diffuse more readily through soil particles and have important
biologicalroles, such asimproving bacterial quorumsensing, increas-
ing the attraction of nematodes upon attack by root-eating beetles?,
and attracting microorganisms with antifungal properties upon fungal
infection of roots?. However, less is known about the role of rvOCs in
assembling biofilms in the soil microbiota.

In this study, we revealed bidirectional VOC-mediated biologi-
cal effects between rVOCs on microbial biofilms and the effects of
biofilm VOCs back on plants. We first investigated the influence of
rVOCs on complex soil microbial biofilms. Using a new airflow system
todirect rVOCs from plants growing in soil toward aninoculum of the
soil microbiota, we discovered that rVOCs can promote biofilm forma-
tioninthe soil microbiota. Next, we adopted aplant genetic approach
toidentify the bioactive class and the corresponding compound from
rVOCs with the ability to promote biofilm formation. We confirmed the
presence of the bioactive compound through targeted VOC profiling.
We performed live imaging to investigate the effect of the pure bioac-
tive compound on biofilm growth dynamics. Furthermore, several
differentially abundant taxa were identified in the biofilm community
in response to total rVOCs and the pure bioactive compound. Lastly,
we demonstrated that the resultant biofilms could also promote plant
growth from a distance.

Results

Plant root VOCs promote biofilms in soil microbial community
To understand the effects of plant VOCs on PGPRs, we cocultured a
known model PGPR, Pseudomonas protegens Pf-5, with Arabidopsis
seedlings in vitro with a shared headspace without physical contact
to ensure only gaseous interaction (Extended Data Fig. 1a,b). We then
performed transcriptome profiling of P. protegens Pf-5 with and with-
out plant VOCs 3 d postinoculation. We observed that P. protegens
Pf-5 exposed to plant VOCs showed overall repression of metabolic
pathways and flagellar motility-related genes. At the same time, we
also observed a significant upregulation of certain biofilm-related
genes (such as dppA—involved in chemotaxis, AlgD—involved in algi-
nate biosynthesis) compared to thatin P. protegens Pf-5 without plant
VOCs. Such reprogramming of metabolic and motility-related genes
suggests abiofilm lifestyle**. This led us to hypothesize that plant VOCs
promote biofilm formation not only in single species but perhaps also
in complex soil microbiomes.

To test the effect of total plant VOCs on the soil microbiome com-
munity (Fig. 1a), we first exposed the soil microbiome suspension to
VOCs from 14-d-old Arabidopsis seedlings in a static headspace plate
assay system (Fig. 1b; Static system assembly). At 24 h, the microbi-
ota exposed to plant VOCs showed substantially higher biofilm bio-
mass compared to the control without plants (Fig. 1c). Next, to test
whether the roots were the source of these biofilm-inducing VOCs
(referredtohere asrVOCs), we designed amodular ‘push-pull airflow
dynamic system’ (Fig. 1d and Supplementary Video 1; Dynamic sys-
tem assembly) that directed sterile and humid airflow through plant

roots toward the inoculum of the soil microbiome. Consistent with
the phenomenon observed in the ‘static system’ assay, the microbiota
exposed to rVOCs showed substantially increased biofilm biomass at
40 h (Fig. 1e). rVOC-induced biofilms were formed independently of
soil types (Extended Data Fig. 2a). The lower bacterial counts in the
rVOCs-exposed planktonic phase and higher bacterial counts in the
rVOCs-exposed biofilm phase (Extended Data Fig. 3a) also confirmed
that the observed phenomenon was not universal growth promotion
of bacteria butinduction of biofilm formation.

To further determine the universality of the observed phenom-
enon, we tested theinduction of biofilms by rVOCs from different plant
species spread across the plant kingdom (pteridophyte, monocots and
dicots) thatare separated by atleast 400 million years of evolution. We
used the dynamic push-pullsystem due toitsadvantagein testing VOC
activity from soil-grown roots (rVOCs). In all cases, rVOCs from these
diverse plant species promoted biofilm formation in the soil microbiota
with slight differences in resulting trends (Fig. 1f).

Oxylipins are the major class of rVOCs that promote biofilms
Toidentify the class(s) of plant rVOCs responsible for triggering biofilm
formationin the soil microbiome, we adopted a genetic approach for
screening mutant lines of Arabidopsis defective in the biosynthesis of
the major known classes of plant VOCs, namely, benzenoids, oxylipins,
phenylpropanoids, alkylglucosinolates, isothiocyanates and terpe-
noids (Fig. 2a). To validate the metabolite defects in the biosynthetic
mutant lines, we conducted untargeted comparative profiling of rVOCs
using thermal desorption-gas chromatography-mass spectrometry
(TD-GC/MS) for the WT and all the mutant lines used in our study. From
the rVOCs of WT plants, 23 volatile compounds were identified after
subtracting the VOCs from the soil. The rVOCs included benzenoids,
fatty alcohols/oxylipins, phenylpropanoids and terpenoids, among oth-
ers (Supplementary Table1). Several r'VOCs from WT plants, belonging
tothefatty alcohol classes, were not detected in oxylipin biosynthetic
mutantssuch as loxI and hpll (Supplementary Table 1). Similarly, when
compared tothe WT rVOC profile, phenylpropanoids and benzenoids
for pall and terpenoids for gpps were not detected in these mutant
lines, respectively. Isothiocyanates and glucosinolates were not
detected among WT rVOCs. These mutants were still included in the
biofilm screening as the lack of detection of these VOC classes could
also be due to their low concentrations or adsorption/desorption
properties.

Of the ten mutant lines defective in the biosynthesis of the previ-
ously mentioned VOC classes, only the four mutant lines defective in
the oxylipin biosynthetic pathway and phenylpropanoid pathway (lox1,
hpll, jmt and pall) produced substantially less biofilm biomass than
the WT controls in the static assay system (Fig. 2b). We further tested
these four mutants along withgpps and ggppsin the dynamic push-pull
system for the ability of their rVOCs toinduce biofilms. In this assay, only
oxylipin mutants (hpl1, jmt and lox1) were unable to promote biofilm
formation compared to the corresponding WT controls (Fig. 2c). Taken
together, these results suggest the role of oxylipins as bioactive compo-
nents of rVOCs in promoting biofilm formationin the soil microbiome.

Methyl jasmonateis a potent rVOC that promotes biofilms

Methyl jasmonate (MeJA) is one of the major bioactive compounds in
the oxylipin class of plant volatiles. Given the involvement of the LOX1
and/MT genesin MeJA biosynthesis® and theinability of their mutants
to promote biofilms, we tested whether the plant roots release MeJA as
aVOC. We detected the presence of MeJA in the rVOCs of Arabidopsis
using a polymer-packed cartridge followed by direct TD (Fig. 3a and
Extended Data Fig.4a-c). MeJA levels were substantially higher in WT
Arabidopsis seedlings thaninboth soil and jm¢ mutants in the dynamic
system, thus showing that the MeJA detected was of plant origin (Fig. 3b).
Totest whether MeJA originated from roots or shoots, we soaked pieces
of filter paper with MeJA and placed them above or within the soil along
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Fig.1|Plantroot VOCs promote biofilm formation in the soil microbial
community. a, Soil microbiota inoculum preparation. b, Static system

for assaying the effect of plant VOCs on the microbiota. ¢, Biofilm growth
quantification in the static system with volatiles from Arabidopsis thaliana using
CV staining. Boxes range from the first (lower end) to the third quartiles (upper
end), center lines denote the median values and whiskers show data lying within
1.5xinterquartile range of the lower and upper quartiles. Data points at the ends
of whiskers denote outliers (n = 7-9 independent biological replicates, P values
calculated using two-sided parametric ¢ test). d, Dynamic push-pull system

to assay the effect of plant root volatiles (rVOCs) on the soil microbiotain the
recipient chamber. e, Biofilm biomass quantification in the dynamic system
exposed to rVOCs from Arabidopsis thaliana using CV staining. Boxes range from
thefirst (lower end) to the third quartiles (upper end), center lines denote the

median values and whiskers show data lying within1.5x interquartile range of the
lower and upper quartiles. Data points at the ends of whiskers denote outliers
(n=8independent biological replicates, each push-pull setup is treated as one
pair of biological replicates, each dot represents a biological replicate thatis an
average of four technical replicates and P values were calculated using a two-sided
paired t test). f, Biofilm quantification with and without rVOCs from a variety

of species (n =3-4 independent biological replicates, each push-pull setup

is treated as one pair of biological replicates, each dot represents a biological
replicate, whichis an average of four technical replicates, error bars indicate ts.e.
and Pvalues were calculated using a two-sided paired ¢ test); asterisk signifies
P<0.05and dotsignifies P < 0.1. Cartoons were created using the licensed version
of www.biorender.com. ChF, charcoal filter; MF, microbial filter; GB, gas wash
bottle; SC, source chamber; RC, receiving chamber; MI, microbiota inoculum.

withjmt mutants (Extended DataFig.4a,b). The levels of MeJA detected
in the rVOCs from filters placed on leaves of jmt mutants were com-
parable to those in jmt without the filters or in the soil alone, thereby
establishing that the MeJA was released from the belowground portion
of the plants.

AsMeJA can existinboth soluble and volatile forms, we tested its
biofilm-promoting activity using both forms. To test the effect of the
volatile form, we spiked 5,25 and 50 pmol of MeJA in the soil chamber
of the dynamic system setup and quantified changes in the biofilmin
the recipient chamber. The potency of MeJA in biofilm promotion was
gradually higher at concentrations of 5and 25 pmol, and subsequently
declined at the concentration of 50 pmol (Fig. 3c). To test the effect of
the soluble form and to study the spatiotemporal dynamics of MeJAin
promoting biofilms, we quantified the biovolumes of the soil microbi-
ome and matrix of the biofilms in both time-dependent (0-24 h) and
MeJA concentration-dependent (0,1, 5and 25 nM) manners using live
confocalimaging (Fig.3d,e, Supplementary Video 2 and Extended Data
Fig. 5a). The microbiota treated with 5 nM MeJA showed increasingly
higher biofilm growth compared to the control (Fig. 3f). Theinteraction
oftime and 5 nM treatment was statistically significant compared to the
nontreated biofilms, as shown by the mixed-effects model (Fig. 3fand
Supplementary Table 2). Similarly, 5 nM MeJA also promoted biofilm
matrix formation, compared to nontreated biofilms (Fig. 3g, Supple-
mentary Video 3 and Supplementary Table 3). The influence of MeJA
appeared earlier inthe matrix starting from 7 h onward, in contrast to
microbial biovolumes, which differed from 15 h onward (Fig. 3f-g).

The overall results confirmed that both liquid and volatile forms
of MeJA could promote biofilm formation in the soil microbiotain a
dose-dependent manner, whichisnon-linearinnature. The results also
revealed that MeJA affected both the microbial and matrix components
to modulate biofilm growth dynamics.

Biofilm community response to rVOCs is polyphyletic

Together, the following three lines of evidence, namely, (1) compro-
mised ability to induce biofilm formation by the jmt mutant (Fig. 2¢c);
(2) release of volatile MeJA from plant roots (Fig. 3a); and (3) biofilm
induction by pure MeJA (Fig. 3¢), indicate that root-derived volatile
MeJA promotes biofilm formationin the soil microbiota. This was fur-
ther corroborated by the finding that the WT rVOCs and the rVOCs
from thejmt mutant complemented with pure MeJA (jmt + MeJA) were
equally effectivein inducing biofilm formation, suggesting that MeJA
isakey factorinthis process (Extended DataFig. 6). Through 16S rRNA
gene amplicon sequencing, we next investigated how taxonomically
diverse members of the soil microbiome respond to WT rVOCs and
MeJA (Fig.4a). Theresults of the time-series analysis of biofilm growth
dynamicsinresponsetoMeJA, asshownin Fig. 3f, indicated that there
wasanincreaseinbiomass starting at 15 h, and thisincrease remained
persistent at 20 h and beyond. The appearance of higher biomassat15 h
suggested that thiswas acritical time pointin the growth process, cor-
respondingto astage of rapid growth or proliferation. The persistence
of the higher biomass at 20 h and beyond suggested that the biofilm
was able to maintain this growth rate over an extended period. Based
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Fig.2| Oxylipins are the major class of root volatiles involved in biofilm
promeotion. a, Major volatile biosynthetic pathways in Arabidopsis and the
selected biosynthetic mutant (red) gene names: gpps, geranyl pyrophosphate
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83, subfamily a, polypeptide 1; Apl, hydroperoxide lyase; lox1, lipoxygenase-1;
pall, phenylalanine ammonialyasel; fps1, farnesyl pyrophosphate synthase-1;
jmt, jasmonate methyltransferase. b, Crystal violet staining assay performed

to screen biosynthetic mutants with biofilm promotion ability or lack thereof
inthe static system. The solid black dot denotes the mean, and the error bars
indicate the s.e. of means (n = 3-16 independent biological replicates, Pvalues
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rVOCs biofilms to that of individual mutants); triple asterisk signifies P < 0.001,
single asterisk signifies P < 0.05 and dot signifies P < 0.1. ¢, Crystal violet staining
assay performed on selective mutants in dynamic system. Boxes range from the
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values and whiskers show data lying within 1.5x interquartile range of the lower
and upper quartiles. Data points at the ends of whiskers denote outliers (each
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on this information, we chose 16 and 24 h of time points as the early
and late stages of biofilm formation for microbial composition analysis
with sufficient sequencing depth (Extended Data Fig. 7b).

Alpha diversity was substantially higher in the biofilm than in
the planktonic phases across all samples (Fig. 4b and Extended Data
Fig. 7c). All biofilm communities induced due to different VOC treat-
ments had comparable diversity (Shannon index; Supplementary
Table 4). After prevalence filtering, the inoculum consisted of 1,241
amplicon sequence variants (ASVs), which differentiated into biofilm
(1,039 ASVs) and planktonic (962 ASVs) lifestyles with a high degree
of overlap. Across the biofilm and planktonic samples, different VOC
treatments explained only 2-6% of the total variance (Extended Data
Fig. 7e), implying that there was no major compositional turnover of
the community within the 24-h time frame. We further investigated
the changes in the abundance of specific strains in the community.

To determine the absolute abundance of each ASV in the bio-
film community, we integrated the bacterial load (through qPCR) of
each sample with its microbiome profile (Extended Data Fig. 7a,d).
To identify the biofilm members responding to WT rVOCs, we com-
pared the soil VOC-induced and WT rVOC-induced biofilm commu-
nities. Similarly, we identified MeJA-responsive biofilm members
by comparing jmt rVOCs-induced and jmt + MeJA-induced biofilm
communities.

The WT rVOCs induced a significant shift in the abundance of
~8% (86 ASVs, including 24 promoted and 62 repressed ASVs) of the

biofilm community compared to those exposed to soil VOCs (Fig. 4c
and Supplementary Table 5). Interestingly, the responding subcom-
munity differed between 16 and 24 h. MeJA also induced a significant
shiftin the abundance of ~10% (103 ASVs, including 21 promoted and
82 repressed ASVs) of the biofilm community (Fig. 4d and Supplemen-
tary Table 6). Similar to rVOC responders, MeJA responders varied
between 16 and 24 h, indicating rapid community succession. Apart
from that, we also found that ~15% of the total affected taxa were com-
mon between rVOCs and MeJA responders (Extended Data Fig. 6b and
Supplementary Table 7). The community shift after 16 h aligns with
the shift in biovolume over a similar time frame in response to MeJA
(Fig. 3f). The MeJA- and rVOC-responder communities, atboth 16 and
24 h, consisted mostly of repressed taxa compared to induced taxa
(Fig. 4c,d). In the given context, the reduced signal for specific taxa
could be due to two possible reasons such as taxa-specific DNA deg-
radation or taxa-specific growth suppression. Determining the exact
cause of the reduced signal for specific taxa would require further
investigation. In response to MeJA treatment for 16 h, there was over-
all repression of metabolic biosynthetic pathways based on their
predicted functions, which is consistent with the lifestyle shift from
planktonic to biofilm mode (Extended Data Fig. 8a and Supplementary
Table 8).Interestingly, this repressionislifted after the community shift
occurs at 24 h (Extended Data Fig. 8a).

Overall, rVOCs and MeJA dynamically induce subtle changes in
phylogenetically diverse strains within soil microbiome biofilms.
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Fig.3|Methyl jasmonate is a potent rVOC that acts as asignal to promote
biofilm formation in the soil microbiome. a, Extracted ion chromatogram
forions belonging to MeJA (83,151 and 224) obtained from TD-GC/MS of VOCs
from the soil, jmt roots and WT roots. b, MeJA quantifier ion (83) intensity in
VOCs captured from the soil, roots of jmt and WT Arabidopsis. The solid black
dot denotes the mean, and the error bars indicate the s.e. of means (n = 4-5
independent biological replicates; P values were calculated using the two-sided
Wilcoxon test, asterisk signifies P < 0.05). ¢, Quantification of biofilms formed
after treatment with different concentrations of MeJA in the push-pull dynamic
system using a crystal violet staining assay. Boxes range from the first (lower
end) to the third quartiles (upper end), center lines denote the median values
and whiskers show data lying within 1.5x interquartile range of the lower and
upper quartiles. Data points at the ends of whiskers denote outliers (boxplot and
Pvalues are based on four biological replicates, whereas the gray dots indicate
technical replicates; Pvalues were calculated by a two-sided paired ¢ test using

Hours

the values from biological replicates); asterisk signifies P < 0.05 and dot signifies
P<0.1.d, Representative snapshots of soil microbiota biofilms (nucleic acids)
stained with SYTO9 treated (right) or not treated (left) with 5 nM MeJA. The scale
bar denotes 5 um (n = 4-5independent biological replicates in different wells
ofthechamberslide). e, Representative snapshots of soil microbiota biofilms
(extracellular matrix proteins) stained with SYPRO RUBY treated (right) or not
treated (left) with 5 nM MeJA. The scale bar denotes 5 pum (n = 5-6 independent
biological replicates in different wells of the chamber slide). f, Quantification of
the 3D biovolume of biofilm members shown ind; line smoothing was performed
using alinear mixed-effects model, and the faded region represents the 95%
confidence interval. g, Quantification of the 3D biovolume of the biofilm matrix
shownin e; line smoothing was performed using a linear mixed-effects model,
and the faded region represents the 95% confidence interval. See Supplementary
Tables 2 and 3 for statistical analysis.

rVOC- and MeJA-induced biofilms promote plant growth

Giventhe evolutionarily conserved nature of the bioactivity of rVOCs
on soil biofilms, we hypothesized that there would be a reciprocal
ecological role of these complex biofilms on plant growth, possi-
bly through volatile signals. To simulate the long-distance effect of
MeJA-induced biofilms, we also tested their benefit to the host plants
fromadistance. We conducted functionalinvitro assays of plant growth
with the planktonic and biofilm microbiota, as well as with intact
complex biofilms (Fig. 5a). After 2 weeks of coculturing, plants asso-
ciated with the rVOC-induced biofilm microbiota fraction appeared
to be healthy, with substantially higher root and leaf growth than the

rVOC-planktonic community (Fig. 5b,c). However, soil VOC-induced
planktonic and biofilm fractions did not lead to a significant differ-
ence in plant biomass. This indicated that, in the presence of plant
signals, biofilm communities provide more plant growth benefits than
planktonic communities. In contrast, in the absence of plant signals,
biofilm and planktonic communities did not influence plant biomass
yields. Hence, the plant rVOCs-influenced biofilm community showed
stronger host-beneficial trait compared to the non-influenced commu-
nity. Next, to study whether intact biofilms recapitulate plant growth
promotion, we studied the effect of rVOC biofilms in their native form
onplantgrowthdynamics over 2 weeks. The rVOC biofilms promoted
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Data points at the ends of whiskers denote outliers (n = 4 independent biological
replicates and Pvalues calculated using the two-sided Wilcoxon rank sum test).
d, Representative images of plant phenotypes resulting from coculture with
intact (microbiome + matrix) biofilms without rVOCs and with rVOCs. e, Growth
dynamics of leaf area (digital) of plants from the assay shown in d. The solid big
dot denotes the mean, and the error bars indicate the s.e. of means (n=4).P
values were calculated using a linear mixed-effects model (random effects, each
replicate; fixed effects, time and treatments). See Supplementary Table 9 for
statistical analysis. f, Representative images of plant phenotypes resulting from
exposure to intact (microbiome + matrix) biofilms without MeJA (soil) and with
MeJA VOCs. g, Growth dynamics of leaf area (digital) of plants from the assay
showninf. The solid big dot denotes the mean, and the error bars indicate the
standard error of means (n = 4). Pvalues were calculated using a linear mixed-
effects model (random effects: each replicate, fixed effects: time and treatments)
to analyze the differences between control and host VOC biofilm-mediated plant
growth. Asterisk signifies P < 0.05 and dot signifies P < 0.1. See Supplementary
Table 10 for statistical analysis.

plantgrowth withanincreased benefit from asearly as 6 d whichled to
significant differences from13 d onward, comparedto corresponding
soil-VOC biofilms (Fig. 5d,e). Given the biofilm-promoting role of MeJA,
we alsotested the functionality of MeJA-induced intact biofilms on plant
growth. Interestingly, these MeJA-induced biofilms also led to substan-
tially higher leafarea than the soil VOC-induced biofilms from days 8 to
13 (Fig. 5f,g). Furthermore, we performed a plant growth assay to con-
firm the bioactivity of MeJA on rVOCs in inducing beneficial biofilms.
Weinduced biofilms using rVOCs fromjmt mutant and wild type (WT)
plantsandtested the plant growth benefits of these biofilms. The results
showed that biofilmsinduced by jmt-rVOCs had reduced plant growth
benefits compared to WT-rVOCs-induced biofilms. In the same experi-
mental study, we also induced the biofilm using MeJA-supplemented
Jjmt-rVOCs (jmt + MeJA) and tested the plant growth benefits of these
biofilms. Theresults showed that MeJA could rescue the plant growth
by biofilms from jm¢-rVOCs. This finding confirmed that the absence

of MeJA in rVOCs (jmt mutant) attenuated the beneficial property of
rVOCs-induced biofilms (Extended Data Fig. 9a,b). Overall, the results
ofthisassay provide further evidence for the role of MeJA and rVOCsin
inducing beneficial biofilms that cansupport plant growth. As the plant
growth assay lasted for 14 d in a closed system, which was a relatively
longtime, during which more than one factor could have contributed to
the plant growth promotion. The observed plant growth benefits could
haveresulted fromeither the differences in the starting community of
the biofilms (no rVOCs and rVOCs-induced biofilms) or from the shifts
in the communities during this period.

Selective MeJA responders promote plant growth from afar

Plant growth promotion by complex biofilms prompted us to test
whether these traits could be recapitulated at anindividual strain level.
We randomly selected strains cultured from MeJA-induced complex
biofilms (Fig. 6a) and mapped themto the nearest ASVsin the inoculant
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community (ANI = 97%), as described in Fig. 4. Interestingly, none of the
taxashowed incrementsinresponse to MeJA or rVOCs exposure (list of
ASVs), indicating the possible existence of other MeJA or rVOCs direct
responders. To test this, we next determine the direct MeJA respon-
siveness of the remaining cultured individual strains. We tested both
their MeJA responsiveness to form biofilms and plant growth promo-
tion traits from a distance using the same assay mentioned above
(Fig.5a,b). Three of nine strains tested led to anincrease in total plant
leaf areaby 25-300%, indicating plant growth promotion, while six were
MeJA-responsive in biofilm formation (Fig. 6b,c). Interestingly, only two
strains (Arthrobactersp1and Bacillus sp 3) wereimplicated in both plant
growth promotionand MeJA responsiveness. Moreover, the Bacillus sp
3 also showed compromised colonization in the jm¢ mutants than the
WT Arabidopsis plants (Extended Data Fig. 9c). However, the weak cor-
relation between MeJA responsiveness and the plant growth-promoting

ability of monoculture strains, as observed in Fig. 6b,c,
highlights the emergent properties of complex biofilms, where micro-
bial community activity ismore than the sum of its parts. Therefore, the
same taxain culture and community differ in their responses.

Discussion

Here, we report anew mutually beneficial and interkingdom phenom-
enoninwhich volatiles from plant host roots induce the formation of
beneficial biofilms. The presence of biofilm-inducing root volatiles
across the plantkingdom, from ferns to higher plants, suggestsinterk-
ingdom mutualisminvolving rVOCs and biofilms might be widespread.
Indeed, the prevalence of bioactive root volatiles phenomenonis con-
served across plants that diverged over 400 million years of evolution.
Whatis the ecological implication of this signaling? The higher diffus-
ability of the volatile compounds leads to a larger sphere of influence
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in the rhizosphere compared to a zone of 2-10 mm influenced by the
soluble root exudates. Our results establish that root volatiles have
amajor role in shaping the rhizosphere. This study provides strong
support for the growing proposals to re-evaluate the boundary of the
rhizosphere?**. Among the three roles of root-derived VOCs?, namely,
hydrogen fertilization, energy metabolism and infochemicals, this
study contributes to the latter by establishing the presence of an active
signaling system that is effective over a long distance. The approach
involving the development of a new airflow system was a key advance-
ment leading to this discovery. The modular airflow system allows (1)
flexibility in assaying the bioactivity and capturing rVOCs from diverse
plant species growing in soil, (2) flexibility in assaying the effects of
rVOCs on a wide range of inocula from monocultures to highly com-
plex soil microbiomes and (3) robust experimental design to impart
statistical rigor while studying chamber-based VOC interactions. As
the field is nascent, researchers have recommended the laying of a
strong foundation based on experimental rigor”, which is lacking in
some recent studies.

Theinitial observation of biofilm promotion by rVOCs prompted
us to identify the bioactive VOCs released by plant roots for this phe-
nomenon. We adopted a genetic approach to identify the bioactive
VOC classes from plant roots responsible for biofilm promotion in
the soil microbiome and screened biosynthetic mutants of several
VOC classes for their biofilm promotion ability. The new resource
includes acomprehensivelibrary of rVOCs fromsoil-grown Arabidopsis
and its biosynthetic mutants defective in volatile pathways. Interest-
ingly, terpenoids and phenylpropanoids, which are well known for
VOC-signaling, were not involved in biofilm promotion. However, the
reduced biofilm formation by several oxylipin biosynthetic mutants
suggests that oxylipins are an important bioactive class of root vola-
tiles that increase biofilm formation. This study demonstrates that
host-associated oxylipins are involved in interkingdom signaling to
modulate complex biofilms. Oxylipins and structurally related eicosa-
noids are also present in bacteria, fungi, plants and animals**?*°. The
oxylipins produced by the Pseudomonas aeruginosa PAO1 strain pro-
mote its own biofilm formation®. Within the plant kingdom, oxylipins
have been reported from evolutionarily older divisions of ferns and
mosses to higher plants®. The presence of oxylipins across the plant
kingdom® coupled with their involvement in biofilm promotion, as
observed in our study, suggests that oxylipins are evolutionarily con-
served biofilm-inducing plant signals.

This study established the following two new findings associated
with an oxylipin, MeJA:its release from plantrootsin volatile form and
its bioactivity to promote the formation of complex biofilms in soil
(Fig. 3).In this study, we observed that the biofilminduction by rvOCs
seems to be evolutionarily conserved, but the bioactive signals could
be either MeJA as shown for Arabidopsis, or other bioactive volatile
molecules in other species. The role of volatile MeJA aboveground is
wellknown in plant-plant communication for signaling the neighboring
plants to mount a defense response against herbivory and infection.
Here, we established the role of MeJA belowground in plant-microor-
ganism communication, inducing biofilm formation of soil microorgan-
isms. Given the very low concentration of MeJA released by the roots,
we posit that MeJA serves as a signaling molecule and not a nutrient
molecule, which is the case for other volatile compounds. Based on
the chemical properties of MeJA, it likely exists in the rhizosphere in
both soluble and volatile forms. Both forms induce biofilms in the soil
microbiomeinadose-dependent manner, asreported here (Fig.3c-g),
which strongly suggests a pervasive effect of this signaling both near
the roots and further away from the roots, where soluble and volatile
forms might be more active, respectively. While there have been elegant
studies on the dynamics of root biofilm development using single
strains®**, this study provides a glimpse of the dynamics of acomplex
biofilm both with and without host influence. The altered trajectory
of MeJA-induced biofilms for both microbial and matrix biovolumes

suggests that microbial abundance and functions in the microbiome
are likely affected. Biofilm matrix-based properties (Fig. 3f,g) that are
enhanced by MeJA signaling are associated with several benefits, such
as moisture retention®* and stability from environmental stressors®,
which could impart ecological advantages to complex biofilms.

The altered microbial abundance and matrix production in the
MeJA-induced biofilm prompted us to investigate the microbiome
assembly and functionsin the rhizosphere context. Within soils, host
VOC (rVOCs and MeJA) signaling creates two niches of host-influenced
planktonic communities and corresponding biofilms (Fig. 4), in addi-
tion to the previously reported niches of non-host-influenced soil
planktonic communities and soil biofilms*. These host-induced bio-
films have the following key characteristics: (1) the host-induced bio-
film niche has a higher a diversity than the planktonic niche (Fig. 4b),
which implies biofilms are the predominant reservoir of the soil
microbiota. (2) Host root VOCs influence the abundance of 8-10% of
the members of the biofilm communities compared to those in the
non-host-influenced communities. This shift in the composition is
sufficient to affect biofilm behavior, such as biovolume and matrix
production, aswell as thereciprocal influence on the host, as discussed
below. (3) The responsiveness of the microbiome to the host signals is
asrapid as 15 h, which is comparable to the dynamics of colonization
directly on the root surface, although the latter studies were based
onsingle-marked strains*. (4) Reduced abundances of metabolically
active members at16 hindicate a possible overall downshift of commu-
nity metabolism, whereasin the second phase (24 h), this suppression
islifted (Extended Data Fig. 8). In this context, metabolic downshiftisa
widely reported physiological adaptation mechanismassociated with
biofilm formation. However, the biofilminduction by rVOCs could be
duetoeitherdirectinduction of biofilm pathways or indirectinduction
through stress pathways which, in turn, could induce biofilm forma-
tion. (5) Unlike some plant root exudates that modulate microorgan-
isms belonging to a specific clade”, this phenomenon affects species
belonging to diverse evolutionary clades. Overall, the affected taxa
covered 19 of 24 (80%) phylarepresented in host-influenced biofilms.
Hence, the responders to MeJA or rVOCs appear widely distributed.
This may imply that the species evolved independently to be respon-
sive to these volatile signals. The transient and dynamic nature of
shifts in the abundance of responder taxa indicates that there could
either be asignaling cascade within the microbiome (early responder
species influencing late responders using other molecular signals) or
a universal pathway with varied response time across species (early
and late responders with differential response time).

Given the marginal yet significant increase in biofilm biomass
(Fig. 1c,e,f) and the rapid community succession (Fig. 4c,d) in
host-induced biofilms, we investigated whether such small and tran-
sient changes could lead to larger and longer-lasting effects on host
physiology. Host-induced biofilm communities have a stronger benefi-
cial effect ona plantleaf and root growth than planktonic communities
(Fig. 5b). This study demonstrates that plant signals can induce the
formation of beneficial biofilms which showed a beneficial emergent
property otherwise not seen in planktonic communities. Regarding
the plantsignalsin the form of root volatiles, MeJA is amajor bioactive
component used to induce beneficial biofilms that can support plant
growth. Moreover, MeJA-induced biofilms promoted plant growth
much faster (Fig. 5f,g) thanrVOC-induced biofilms (Fig. 5d,e), corrobo-
rating the ability of MeJA to enrich plant-beneficial strains in biofilms.
Small changes in the plant-to-biofilm direction led to amplificationin
the benefits in the biofilm-to-plant direction. This is not surprising,
as short-lived changes within the microbiome have been shown to
have a lasting impact on the host through epigenetic regulation’®. As
asubset of MeJA-responsive biofilmisolates showed beneficial effects
on plants (Fig. 6), and MeJA-triggered root colonization (Extended
DataFig. 9c¢), the nonbeneficial yet MeJA-responsive isolates possibly
contribute in other ways to enhance the community-level functioning
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of the complex biofilm. This is an emergent property that arises from
the interactions between different members of a complex microbial
community. These properties may not be predicted or explained by
studying the individual cultured strains but would require an under-
standing of the system as awhole.

In conclusion, a well-known plant defense signal MeJA has been
co-opted to promote the formation of plant growth-promoting biofilms
inthe soil microbiome over an extended distance. Plants that diverged
over 400 million years of evolution possess the biofilm-inducing prop-
erty by root volatiles. This study contributes to the recently proposed
concept”?® of an ‘extended rhizosphere’ by establishing a new benefi-
cial function in this zone. These results will have an impact on assess-
ing and harnessing the benefits of rVOCs in regenerative agriculture
through beneficial biofilms. Molecular insightsinto MeJAreceptors and
intracellular signal transduction in microorganisms will beimportant
to gain a deeper understanding of the signaling system. In complex
biofilms, the molecular basis and ecological importance of emergent
properties will be highly informative in providing further insightsinto
this new phenomenon.
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Methods

Soil extract medium (SEM) and agar

The SEM was prepared by autoclaving 70 g of JIFFY soil substrate in11
of water. It was cooled and then filtered through a 0.22-pm Nalgene
filtration unit. To prepare soil extract agar plates, 1% (wt/vol) agarose
was added to the filtered media, and the solution was autoclaved again
before pouringintothe plates. Thisis the default brothand agar medium
for all the experiments in the manuscript unless otherwise stated.

Soil microbiotainoculum preparation

Five grams of JIFFY soil substrate was resuspended in 20 ml of PBS.
This suspensionwas vortexed for 4 minand sonicated for1 min. It was
then filtered through a strainer. The slurry that did not pass through
the strainer was again resuspended in 20 ml of PBS medium, and sub-
sequent steps were repeated twice. The filtrate was then centrifuged
at150gfor2 mintosettle large soil particles, and the supernatant was
decantedinto another tube. This supernatant was then centrifuged at
5,500gfor 5 minto obtainabacterial pellet. This pellet was resuspended
in20 ml of SEM. This suspension was referred to as the ‘soil microbiota
inoculum’. The final concentration in all inocula was approximately
1x10® bacteria per ml, as quantified by a Baclight bacterial counting
kit (flow cytometry) or manual counting with a hemocytometer. For
the confocal imaging experiments, the soil inoculum was enriched in
anSEMovernight at 37 °C.

Plant materials and growth condition

Arabidopsisinsertional mutant lines were acquired from the Arabidop-
sis Biological Research Centre at Ohio State University (ABRC, http://
www.arabidopsis.org/abrc/; Supplementary Table 11) and selected
for homozygous lines from the population as per the instruction in
ABRC wherever viable. Inmost cases, Arabidopsis thaliana (Col-0) and
mutant seedlings were grown in pots with unautoclavedJiffy Universal
pottingsoil forupto12 dinaplant growth chamber with the following
settings: 16 h of light at 23 °C followed by 8 h of darkness at 21 °C with
80% relative humidity. Tomato, tobacco, rice and fern were also grown
similarly. The plants were then transferred with their rhizosphere soil
to the two-armed glass bottle in the ‘push-pull system’. To ensure an
equal number of plants per pot, we first calculated the germination
frequency of each mutant line, based on which we normalized the
number of seeds (by weight) with WT plants Col-0. For in vitro experi-
ments, plants were grown in soil extract agar (preparation described
below). Before germination, plants were surface sterilized with 50%
Chlorox and stratified for2 d at4 °C.

Static system assembly

This system is amodification of the bipartite system™ thatis routinely
used to study microbial VOCs. Circular Petri plates (90 mm diameter)
were filled with MS medium, and Arabidopsis seeds were grown on
this medium (after sterilization) for 12 d. A square portion of the MS
medium was cut out, and a smaller Petri plate (35 mm diameter) with
microbial inoculum (1 ml) was placed in it. There was sufficient head-
space to allow for gaseous exchange. The lid was then tightly closed
with parafilm to avoid the loss of VOCs. At particular time points, the
smaller plates were removed, and the biofilm was quantified with a
crystal violet staining assay (as described below).

Dynamic system assembly

This system is an implementation of designs proposed in the follow-
ing reviews*%*. This system consists of an aerator/pump (to pushair),
a5-um charcoalfilter (to adsorb gaseous impurities), a 0.22-um filter
(to trap microbial contamination), a gas wash bottle (to humidify the
air), a source chamber (to host the source of volatiles), a recipient
chamber (toreceive volatiles) and avacuum pump (to pull the air out;
Fig.1d). Allthe modules can be interconnected throughssilicone tubes
to create a unidirectional continuous flow of sterile air with the help

of a pump (push) and vacuum (pull). A total of 100-150 2-week-old
seedlings with rhizosphere soil were kept in a customized glass pot
(height, 65 mm; diameter, 45 mm) with two open side arms, which
were used as the inlet and outlet for air with the roots inbetween. The
microbiome suspension in the microtiter plate with 96 wells was kept
within the recipient chamber. The whole glass pot with plants was put
into the source chamber. The source chamber with only soil was used
as a control to study the effects of rVOCs on soil microbiome biofilm
formation. Charcoalfilters (5 um) and polytetrafluoroethylene (PTFE)
filters (0.22 pm) were procured from Omega Scientific Private Limited.
The source chambers and receiving chambers were custom-made
by million fabricators in Singapore. Silicone tubing was used to con-
nect all parts of the system. Airflow from the inlet (aerator) and outlet
(vacuum) of the pot was measured using amechanical flowmeter tobe
approximately 400 ml min™.

Crystal violet staining for biofilm biomass estimation
Thismethod was repeatedly used to obtain a proxy for biofilm biomass.
Briefly, planktonic cells were discarded. A volume of 50 ml of 0.1% CV
solutionwas added to the well very gently. The biofilm was stained for
10 min. The dye was removed gently. Then, 100 pl of PBSwasadded to
the wellto wash off the excess CV.PBS was removed, and the wells were
left to dry overnight. The next day, 200 pl of 1% SDS was added to each
welland resuspended vigorously with a pipette. After 20 min, 20 pl of
the top suspension wasremoved and added to anew 96-well plate. The
wellwas diluted with180 pl of water, and the absorbance was measured
at 595 nmon aspectrophotometer.

Volatile trapping and TD-GC/MS

Root VOCs and soil VOCs were trapped as described previously?.
Briefly, Tenax cartridges were fitted into the one side arms of the glass
pots so that their opening was exposed toward the plant roots/soil.
Sterile and VOC-free air was blown from the other side of the two-armed
glass pot using a push—pull system to direct the VOCs from the roots/
soil to the cartridges for trapping. VOCs were sampled for 40 h and
immediately analyzed by TD-GC/MS.

Sample preparation andinjection were performed using the fully
automated Gerstel MPS-2 autosampler and Gerstel MAESTRO soft-
ware. Volatile compounds were adsorbed on a Tenax TA tube. A ther-
mal desorption unit (TDU) was used to thermally desorb the volatiles
in splitless mode at 230 °C for 10 min. To ensure that the volatiles
released from the TDU were quantitatively trapped, acooled injection
system-programmed temperature vaporizer (CIS-PTV) was used. The
CIS was heated from 80 °C to 230 °C at a rate of 12 °C s with the split
valve closed during sample injection into the GC inlet. Analyses of
volatile compounds were performed onan Agilent 7890B GC coupled
to a 5977B quadruple mass spectrometer. Separation of compounds
was performed on a DB-FFAP column (60 m x 250 pm x 0.25 pm; Agi-
lent Technologies). Helium was used as the carrier gas at a flow rate of
1.9 ml min™, and solvent vent mode was used. The inlet temperature was
250 °C.The oven program was as follows: initial temperature of 50 °C
held for 1 min, increased to 230 °C at the rate of 10 °C min™and held for
20 min. The temperature of theionsource and transfer line was 250 °C.

The mass spectrometer was in electron lonization mode with
an ionization energy of 70 eV, scan range of 40-300 m/z and solvent
delay of 3.75 min. Analysis was performed using the MassHunter Quali-
fied software to extract and integrate peat spectra to profile the root
volatiles from WT and mutant lines. The data from only soil were con-
sidered blank and were subtracted from the rVOCs data. Compounds
were identified by using the library NIST 2020 (Agilent Technologies)
with a minimum hit count of 65. The compounds that were found to
be presentinatleast two biological replicates out of three were taken
into consideration for further analysis. The target compounds like
Me]JA were quantified by integration of peak areas and calibration
using single ion monitoring (SIM) mode by monitoring theions at 83,
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151.1and 224.1 with adwell time of 150 ms. The peak area of these ions
was considered for the relative quantification of MeJA among differ-
ent samples. The raw files have been submitted to the Metabolomics
Workbench* server (project ID: PRO01462).

Live imaging of biofilm and matrix formation

The soil microbiotainoculumwas prepared as described in the section
above. MeJA was added to the microbiota to achieve the desired con-
centration (0, 1, 5 and 25 nM for the nucleic acid imaging experiment
and 0 and 5 nM for the matrix imaging experiment). A volume of 50 ml
of the microbiota suspension was added to every well of an Ibidi p-Slide
18 Well (81816) with a cover glass bottom. A volume of 50 ml of SYTO9
(Thermo Fisher Scientific, S34854) solution (final concentration of
5 1uM) was also added to all the wells. For matrix imaging, FilmTracer
SYPRO Ruby Biofilm Matrix Stain (Thermo Fisher Scientific, F10318)
was added instead (ready to use, 1x concentration). For live imaging,
aZeissLSM 900 with Airyscan (Definite Focus 2) was used, and images
were acquired every 30 min for 24 hwith a x65 oil objective at the NUS
Centre for Bioimaging Science (CBIS). For both dyes (separate experi-
ments), a488-nm laser was used.

Biofilm image analysis

Image analysis was performed using the BiofilmQ software**. Images
were aligned along the zaxis and over time. Two-class Otsu threshold-
ing was used to detect the signal against the background. Sensitivity
was set based on thresholding feedback. The rest of the settings were
maintained as default values. Biofilm-related global properties were
calculated and exported. We mainly focused on the 3D biovolume of
our samples. Linear mixed effects were used to model the biovolume,
where time, treatment and their interaction were the fixed effects,
and every sample was considered a random effect (Tables 1 and 2).
The following packages from R were used: nlme**, ggplot2 (ref. 45)
and ggpubr.

Identification of rVOC- and MeJA-responder strains

Using the push-pull airflow system, the soil microbiotainoculumwas
exposed to the following four VOC treatments: (1) soil VOCs; (2) WT
ArabidopsisrVOCs; (3) jmt Arabidopsis rVOCs; and (4) jmt Arabidopsis
rVOCs + MeJA. Biofilm and planktonic parts of the samples were col-
lected from 28 wells after 16 and 24 h and stored at -80 °C. The collec-
tive sample from 28 wells was treated as a single experimental replicate.
The whole experiment was repeated eight times.

Biofilm DNA extraction and 16S rRNA gene amplicon
sequencing

Biofilms were scraped at specific time points and resuspended in PBS
solution. DNA-RNA shield was added in a 1:1 ratio, and samples were
stored at —80 °C. A Zymobiomics DNA miniprep kit was used toisolate
DNA from the samples based on their protocol. The 16S V4-V5 region
was amplified using the 515F-Y and 927R primers 45. The 20 plreaction
contained 2 pl of 10x DreamTaq buffer, 2 pl of 2 mM dNTP mix, 0.5 pl
of each primer (10 pM), 0.5 pl of DreamTaq polymerase (S U pl™),10 ng
of template DNA and molecular grade water to make up the volume.
The PCR conditions were as follows: initial denaturation at 95 °C for
3 min, 35 cycles of denaturation at 95 °Cfor 45 s, annealing at 50 °C for
45 s, extension at 68 °C for 90 s and final extension at 68 °C for 5 min.
PCR products were purified using a Genejet PCR purification kit. The
amplicon concentration was measured using a Qubit DNA BRKitand
Qubit fluorometer.16S amplicons were submitted for next-generation
sequencing on an lllumina MiSeq V3 Run (300 base pairs paired-end)
at the Singapore Centre for Life Science Engineering (SCELSE).
Rarefaction analysis was performed to calculate the appropriate
depth for sequencing (Extended Data Fig. 7b). The sequencing
raw data are deposited on the Sequence Read Archive portal (SRA:
PRJNA868804).

qPCRfor 16S copies (bacterial load)

To enumerate the 16S rRNA gene copy numbers, the primers 515F*
and 806R* were used in qPCR to amplify the 16S gene using an applied
biosystemreal-time PCR system. The PCR assay mixture consisted of
10 pl of PowerUp SYBR Green Master Mix, 1 pl of each primer from a
10-puM stock, 1 pul of DNA of extracted DNA from the microbial popu-
lation and 7 pl of sterile nuclease-free water. The PCR amplification
program encompassed aninitial denaturation step at 95 °C for 3 min
followed by 40 three-step cycles at 95 °C for 30 s, 52 °C for 30 s and
72°C for 30 s. A plasmid with the fragments of the 16S rRNA gene
part amplified with the same primer pair was used as the stand-
ard for creating a standard curve with a known copy number for
absolute quantification. Pearson correlation was calculated for the
qPCR-derived copy number and the DNA yield from all the samples
(Extended Data Fig. 7d).

Microbiome sequencing data analysis

Raw and demultiplexed sequencing datawere analyzed as follows (also
describedinaflowchartin Extended DataFig. 6a): primer and adapter
sequences were removed using cutadapt’®. The DADA2 (ref. 49) pipeline
was used to learn the error rates and obtain ASVs. The Silva database
was used to map the ASVs to their phylogeny. Thereafter, statistical
analysis was performed as described inref. 50, whichincluded the use
of Phyloseq®'. Taxa that were present less than five times in total and
presentin less than 5% of the samples were removed. qPCR data were
integrated with the abundance data using the script provided here>.
The Wilcoxon signed-rank test and Benjamini-Hochberg correction
were performed to compare individual ASVs in different treatments,
and ASVswith an adjusted Pvalue of less than 0.1 were considered sta-
tistically significant. We compared the biofilm communities exposed
tojmtrVOCs andjmtrVOCs +MeJAto obtain MeJA responders (Fig. 4a,c
and Supplementary Table 6). Similarly, rVOC responders (Fig. 4b and
Supplementary Table 5) were identified by comparing communities
exposed to soil VOCs and WT rVOCs. The phylogenetic tree was con-
structed using the Phangorn®® package and visualized using iTOL**. The
PICRUSt 2.0 (ref. 55) pipeline was used to understand the predicted
functions of the community. The differential functions were identified
in the same way as the identification of differential taxa (integration
with gPCR bacterial load data with gene tables followed by Wilcoxon
rank sum test with Bonferroni-Hochberg correction). Heatmaps were
plotted using the ComplexHeatmap®® R package.

Effects of complex biofilms on hosts from a distance
The host benefit assay system of biofilms consists of the following
two major parts (A): (1) induction of biofilm with and without rVOCs/
MeJA using the ‘push-pull’ system and (2) monitoring the growth of
plants exposed to volatiles from induced biofilms (Fig. 5a). A volume
of 2 mlof microbial inoculum was placed in asmall Petri plate (35 mm)
and exposed to root VOCs and soil VOCs over 24 h using a ‘push-pull
dynamic’ system to generate rVOC-induced and non-rVOC-induced
biofilms, respectively. After that, the planktonic fraction was gently
removed to separate both the planktonic and biofilm phases of the
soilinoculum of each treatment.

To assay the plant response with intact biofilms, as depicted in
Fig. 5a (2B), 500 pl of fresh SEM liquid medium was added to the bio-
films. A volume of 50 ml of SEM-agar (1%) was poured into square plates
(120 x 120 mm) to performthe plant response assay. Part of the medium
was scraped off to create space for small Petri plates with intact bio-
films. The small Petri plates with biofilms were then placed with 4-d-old
axenic Arabidopsis seedlings in shared headspace for coculturing
into the growth room with the control environment. Nondestructive
images were taken at regular intervals to study the growth dynamics.
The leaf area was calculated using an Image) macro. The statistical
modeling of the datawas performed using linear mixed-effects models
(Supplementary Tables 3 and 4).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA868804

Article

https://doi.org/10.1038/s41589-023-01462-8

Isolation, biofilm assay of monoculture strains and their effect
onplantgrowth

Complex microbiota biofilms exposed to volatile MeJA were scraped
offand resuspended in PBS. Through serial dilution, thisinoculum was
plated on soil extract agar, minimal media agar and LB agar. Colonies
with unique morphology were picked and streaked onto afresh LB plate
to acquire single colonies. The isolated strains were identified using
Sanger sequencing of the PCR product with the primers 27F and 11.

Theirresponseto soluble MeJA was tested by directly adding MeJA
tothemonoculture inoculum (afinal concentration of 5 nM). For both
assays, biofilms were stained with crystal violet and quantified after
24 h, as explained in the biofilm staining protocol. The initial OD of
theinoculumwas0.2.

To test the effect of isolated strains on plant growth from a dis-
tance, abipartite assay was performed in which 50 pl of 0.2 OD inocu-
lum was smeared on part of the plate, and three to five seedlings (4 d
old) were placed inthe other part of the plate without spatial contact.
Plant growth was monitored noninvasively using photography. Leaf
area was quantified using an Image) macro as described in the previ-
ous section.

Root colonization assay of bacterial isolate
The root colonization of the selected isolate was performed based
on the method described here®” with some modifications. The
surface-sterilized seeds of both WT and jmt mutant Arabidopsis were
germinated axenically in 0.5x MS medium for 4 d. The 4-d-old seedlings
were then transferred to new plates with soil extract medium (SEM)
and keptinagrowthroomunderal6-hlight/8-h dark regime at 21 °C.
After 6 d, the plates were flooded with a bacterial culture resuspended
(OD600-0.005) in sterile 10 mM MgCl, with 0.001% Tween20. After
5min, theindividual plants were transferred to new plates with SEM and
kept for another 5 d under the same growth conditions. Plants flooded
with sterile 10 mM MgCl, with 0.001% Tween20 without bacteria were
used as controls.

Toisolate and quantify the root-colonizing bacteria, roots of both
WT andjmt plants were gently removed from the media and placed
in 2 ml tubes. The roots from individual plants were weighed, rinsed
and vortexed three times in 1 ml of sterile 10 mM MgCl, to remove the
root-associated microorganisms. The vortexed samples were then
submitted to serial dilution at 1,000x. A volume of 50 ml of each dilu-
tion was plated onto LB agar plates. The colony-forming units (CFUs)
were counted after1d ofincubationat37 °C and used to determine the
original bacterial abundance per milligram of root tissue based on the
root fresh weight and serial dilution used for counting.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw sequencing data of 16S rRNA sequencing have been uploaded
to Sequence Read Archive and publicly available at this link.

The raw analytical data for rVOCs profiling and targeted MeJA detec-
tion have been uploaded to metabolomics workbench and publicly
available, hereand here, respectively. Processed data have been made
available as source data in the manuscript.

SILVA Database 138.1 was used in this study. Source data are provided
with this paper.

Code availability

No custom code was developed for the results in this manuscript.

References
39. Ryu, C. M. et al. Bacterial volatiles promote growth in Arabidopsis.
Proc. Natl Acad. Sci. USA 100, 4927-4932 (2003).

40. Tholl, D. et al. Practical approaches to plant volatile analysis. Plant
J. 45,540-560 (2006).

41. Delory, B. M., Delaplace, P., Fauconnier, M. L. & du Jardin, P.
Root-emitted volatile organic compounds: can they mediate
belowground plant-plant interactions? Plant Soil 402, 1-26 (2016).

42. Sud, M. et al. Metabolomics workbench: an international
repository for metabolomics data and metadata, metabolite
standards, protocols, tutorials and training, and analysis tools.
Nucleic Acids Res. 44, D463-D470 (2016).

43. Hartmann, R. et al. Quantitative image analysis of microbial
communities with BiofilmQ. Nat. Microbiol. 6, 151-156 (2021).

44, Pinheiro, J. et al. nlme: linear and nonlinear mixed effects
models. R package version 3.1-153 https://cran.r-project.org/web/
packages/nlme/index.html (2021).

45. Wickham, H. ggplot2. Wiley Interdiscip. Rev. Compuit. Stat. 3,
180-185 (2011).

46. Walters, W. et al. Improved bacterial 16S rRNA gene (V4 and V4-5)
and fungal internal transcribed spacer marker gene primers for
microbial community surveys. mSystems 1, e00009-e00015 (2016).

47. Apprill, A., Mcnally, S., Parsons, R. & Weber, L. Minor revision to V4
region SSU rRNA 806R gene primer greatly increases detection of
SAR11 bacterioplankton. Aquat. Microb. Ecol. 75, 129-137 (2015).

48. Martin, M. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet. J. 17, 10-12 (2011).

49. Callahan, B. J. et al. DADA2: high-resolution sample inference
from Illumina amplicon data. Nat. Methods 13, 581-583 (2016).

50. Callahan, B. J., Sankaran, K., Fukuyama, J. A., McMurdie, P. J.

& Holmes, S. P. Bioconductor workflow for microbiome data
analysis: from raw reads to community analyses. FIOOORes. 5,
1492 (2016).

51. McMurdie, P. J. & Holmes, S. phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome
census data. PLoS ONE 8, €61217 (2013).

52. Vandeputte, D. et al. Quantitative microbiome profiling links gut
community variation to microbial load. Nature 551, 507-511 (2017).

53. Schliep, K. P. Phangorn: phylogenetic analysis in R. Bioinformatics
27, 592-593 (2011).

54. Letunic, |. & Bork, P. Interactive Tree Of Life (iTOL) v5: an online
tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 49, W293-W296 (2021).

55. Langille, M. G. I. et al. Predictive functional profiling of microbial
communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 31, 814-821(2013).

56. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal
patterns and correlations in multidimensional genomic data.
Bioinformatics 32, 2847-2849 (2016).

57. Teixeira, P. J. P. L. et al. Specific modulation of the root immune
system by a community of commensal bacteria. Proc. Natl Acad.
Sci. USA 118, e2100678118 (2021).

Acknowledgements

This research was funded by the Singapore Centre for Environmental
Life Sciences Engineering (SCELSE). We thank SCELSE for the Ph.D.
research scholarships to O.S.K. and S.P.M.L. We thank the National
University of Singapore for providing us the lab facilities necessary
for conducting our research. We thank C. Nam-Hai for facilitating the
rVOC and MeJA analytical studies at Wilmar Corporate Laboratory,
Singapore. We would like to express our appreciation to R. Machan
(SCELSE) for the ImageJ macro used for quantifying leaf area, S.
Mohammad Majedi (NERI) and R. Bhattacharya (NERI) for helping with
the analytical data analysis and interpretation. We also want to thank
E. Ong Wen Xuan (Life Sciences Institute, Singapore), F. Asisi Atmadi
(Life Sciences Institute, Singapore) and F. Guo Wei (Life Sciences
Institute, Singapore) for assisting with the optimization of some of the
experimental methods.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://cran.r-project.org/web/packages/nlme/index.html
https://cran.r-project.org/web/packages/nlme/index.html

Article

https://doi.org/10.1038/s41589-023-01462-8

Author contributions

S.S., 0.S.K. and M.M. conceived the idea. J.5.B.A. performed the initial
observation and RNA-seq of Pf-5. O.S.K. developed and validated the
dynamic push-pull airflow system. O.S.K. and M.M. screened mutants
using static and dynamic systems. M.M. screened other plant species.
0.S.K. and M.M. conducted the experiments for microbial community
composition analysis. O.S.K. analyzed the microbiome composition
and live imaging of biofilms. M.M. performed the plant growth assays
with microbiome and biofilms; M.M., O.S.K. and S.K. performed

the rVOCs analysis of Arabidopsis plants. M.M., O.S.K. and S.M.L.P.
conducted the experiments for single species isolation from biofilms,
plant growth assay and root colonization. E.D.H. and O.S.K. performed
the statistical analysis of the data. S.S., O.S.K. and M.M. wrote the
manuscripts and prepared the figures. S.M.L.P. edited the manuscript
with inputs from all co-authors. S.S., S.K. and U.E. supervised the work
with necessary scientific inputs.

Competinginterests
Co-first authors and the corresponding author are the inventors
of the provisional patent application that covers some of the results

from this manuscript. The rest of the authors do not have a competing
interest.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41589-023-01462-8.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41589-023-01462-8.

Correspondence and requests for materials should be addressed to
Sanjay Swarup.

Peer review information Nature Chemical Biology thanks Raza
Waseem and the other, anonymous reviewers for their contribution to
the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-023-01462-8
https://doi.org/10.1038/s41589-023-01462-8
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41589-023-01462-8

a b
Response to total plant VOCs
/ N\ / \ ® o o
0.54 o
® U
°
o ®
0.04
b4 °
°
A\ - \o < o ° s 8
hr [ ]
%11—05 °
-
P. protegens Pf-5 alone P. protegens Pf-5 + ¢ [
(Control) Plant VOCs s o ©
(Plant VOC treatment) [ ] *
® °
-1.04
°
°
°
-1.54 ®
°
% o & G 6 G 5 A A & 2%
Toe T, By o %, Ty Y, ey b B, Ty,
Co o ey o % % % o fn T %,
0% % 4,9! % %oo 5 O%/) /)% %/’& Q&/o
K3 Y By T T ey R 9,
% % % PR N %
K3 e, s %, Fu 9,
% oy O %
P. protegens Pf-5 Pathways
Extended Data Fig. 1| Biofilm lifestyle-related transcriptomic signature removal of MS agar. b) Statistically significant differentially abundant genes
of P. protegens Pf-5 in response to total plant VOCs. Related to Fig. 1. responding to total plant VOCs. P-values were calculated using negative binomial

a) Experimental design. The yellow strip in the plate represents 2 pl of 10* CFU/ml  generalized linear models (adjusted p value < 0.05).
of Pf-5. A 0.4 cm gap is created between these two compartments through the
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Extended Data Fig. 2| Response of garden soil microbiota to Arabidopsis rVOCs. Related to Fig. 1. a) Microbiota was harvested from garden soil and biofilm assay

was performed in the push-pull setup and biofilm was quantified using crystal violet staining assay (same as Fig. 1d,e) (p-value calculated from paired two-sided
t-tests).
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inoculum exposed to plant rVOCs and soil VOCs. Boxes range from the first

P=0.022
%*

——

PLANKTONIC

Phase
(lower end) to the third quartiles (upper end), center lines denote the median
values and whiskers show data lying within 1.5x interquartile range of the lower
and upper quartiles. Data points at the ends of whiskers denote outliers. (n =4
independent biological replicates).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01462-8

o'y Filter paper

soaked with
MeJA

v

MeJaon top
of soil

2 Aifiow.

1 WMVMNJWAmr‘\w»/\«,»WWN ~v\)\q\. "

o
oty

il
; \‘: v

-
: % 74

jmt
Arabidopsis

: S

MeJA on leaves

Wy

wr
Arabidopsis

Pure MeJA.
‘standard

254 26
Retention Time (min)

x10€ + Scan (rt: 25.341 min) tube1.D
14
0.8+
064
044
8

0.2 ’

L e

o .|| ..|| 1l
x108  + Scan (rt: 25.340 min) tube4.D

. o
5 =
2 = 8

67.1

‘ T ol

+Scan (rt: 25.341 min) tube6.D

451

=l ... 8

+ Scan (rt: 25.341 min) tube7.D

b 25

Relative abundance

20+

185.2

— 2282

21992

12041

—2242

2061

10242

Component RT: 25.3296

€ xi0?

Methyljasmonate (NIST1.L)
£ x10?

8

1510

Pure MeJA (NIST library)

170

180 160 170 180
Counts vs. Mass-to-Charge (m/z)

360

Mass-to-Charge (m'z)

2240

1930

L

1oyl
L\!}Q 1'20 ‘I‘O A

Extended Data Fig. 4 | Volatile sampling system specifically samples root
volatiles. Related to Fig. 3. a) Extracted ion chromatogram for ions belonging to
methyljasmonate (83,151, 224) obtained from TD-GCMS of samples indicated in
theleft panel. White square indicates filter paper soaked with MeJA. b) Relative

T

180

o ko

Mass-to-Charge (m/z)
areaunder the curve for the peak belonging to MeJA. ¢) Mass spectra of the
features detected at same retention time as MeJA detected from specific samples
shownin panel a.

200 220 2o LS LY o sho

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01462-8

Treatment(nM) - 0 = 1 = 5 = 25

9
Q
£
©
(/2]
L3
>
(V] . N .
8 4
g
© /
= ¢
u »
=
02 _ ,
(M= g »
P &
£ :
=
o
>
L2
(11}
1,
0 10 15 20 25
Hours
Extended Data Fig. 5| MeJA shows dose-dependent modulation of biofilm initial biovolume of respective samples. The line smoothing was performed using
growth. Related to Fig. 3. a) Biofilm growth rate was calculated by normalizing alinear mixed-effects model, and the faded region represents the 95% confidence
the biovolume of the first frame of imaging and calculating growth compared to interval.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01462-8

a 24 Hours
0.018
! *

0.8 0.07

0.7

0.6

05

0.4

jmt rVOCs

Extended Data Fig. 6 | Complementation of jm¢t mutant by MeJA partially
recovers ability to induce biofilms. Related to Fig. 4. a) Biofilm staining was
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quartiles (upper end), center lines denote the median values and whiskers show
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calculated by paired ¢-test. b) Venn diagram showcasing the number of common
and unique rVOCs and MeJA responders.
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Extended Data Fig. 8 | Predicted functions of biofilm community in response to MeJA exposure at 16 and 24 hours. Related to Fig. 4. a) Log2 fold change of gene
abundances as calculated from predicted metagenomes based on 16S rRNA gene sequences.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

https://doi.org/10.1038/s41589-023-01462-8

WT-rVOC biofilm

4x10°

3%10°

2x10°5;

1x10°;

CFU per mg of root tissue

0 . :

WT jmt
Extended Data Fig. 9 | Plant growth benefits of jm¢ rVOC-induced, WT
rVOCs-induced andjmt rVOC+MeJA-induced biofilm and root colonization
of Bacillus sp3. Related to Figs. 5 and 6. a) Photographs of Arabidopsis seedlings
after 9-day exposure to complex biofilms formed in response to WT rVOCs,
JjmtrVOCs, andjmtrVOCs +MeJA. b) Quantification of leaf area of the seedlings
shownin panel A. Boxes range from the first (lower end) to the third quartiles
(upper end), centre lines denote the median values and whiskers show data lying
within 1.5x interquartile range of the lower and upper quartiles. Data points at the
ends of whiskers denote outliers. (n=5independent biological replicates) * and

N
<
£
e
@
2
<
[0}
M
0-
»
& ¢
. 3
¢

Jjmt+MeJA-rVOC biofilm

“ signifies p-value less than 0.105 (two-sided Student’s t test); ¢) Positive MeJA
responder strain shows compromised ability to colonize the roots of jmt mutant
compared to WT Arabidopsis root. CFU counts of Bacillus sp3 from Arabidopsis
roots after co-culture for five days. Boxes range from the first (lower end) to the
third quartiles (upper end), center lines denote the median values and whiskers
show datalying within 1.5x interquartile range of the lower and upper quartiles.
Data points at the ends of whiskers denote outliers. (n=6 independent biological
replicates) * signifies p-value less than 0.05 (two-sided Student’s t-test).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

nature portfolio

Corresponding author(s):  Prof Sanjay Swarup

Last updated by author(s): Sep 12, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Gas Chromatography data was collected using Agilent 7890B; Mass Spectrometry data was collected using Agilent 5977B quadruple mass
spectrometer; Confocal imaging data was acquired by Zeiss LSM900; Next-Gen Sequencing data was acquired on Illumina MiSeq platform

Data analysis Softwares used in the study are mentioned in depth in the methods section. Summary below:
1) For cartoon representations www.biorender.com
2) For statistical analysis R version 4.1.2 https://www.r-project.org/ and RStudio 2022.02.3 Build 492 (https://www.rstudio.com/)
3) For image analysis Image)J 1.46r (https://imagej.nih.gov/ij/), BiofilmQ (https://drescherlab.org/data/biofilmQ/docs/)
4) For spectometry related data Masshunter (https://www.agilent.com/en/product/software-informatics/mass-spectrometry-software)
For Microbiome analysis:
5) DADA2 pipeline (https://benjjneb.github.io/dada2/)
6) Phyloseq R package 1.36.0 ( https://joey711.github.io/phyloseq/)
7) Quantitative Microbiome Profiling (https://github.com/ raeslab/ QMP)
For creating phylogenetic trees
8) Phangorn 2.8.0 R package (https://github.com/KlausVigo/phangorn)
For annotating phylogenetic trees
9) iTOL v6 (https://itol.embl.de/)
For making plots
10) ggplot2 3.3.5 R package (https://cran.r-project.org/web/packages/ggplot2/index.html)
11) ggpubr 0.4.0 R package (https://cran.r-project.org/web/packages/ggpubr/index.html)
12) ComplexHeatmap version 2.8.0 (https://bioconductor.org/packages/release/bioc/html/ComplexHeatmap.html)
For statistical analysis:

Lcoz Yooy




For manuscripts utilizing
reviewers. We strongly e

Data

13) nlme_3.1-153 R package ()https://svn.r-project.org/R-packages/trunk/nlme/

custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
ncourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets

- A description of

any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data:

https://www.ncbi.nIm.nih.gov/bioproject/PRINA868804/

MelJA and rVOCs Ana

lytical Data:

https://www.metabolomicsworkbench.org/data/DRCCMetadata.php?Mode=Study&StudylD=ST002282

Processed data has been made available as source data in the manuscript.

Databases used in this study:

SILVA Database 138.1

Human research participants

Policy information a

bout studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender NA

Population charac
Recruitment

Ethics oversight

Note that full informat

teristics NA
NA

NA

ion on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

For a reference copy of th

Life scien

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

e document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

ces study design

All studies must disc

Sample size
Data exclusions
Replication

Randomization

Blinding

lose on these points even when the disclosure is negative.

Sample size was based on the results of preliminary experiments. No statistical analysis was adopted to determine the sample size.
No data exclusion
Each figure legend distinctly indicates the technical and biological replicates.

Randomization was performed for all aspects of the experiments. For example, source/recipient chambers, arrangement of agar plates in the
growth room, treatments within 96-well plate or 16-well chamber slides.

Researchers were not fully blinded towards the treatments, partly due to the distinct phenotype of host-induced biofilms.

>
Q
Y
(e
)
1®)
o
=
o
S
_
(D
1®)
o
=
5
(@}
wm
[
=
3
Q
<




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

>
S~
Q

|:| Animals and other organisms
[] clinical data

|:| Dual use research of concern

)
Q
=
C
=
()
5o
o
Et\
o
=
—
@
§S,
o
=
)
@
wm
C
=
=
Q
=
<

X X X X X X




	Volatile methyl jasmonate from roots triggers host-beneficial soil microbiome biofilms

	Results

	Plant root VOCs promote biofilms in soil microbial community

	Oxylipins are the major class of rVOCs that promote biofilms

	Methyl jasmonate is a potent rVOC that promotes biofilms

	Biofilm community response to rVOCs is polyphyletic

	rVOC- and MeJA-induced biofilms promote plant growth

	Selective MeJA responders promote plant growth from afar


	Discussion

	Online content

	Fig. 1 Plant root VOCs promote biofilm formation in the soil microbial community.
	Fig. 2 Oxylipins are the major class of root volatiles involved in biofilm promotion.
	Fig. 3 Methyl jasmonate is a potent rVOC that acts as a signal to promote biofilm formation in the soil microbiome.
	Fig. 4 Phylogenetically diverse taxa from the soil microbiota biofilms respond to rVOCs and MeJA.
	Fig. 5 rVOC- and MeJA-induced complex biofilms promote plant growth through microbial VOCs.
	Fig. 6 MeJA responder partially recapitulates plant growth promotion.
	Extended Data Fig. 1 Biofilm lifestyle-related transcriptomic signature of P.
	Extended Data Fig. 2 Response of garden soil microbiota to Arabidopsis rVOCs.
	Extended Data Fig. 3 Planktonic-biofilm fractionation of soil microbiota induced by rVOCs.
	Extended Data Fig. 4 Volatile sampling system specifically samples root volatiles.
	Extended Data Fig. 5 MeJA shows dose-dependent modulation of biofilm growth.
	Extended Data Fig. 6 Complementation of jmt mutant by MeJA partially recovers ability to induce biofilms.
	Extended Data Fig. 7 Microbiome analysis of volatile-exposed communities.
	Extended Data Fig. 8 Predicted functions of biofilm community in response to MeJA exposure at 16 and 24 hours.
	Extended Data Fig. 9 Plant growth benefits of jmt rVOC-induced, WT rVOCs-induced and jmt rVOC+ MeJA-induced biofilm and root colonization of Bacillus sp3.




