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Weaponizing volatiles to inhibit competitor biofilms from a
distance
Qihui Hou1, Alona Keren-Paz1, Elisa Korenblum2, Rela Oved1, Sergey Malitsky 3✉ and Ilana Kolodkin-Gal 1✉

The soil bacterium Bacillus subtilis forms beneficial biofilms that induce plant defences and prevent the growth of pathogens. It is
naturally found in the rhizosphere, where microorganisms coexist in an extremely competitive environment, and thus have evolved
a diverse arsenal of defence mechanisms. In this work, we found that volatile compounds produced by B. subtilis biofilms inhibited
the development of competing biofilm colonies, by reducing extracellular matrix gene expression, both within and across species.
This effect was dose-dependent, with the structural defects becoming more pronounced as the number of volatile-producing
colonies increased. This inhibition was mostly mediated by organic volatiles, and we identified the active molecules as 3-methyl-1-
butanol and 1-butanol. Similar results were obtained with biofilms formed by phylogenetically distinct bacterium sharing the same
niche, Escherichia coli, which produced the biofilm-inhibiting 3-methyl-1-butanol and 2-nonanon. The ability of established biofilms
to inhibit the development and spreading of new biofilms from afar might be a general mechanism utilized by bacterial biofilms to
protect an occupied niche from the invasion of competing bacteria.
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INTRODUCTION
In nature, bacteria form complex and differentiated multicellular
communities, known as biofilms1. The coordinated actions of
many cells, communicating and dividing labour, improve the
ability of the biofilm community to resist antibiotics and
environmental assaults2–4. Bacterial biofilms are associated with
persistent chronic infections, and thus pose a global threat of
extreme clinical importance5,6. However, in many instances,
biofilms can be beneficial. One example is the biocontrol agents
that form biofilms on the surface of plant roots, producing
antibiotics that prevent the growth of bacterial and fungal
pathogens and inducing the plant systemic response7–10.
The Gram-positive bacterium Bacillus subtilis is a genetically

manipulatable model organism for biofilm development and for
beneficial environmental activities of bacteria11. The main organic
components of its biofilm extracellular matrix (ECM) are (i)
exopolysaccharides (EPS), synthesised by the epsA-O operon-
encoded genes; (ii) BslA, a protein forming a hydrophobic coat
protecting the biofilm12; and (iii) the amyloid-like protein TasA,
encoded in the three-gene operon tapA-sipW-tasA13. Amyloid-like
proteins such as TasA are extremely common in bacterial biofilms,
and their assembly into fibres is important for the integrity and
structure of biofilms14. In addition to its structural role, the ECM is
essential for B. subtilis spreading8,15,16.
Biofilm formation is initiated by a signalling cascade that

simultaneously inhibits motility and activates ECM expression. In B.
subtilis, phosphorylation of the master-regulator Spo0A activates
SinI, which in turn neutralises the SinR repressor, therefore
allowing the production of ECM components (EPS and TasA)
and repressing the expression of hag (encoding flagellin)17–19. In
addition, Spo0A neutralises AbrB repressor, therefore releasing the
inhibition of bslA expression. In a parallel cascade, bslA expression
is also activated by the sensor kinase DegS and the response
regulator DegU20,21. ECM expression is necessary for the devel-
opment of a highly organised 3D architecture, and the precise

spatial organisation that results in a complex differentiated
community. Therefore, mutants in spo0A and degU fail to develop
the characteristic biofilm structure, remaining featureless. This
correlation between ECM expression, colony structure and biofilm
development has been reported for both Gram-positive and
Gram-negative bacteria22–24.
Bacterial biofilm colonies growing on solid medium offer a

controlled and reproducible experimental system that has
facilitated the discovery of the molecular pathways governing
biofilm development. In a similar approach, assessing intra-species
interactions between biofilm colonies growing on agar plates has
been previously utilised to study molecular ecology, uncovering
the genetic circuits responsible for complex bacterial
behaviour25–31.
Like other bacteria, B. subtilis produces a wide repertoire of

volatile compounds (VCs)—biologically active airborne mole-
cules32. VCs are used by bacteria to interact with their environ-
ment, and were first identified as cross-kingdom signals
influencing survival and behaviour of fungi, plants and verte-
brates33–35. However, VCs are also used as chemical signals during
bacteria–bacteria interactions, altering motility, growth and
differentiation, affecting virulence and boosting antibiotic and
stress resistance of various bacterial species36.
Recent evidence suggests that VCs may also modulate the

development of bacterial communities. In nature, biofilms exist in
an extremely competitive environment, and thus engage in both
positive and negative interaction. While the ability to coordinate
biofilm development within a community is beneficial in some
cases; the ability to inhibit competing biofilm development is no
less significant. In a systematic study of biological activity of VCs
on four bacterial species, several VCs (including 1-butanol,
ethanol, indole and others) were found to affect biofilm formation
as judged by bacterial adhesion to a microtiter plate37, but the
effects were highly compound- and species-specific. For B. subtilis,
it has been reported that ammonia38 and acetic acid39 produced
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by B. subtilis pellicles (floating biofilms) stimulate neighbouring
pellicle formation. On the other hand, one study has shown that
biocontrol strain Bacillus amyloliquefaciens SQR-9 produced
volatiles inhibiting the growth of plant pathogen Ralstonia
solanacearum. In addition to the effect of VCs on the growth of
the pathogen, the VCs also reduced colony spreading, motility,
production of exopolysaccharides and surface attachment of their
own producers40. Those results suggest that in nature, the role of
VCs is highly context-dependent, and that additional studies are
needed to understand the mechanisms mediating the effects of
VCs produced by biofilms during ecological microbial interactions.
We here explored the dose-dependent activity of VCs in inter-

and intra-species interaction between biofilms, and found when
bacterial communities reach critical biomass, they can use VCs as a
specific regulatory signal to inhibit biofilm development of
potential competitors. Biomass-dependent inhibition of neigh-
bouring biofilms by VCs was conserved in B. subtilis and
Escherichia coli. We found that this inhibition was mediated by
dysregulation of biofilm transcription programme—and that the
expression of genes encoding the ECM components was inhibited
by specific VCs produced by biofilms.

RESULTS
Volatiles can inhibit biofilm development from a distance
We first tested the effect of VCs produced by B. subtilis biofilm
colonies on the development of neighbouring colonies. Towards
this goal, colonies were grown on solid rich biofilm-inducing
medium physically separated but sharing headspace (Supplemen-
tary Fig. 141). In the presence of VCs, the development of
neighbouring biofilms was inhibited, and the colonies formed
were small and flat (Fig. 1a). This effect was gradual and dose-
dependent, with the reduced size and structural defects becoming

more pronounced as the number of producing colonies increased
(Fig. 1b). Severe defects in colony morphology could be observed
only once a critical mass of VCs producers was achieved—at least
20 colonies were required to completely prevent the formation of
the characteristic 3D colony architecture (Fig. 1b). With time, this
inhibition was slightly relieved, however, biofilms grown in the
presence of VCs producers remained smaller and less developed
(Supplementary Fig. 2). CFU analysis revealed that the defective
biofilm structure was associated with reduced cell number—as
the total number of cells producing VCs increased, the number of
cells in each colony declined (Fig. 1c).
This inhibition of biofilm development was robust and not

medium-dependant, as it was also observed in the defined
biofilm-inducing medium MSgg (Fig. 1d). Colonies formed on
MSgg are larger and contain more cells—and consistently, less
colonies were needed to reach the biomass critical for inhibition
of biofilm development. Similar results were observed when the
optimal nitrogen source (amino acids) was replaced with plant
root exudate (Supplementary Fig. 3), to better mimic the
conditions present in the rhizosphere.

Volatiles can specifically dysregulate the biofilm developmental
programme
Biofilm development requires precise regulation of specific
molecular pathways, such as the coordinated production of
several ECM components. We, therefore, set to test whether the
phenotypic defect in biofilm structure reflects specific dysregula-
tion of biofilm developmental programme. We utilised promoter-
fusion reporters for ECM and motility genes to examine the effect
of VCs on their expression. The expression of GFP driven by ECM
promoters PbslA, Peps and PtapA (the promoter of the tapA-sipW-tasA
operon) was clearly inhibited by the presence of VCs. On the other
hand, the expression from Phag appeared to be increased (Fig. 2a
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Fig. 1 VCs produced by B. subtilis biofilms inhibit biofilm development in a dose-dependent manner. a Top-down images of B. subtilis 3610
biofilm colonies, grown on solid B4 medium, either alone (−VCs) or in the presence of volatile compounds produced by 80 neighbouring
colonies (+VCs). Colonies were incubated for 4 days at 30 °C. Scale bar 2 mm. Images are representative of (n > 3) independent experiments.
b B. subtilis 3610 biofilm colonies (R—receiver) grown in divided Petri dishes on solid B4 medium in the presence of an indicated number of
neighbouring colonies (P—producer). Left—experimental setting, right—a close-up of the receiving colony. Colonies were incubated for
2 days at 30 °C. Images are representative of (n > 3) independent experiments. c Colony-forming units were determined for VCs producer (left)
and receiver (right). Colonies (n= 6) were grown as in b. P-values, as determined by ANOVA followed by Tukey HSD are indicated (*pVal < 0.01,
**pVal < 0.001 vs 0 VCs producers). d B. subtilis 3610 biofilm colonies (R—receiver) grown on solid MSgg medium in the presence of 5
neighbouring colonies (P—producer). Left—experimental setting, right—a close-up of the receiving colony. Colonies were incubated for
2 days at 30 °C. Images are representative of (n > 3) independent experiments.
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and Supplementary Figs. 4 and 5)—consistent with the mutually
exclusive regulation of matrix production and flagellar motility42.
We then used flow cytometry to quantify the level of expression of
those reporters over time (Fig. 2b and Supplementary S6). VCs
reduced the number of cells that express all ECM operons at all-
time points measured, and increased the expression of hag at
early stages of colony development (days 1 and 2).
Previous studies reported an antibacterial effect of VCs, which in

some settings inhibit planktonic growth of bacteria37. To rule out
the possibility that the defective phenotypes observed here were
due to growth inhibition, we examined the effect of VCs on the
growth of mutants lacking either the ECM genes (Δeps, ΔtasA)43 or
their activator (ΔsinI)44. Those mutants’ growth rates in shaking
culture are comparable or higher than WT16, but they form small
and unstructured colonies and fail to develop into biofilms. As the
3D structure of a biofilm colony supports a larger bacterial
population, all mutants that fail to form the correct colony
architecture have lower biomass than the wild-type biofilms45. The
growth of those featureless mutants was not affected by exposure
to VCs, as judged by the number of cells in biofilms grown in the
presence and the absence on VCs (Supplementary Fig. 7). On the
other hand, the amount of EPS extracted from the same amount
of cells of VCs-treated colonies was significantly reduced
(Supplementary Table 3). This is the likely explanation for the
lower CFU counts in colonies exposed to VCs (Fig. 1c) as they fail
to produce EPS and do not form fully developed structures, they
thus support a smaller population. Taken together, the results
presented suggest that VCs produced by B. subtilis inhibit the
development of neighbouring biofilm colonies by specific
suppression of biofilm transcriptional programme.

Volatiles are commonly used to inhibit competitors during the
interspecies competition
Volatiles are frequently used as a cross-species signalling
molecule. EPEC is an enteropathogenic E. coli strain that can
reside in contaminated soils, and therefore frequently shares the
same niche as B. subtilis46,47. In our experimental setting, EPEC
biofilm development could be inhibited by VCs produced by
neighbouring B. subtilis colonies, in a dose-dependent manner
(Fig. 3a). In this case, no morphological changes were observed
below critical biomass for inhibition (20 colonies), but after
crossing this threshold, the colonies that developed were flat and

featureless. Just like in the case of B. subtilis, the defect in
morphology was accompanied by a decrease in colony size and in
the number of viable cells in the EPEC colony (Supplementary Fig.
8). In contrast to the self-inhibition of B. subtilis, the inhibition of
EPEC was not relieved with time, and no 3D structure developed
at any time point tested (Supplementary Fig. 9).
In E. coli biofilms, the main components of ECM are Curli

(amyloid fibres encoded by the csgB operon) and the exopoly-
saccharide cellulose (encoded by bcsA)48,49. Under most condi-
tions, Curli fibres are essential for establishing 3D morphology,
while the role of exopolysaccharides is strain and condition
dependent49. The RT-qPCR analysis revealed that the presence of
VCs had little or no effect on bcsA expression, but dramatically
reduced the expression of csgB (Fig. 3b). In contrast, the
expression of the transcription factor rcsB50, regulating the
biosynthesis of colanic acid (a negatively charged exopolysacchar-
ide that forms a protective capsule51), was induced by VCs. These
results suggest that VCs produced by B. subtilis serve as a specific
cue inhibiting amyloid production by E. coli biofilms.
To determine whether the production of biofilm-inhibiting VCs

is a common mechanism in bacterial competition, we next used
EPEC as VCs producer. Consistent with the general nature of
olfactory warfare in bacteria, VCs produced by EPEC could inhibit
its own biofilm development (Fig. 3c), as well as the development
of B. subtilis colonies (Fig. 3d).

Self-produced organic volatiles, 3-methyl-1-butanol and 2-
nonanon, confirm specific inhibition of biofilm development
B. subtilis produces a broad range of volatile compounds, with
volatiles profiles differing dramatically between strains and
growth conditions52. We first directly tested the effect of a central
bacterial inorganic volatile—ammonia. We found that under our
conditions (colonies grown on biofilm-inducing medium), 3 mL of
2% v/v ammonia was lethal. When applied at a lower concentra-
tion, ammonia interfered with biofilm formation, as judged by
defects in colony structure (Supplementary Fig. 10), and increased
biofilm spreading. The morphology defects on the rich B4 medium
were more severe than on the defined MSgg (Supplementary Fig.
10, compare 0.02% v/v). In contrast to our findings, previous
reports showed that ammonia induces floating biofilm formation
in B. subtilis and B. licheniformis37,38. However, the same two
studies reported contradictory effects of ammonia on E. coli
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Fig. 2 Volatiles produced by B. subtilis biofilms inhibit ECM expression. a Top-down phase and fluorescent (GFP) images of B. subtilis
3610 strains carrying Peps-GFP, PbslA-GFP, PtapA-GFP or Phag-GFP were incubated either alone (−VCs) or in the presence of 20 volatile producers
(+VCs). Colonies were inoculated on solid B4 medium, and incubated for 2 days at 30 °C. Scale bar 2mm. Images are representative of (n > 3)
independent experiments. b Flow cytometry analysis of colonies grown as in a for 1, 2 or 4 days, as indicated. Colonies were grown either
alone (green, −VCs) or in the presence of 20 volatile producers (red, +VCs). Control (grey)—autofluorescence levels of the parental non-
fluorescent strain. Shown are representative results of three independent experiments performed with least two technical repeats.
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biofilm formation, raising the possibility that its effects are highly
context-dependent.
To gain more insight into the role of ammonia in biofilm colony

development, we used B. subtilis mutant lacking urease (ΔureA-C),
and thus unable to produce ammonia. When this mutant was
used as a VCs producer, it was still able to efficiently inhibit
neighbouring wild-type biofilm development on B4 medium,
suggesting that self-produced ammonia plays no role in biofilm
inhibition in this setting (Fig. 4a). On the other hand, on the
defined MSgg medium, the inhibitory effect of the mutant was
less pronounced, suggesting a more central role for ammonia (Fig.
4b). Taken together, those results suggest that while biofilms
grown on B4 are more sensitive to inhibition by ammonia, only
biofilms growing on MSgg use it to inhibit competing biofilms. An
additional inorganic volatile, carbon dioxide, did not prevent the
formation of robust wrinkles of exposed colonies (Supplementary
Fig. 11).
The volatile repertoire produced by bacteria varies significantly

depending on conditions52. To directly test which volatiles are
produced by B. subtilis and E. coli biofilm colonies, we performed
GC–MS of organic volatiles (VOCs). An untargeted approach
identified a robust production of 3-methyl-1-butanol by both
species (Fig. 4c), which was then verified by a targeted MS analysis
against analytical standards (Fig. 4d). We used this targeted
approach to evaluate the presence of several commercially
available bioactive VOCs that are known to be produced by B.
subtilis35,52 and were previously reported to modulate bacterial
development. Those included propionic acid39; glyoxylic acid41; 2-

nonanone40; 2-undercanone40; 1-butanol37; ethanol37; and 1-
pentanol41. Gas chromatography-mass spectrometry (GC–MS)
analysis revealed that under our conditions, B. subtilis biofilm
colonies also produced 1-butanol and EPEC produced 2-nonanone
(Supplementary Figs. 12 and 13). We next directly verified the
effect of those VOCs on biofilm development, by adding them as a
solution in a divided petri dish next to a single biofilm colony. All
three VOCs identified by MS could inhibit the development of B.
subtilis (Fig. 5a). 3-methyl-1-butanol and 1-butanol had a severe
inhibitory effect on E. coli biofilm development, while the effect of
2-nonanone on was less pronounced (Fig. 5b). Out of the
compounds not identified by MS, 1-pentanol (very similar in its
structure to 1-butanol) had a strong inhibitory effect (Fig. 5a, b)
and 2-undecanone was somewhat active, but only against B.
subtilis (Supplementary Fig. 14). The rest of the compounds not
identified in the biofilm headspace had no biofilm-inhibiting
activity (Fig. 5a, b and Supplementary Fig. 14). Consistent with our
finding that VCs inhibited biofilm development by reducing the
expression of ECM operons, the commercial volatiles that
inhibited biofilm morphology, also repressed the expression of
tapA-sipW-tasA, bslA (Fig. 5c, d) and eps operons (Supplementary
Fig. 15).

DISCUSSION
Interactions among the bacteria in the rhizosphere are intensely
competitive, both within and between species. Fast-growing
organisms compete for nutrients and space, constantly invading
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Fig. 4 3-methyl-1-butanol is commonly produced by B. subtilis and E. coli biofilms to inhibit biofilm formation. a B. subtilis 3610 biofilm
colonies grown on solid B4 medium either alone, or in the presence of 30 neighbouring colonies (either WT or ΔureA-C, as indicated). Colonies
were incubated for 2 days at 30 °C. Images are representative of (n > 3) independent experiments. b Experiment was performed as in a on
MSgg medium. c Total ion chromatogram profiles of B. subtilis and EPEC volatiles produced by its biofilm as judged by GC–MS. Headspace
analysis of a medium control is in black, and of a biofilm colony in green. Peaks were cross-referenced with National Institute of Standards and
Technology (NIST) and Wiley libraries. d Representative Selected mass (55.07 Da) chromatogram of 3-methyl-butanol of the produced by B.
subtilis (on MSgg) and E. coli (on LBNS). Headspace analysis of a medium control is in black, and of a biofilm colony in green. MS spectra of the
standard (3-methyl-1-butanol) and peak identified as 3-methyl-1-butanol in B. subtilis (on MSgg) and E. coli (on LBNS) is provided. Experiments
were performed with three independent repeats and four technical repeats.

Fig. 5 Structurally related organic VOCs inhibit biofilm formation and ECM expression. a B. subtilis 3610 biofilm colonies grown on solid B4
medium either alone (NT) or in the presence of the indicated volatiles. The commercial volatiles were added as 3 mL of 0.2% v/v solution
placed in a divided agar-plate in Fig. 1b. Colonies were incubated for 2 days at 30 °C. Images are representative of (n > 3) independent
experiments. Scale bar 2mm. b E. coli biofilm colonies grown on solid LBNS medium either alone (NT) or in the presence of indicated
commercial volatiles, added as in a. Colonies were incubated for 2 days at 30 °C. Images are representative of (n > 3) independent experiments.
Scale bar 2 mm. c B. subtilis 3610 strains carrying PtapA-GFP or PbslA-GFP were incubated for 2 days either alone (NT) or in the presence of the
indicated commercial volatiles. Control (grey)—autofluorescence levels of the parental non-fluorescent strain. Shown are representative
results of three independent experiments performed with least two technical repeats.
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new niches. Many bacterial species defend their established
niches by secreting antibiotics to prevent competitors from
invading their territory53, however, antibiotics can only act in
close proximity. We here describe an additional potential defence
mechanism—bacteria producing VCs that prevent biofilm forma-
tion by invading bacteria.
The main effect of VCs was not direct growth inhibition or

killing, as in the case of antibiotics. Instead, we found that specific
inhibition of ECM production inhibited normal biofilm develop-
ment and limited colony spreading. In biofilms, bacteria frequently
migrate towards new niches by sliding, powered by cell division
and ECM production8,15,54. Blocking this collective motility may
serve as an effective strategy to distance competitors. Further-
more, preventing biofilm formation denies the potential invaders
the fitness advantages associated with this life style55, such as
better host attachment and phenotypic antibiotic resistance—
making the invading bacteria more sensitive to the antibiotics
present in the rhizosphere.
VCs-dependent inhibition was only evident when VCs producers

reached certain critical biomass, and thus the inhibitory effect
described here is by definition a feature of mature biofilms. One
appealing ecological scenario is that once a critical mass of
bacteria is achieved in a given location (pioneers), production of
certain species of VCs will prevent the development of competing
colonies in proximity, protecting this established community from
potential competitors (newcomers). These findings expand the
known range of VCs signalling during bacterial interactions; as
while specific VCs served as weapons against invaders, other
volatiles can promote cooperation between neighbour colonies at
new colonisation sites37,38.
The role of bacterial VCs in inhibiting biofilm formation reveals

an additional layer of the complex interactions in the competitive
natural environments. A better understanding of the versatile
roles of bacterial VCs can lead to the development of new
strategies to control beneficial biofilm formation in environmental
and agricultural settings.

METHODS
Strains and media
The strains are summarised in Supplementary Table 1.
The media used were (i) B4 medium (0.4% yeast extract, 05% glucose,

supplemented with calcium acetate as in refs. 5,56); (ii) MSgg, prepared as in
ref. 57; (iii) modified MSgg, with phenyl alanine, tryptophan and threonine
replaced by exudate collected from 35 day-old tomato plants (Solanum
lycopersicum; cv. M82) cultivated in a hydroponic system under sterile
conditions as described58; or (iv) in Luria–Bertani with no salt (LBNS)
medium (0.5% yeast extract, 1% tryptone). All volatiles were purchased
from Sigma-Aldrich with >98% purity.
Bacteria were grown at 30 °C. For all experiments, cultures were

synchronised to OD600= 0.2, and spotted on the appropriate solid growth
media. All experiments were performed in a triplicate, with a minimum of
four replicates for each condition.

Viable cell quantification
Colonies were collected, resuspended in PBS (Biological Industries), and
thoroughly vortexed. The samples were then mildly sonicated (BRANSON
digital sonifier, Model 250, Microtip, amplitude 30%, pulse 2 × 5 s). To
determine the number of colony-forming units (CFU), samples were serially
diluted in PBS, plated on LB plates, and colonies were counted after
incubation at 30 °C overnight.

Imaging
All images were taken using a Nikon D3 camera or a Stereo Discovery V20″
microscope (Tochigi, Japan) with objectives Plan Apo S × 0.5 FWD 134mm
or Apo S × 1.0 FWD 60mm (Zeiss, Goettingen, Germany) attached to a
high-resolution microscopy Axiocam camera. Images were created and
processed using Axiovision suite software (Zeiss).

Flow cytometry
B. subtilis biofilms were inoculated as described above, and incubated for
the time period indicated in the legend for each figure. Biofilms were then
scraped from the plate surface and separated into single cells using mild
sonication. Samples were fixated in 4% paraformaldehyde (Electron
Microscopy Sciences) and kept at 4 °C until the measurement. Samples
were analysed by LSR-II cytometer (Becton Dickinson, San Jose, CA, USA)
operating a solid-state laser at 488 nm. GFP intensities were collected by
505 LP and 525/50 BP filters. For each sample, 106 events were recorded
and analysed for GFP intensities. The autofluorescence level was
determined in each experiment by measuring a biofilm sample from a
non-fluorescent strain of the same genetic background. The distribution of
GFP intensities was analysed with using a custom Matlab code and
visualised by Excel. The experiments were repeated three times, in
technical duplicates, with similar results.

Real-time PCR
EPEC colonies (n= 3) were collected, lysed in 250 µL lysozyme (20mg
mL−1) and incubated at 37 °C for 10min. Next, 1 mL TRIzol Reagent (Bio-
Lab, Israel) was added and RNA was extracted according to the
manufacturer’s instructions. DNA contaminants were removed with TURBO
DNA-freeTM kit (Invitrogen, USA), according to the manufacturer’s
instructions.
cDNA synthesis was carried out by SuperScript® III First-Strand Synthesis

System (Invitrogen, USA) according to the manufacturer’s instructions,
from 200 ng total RNA using random hexamer primers. cDNA was then
amplified with KAPA SYBR FAST qPCR Master Mix (2×) Universal (Sigma-
Aldrich, USA), according to the manufacturer’s instructions. All primers
used in this study (Supplementary Table 2) were purchased from Sigma-
Aldrich. Real-time PCR was performed using the Applied Biosystems
StepOnePlus Real-Time PCR Systems (Thermo Fisher Scientific, USA). The
thermal cycle conditions were as follows: 10 min denaturation at 95 °C,
followed by 40 cycles of amplification: 15 s at 95 °C and 60 s at 60 °C. For
quantification, the CT of each gene was normalised to the CT of the
housekeeping gene rrsG (ΔCT); and then the difference between treated
and untreated samples was calculated (ΔΔCT). Results are presented as
fold-changes in expression (log2−ΔΔCT).

VOCs analysis
For volatile collection, the colony biofilms were grown in collection vials on
top of biofilm-inducing solid medium for 2 days at 30 °C. The headspace
(300mL) above cultures was actively sampled onto Tenax GR thermal
desorption tubes at a flow rate of ~30mLmin−1 using a DHS module
(Gerstel, Germany). Samples were collected under sterile conditions in a
laminar flow hood. VCs analysis was conducted on a thermal desorption-
gas chromatography time-of-flight mass spectrometer (GC-TOF-MS) plat-
form (Leco BT, Germany) combined with Gerstel MPS autosampler
(Germany). VOCs were desorbed from sorbent tubes using temperature
gradient from 30 to 190 °C for 300 °C min−1, cryo-focused on a cold
injection system (CIS, Gerstel, Germany) maintained at 2 °C and desorbed
from the CIS onto the GC (Agilent 7890 A) by flash heating to 250 °C for
3 min. The GC column (DB-5MS column, 30m, 0.25mm internal diameter,
0.25 μm film thickness, Restek) was held at an initial temperature of 40 °C
for 4 min, ramped to 200 °C at 10 °C min−1 and to 300 °C at 15 °C min−1 for
4 min. The GC runtime was 30min with a total TD cycle time of 30min. The
TOF-MS was in electron ionisation mode set at 70 eV. The source
temperature was set to 220 °C, and spectra were acquired in dynamic
range extension mode at 20 scans s−1 over a range of 35–650m/z.

Data processing. GC-TOF-MS data were acquired and analysed using
ChromaTof (Leco, Germany). Chromatographic peaks and mass spectra
were cross-referenced with National Institute of Standards and Technology
(NIST17) and Wiley libraries for putative identification purposes (matching
factor >800 match) and compared with retention time and spectra of
injected of reference standards.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Q. Hou et al.

6

npj Biofilms and Microbiomes (2021)     2 Published in partnership with Nanyang Technological University



DATA AVAILABILITY
All data generated or analysed during this study are included in this published article
(and its supplementary information files).

Received: 4 June 2020; Accepted: 19 November 2020;

REFERENCES
1. Aguilar, C., Vlamakis, H., Losick, R. & Kolter, R. Thinking about Bacillus subtilis as a

multicellular organism. Curr. Opin. Microbiol. 10, 638–643 (2007).
2. Bucher, T. et al. An active beta-lactamase is a part of an orchestrated cell wall

stress resistance network of Bacillus subtilis and related rhizosphere species.
Environ. Microbiol. https://doi.org/10.1111/1462-2920.14526 (2019).

3. Bucher, T., Oppenheimer-Shaanan, Y., Savidor, A., Bloom-Ackermann, Z. &
Kolodkin-Gal, I. Disturbance of the bacterial cell wall specifically interferes with
biofilm formation. Environ. Microbiol. Rep. 7, 990–1004 (2015).

4. Fux, C. A., Costerton, J. W., Stewart, P. S. & Stoodley, P. Survival strategies of
infectious biofilms. Trends Microbiol 13, 34–40 (2005).

5. Keren-Paz, A., Brumfeld, V., Oppenheimer-Shaanan, Y. & Kolodkin-Gal, I. Micro-CT
X-ray imaging exposes structured diffusion barriers within biofilms. NPJ Biofilms
Microbiomes 4, 8 (2018).

6. Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common
cause of persistent infections. Science 284, 1318–1322 (1999).

7. Bais, H. P., Fall, R. & Vivanco, J. M. Biocontrol of Bacillus subtilis against infection of
Arabidopsis roots by Pseudomonas syringae is facilitated by biofilm formation and
surfactin production. Plant Physiol. 134, 307–319 (2004).

8. Ogran, A. et al. The plant host induces antibiotic production to select the most
beneficial colonizers. Appl. Environ. Microbiol. https://doi.org/10.1128/AEM.00512-
19 (2019).

9. Kai, M., Effmert, U., Berg, G. & Piechulla, B. Volatiles of bacterial antagonists inhibit
mycelial growth of the plant pathogen Rhizoctonia solani. Arch. Microbiol. 187,
351–360 (2007).

10. Chen, Y. et al. A Bacillus subtilis sensor kinase involved in triggering biofilm
formation on the roots of tomato plants. Mol. Microbiol. 85, 418–430 (2012).

11. Kovacs, A. T. Bacillus subtilis. Trends Microbiol. https://doi.org/10.1016/j.
tim.2019.03.008 (2019).

12. Hobley, L. et al. BslA is a self-assembling bacterial hydrophobin that coats the
Bacillus subtilis biofilm. Proc. Natl. Acad. Sci. 110, 13600–13605 (2013).

13. Branda, S. et al. A major protein component of the Bacillus subtilis biofilm matrix.
Mol. Microbiol. 59, 1229–1238 (2006).

14. Blanco, L. P., Evans, M. L., Smith, D. R., Badtke, M. P. & Chapman, M. R. Diversity,
biogenesis and function of microbial amyloids. Trends Microbiol. 20, 66–73 (2012).

15. Grau, R. R. et al. A duo of potassium-responsive histidine kinases govern the
multicellular destiny of Bacillus subtilis. MBio 6, e00581 (2015).

16. Steinberg, N. et al. The extracellular matrix protein TasA is a developmental cue
that maintains a motile subpopulation within Bacillus subtilis biofilms. Sci. Signal
13, https://doi.org/10.1126/scisignal.aaw8905 (2020).

17. Chu, F., Kearns, D. B., Branda, S. S., Kolter, R. & Losick, R. Targets of the master
regulator of biofilm formation in Bacillus subtilis. Mol. Microbiol 59, 1216–1228
(2006).

18. Branda, S. S. et al. Genes involved in formation of structured multicellular com-
munities by Bacillus subtilis. J. Bacteriol. 186, 3970–3979 (2004).

19. Romero, D., Aguilar, C., Losick, R. & Kolter, R. Amyloid fibers provide structural
integrity to Bacillus subtilis biofilms. Proc. Natl Acad. Sci. USA 107, 2230–2234
(2010).

20. Verhamme, D. T., Kiley, T. B. & Stanley-Wall, N. R. DegU co-ordinates multicellular
behaviour exhibited by Bacillus subtilis. Mol. Microbiol. 65, 554–568 (2007).

21. Verhamme, D. T., Murray, E. J. & Stanley-Wall, N. R. DegU and Spo0A jointly
control transcription of two loci required for complex colony development by
Bacillus subtilis. J. Bacteriol. 191, 100–108 (2009).

22. Serra, D. O., Richter, A. M., Klauck, G., Mika, F. & Hengge, R. Microanatomy at
cellular resolution and spatial order of physiological differentiation in a bacterial
biofilm. MBio 4, e00103–e00113 (2013).

23. McLoon, A. L., Kolodkin-Gal, I., Rubinstein, S. M., Kolter, R. & Losick, R. Spatial
regulation of histidine kinases governing biofilm formation in Bacillus subtilis. J.
Bacteriol. 193, 679–685 (2011).

24. Okegbe, C., Price-Whelan, A. & Dietrich, L. E. Redox-driven regulation of microbial
community morphogenesis. Curr. Opin. Microbiol 18C, 39–45 (2014).

25. Bleich, R., Watrous, J. D., Dorrestein, P. C., Bowers, A. A. & Shank, E. A. Thiopeptide
antibiotics stimulate biofilm formation in Bacillus subtilis. Proc. Natl Acad. Sci. USA
112, 3086–3091 (2015).

26. Gonzalez, D. J. et al. Microbial competition between Bacillus subtilis and Sta-
phylococcus aureus monitored by imaging mass spectrometry. Microbiology 157,
2485–2492 (2011).

27. Powers, M. J., Sanabria-Valentin, E., Bowers, A. A. & Shank, E. A. Inhibition of cell
differentiation in Bacillus subtilis by Pseudomonas protegens. J. Bacteriol. 197,
2129–2138 (2015).

28. Rosenberg, G. et al. Not so simple, not so subtle: the interspecies competition
between Bacillus simplex and Bacillus subtilis and its impact on the evolution of
biofilms. NPJ Biofilms Microbiomes 2, 15027 (2016).

29. Hernandez-Valdes, J. A., Zhou, L., de Vries, M. P. & Kuipers, O. P. Impact of spatial
proximity on territoriality among human skin bacteria. Npj Biofilms Microbiol. 6,
https://doi.org/10.1038/s41522-020-00140-0 (2020).

30. Straight, P. D., Willey, J. M. & Kolter, R. Interactions between Streptomyces coeli-
color and Bacillus subtilis: role of surfactants in raising aerial structures. J. Bacteriol.
188, 4918–4925 (2006).

31. Stubbendieck, R. M. & Straight, P. D. Escape from lethal bacterial competition
through coupled activation of antibiotic resistance and a mobilized subpopula-
tion. PLoS Genet. 11, https://doi.org/10.1371/journal.pgen.1005722 (2015).

32. Ryu, C. M. et al. Bacterial volatiles induce systemic resistance in Arabidopsis. Plant
Physiol. 134, 1017–1026 (2004).

33. Gao, H., Li, P., Xu, X., Zeng, Q. & Guan, W. Research on volatile organic compounds
from Bacillus subtilis CF-3: biocontrol effects on fruit fungal pathogens and
dynamic changes during fermentation. Front. Microbiol. 9, 456 (2018).

34. Fincheira, P., Parra, L., Mutis, A., Parada, M. & Quiroz, A. Volatiles emitted by
Bacillus sp. BCT9 act as growth modulating agents on Lactuca sativa seedlings.
Microbiol. Res. 203, 47–56 (2017).

35. Farag, M. A., Ryu, C. M., Sumner, L. W. & Pare, P. W. GC-MS SPME profiling of
rhizobacterial volatiles reveals prospective inducers of growth promotion and
induced systemic resistance in plants. Phytochemistry 67, 2262–2268 (2006).

36. Audrain, B., Farag, M. A., Ryu, C. M. & Ghigo, J. M. Role of bacterial volatile
compounds in bacterial biology. FEMS Microbiol. Rev. 39, 222–233 (2015).

37. Letoffe, S., Audrain, B., Bernier, S. P., Delepierre, M. & Ghigo, J. M. Aerial exposure
to the bacterial volatile compound trimethylamine modifies antibiotic resistance
of physically separated bacteria by raising culture medium pH. MBio 5,
e00944–00913 (2014).

38. Nijland, R. & Burgess, J. G. Bacterial olfaction. Biotechnol. J. 5, 974–977 (2010).
39. Chen, Y., Gozzi, K., Yan, F. & Chai, Y. Acetic acid acts as a volatile signal to

stimulate bacterial biofilm formation. MBio 6, e00392 (2015).
40. Raza, W., Ling, N., Yang, L., Huang, Q. & Shen, Q. Response of tomato wilt

pathogen Ralstonia solanacearum to the volatile organic compounds pro-
duced by a biocontrol strain Bacillus amyloliquefaciens SQR-9. Sci. Rep. 6,
24856 (2016).

41. Kim, K. S., Lee, S. & Ryu, C. M. Interspecific bacterial sensing through airborne
signals modulates locomotion and drug resistance. Nat. Commun. 4, 1809 (2013).

42. Chai, Y., Norman, T., Kolter, R. & Losick, R. An epigenetic switch governing
daughter cell separation in Bacillus subtilis. Genes Dev. 24, 754–765 (2010).

43. Oppenheimer-Shaanan, Y. et al. Spatio-temporal assembly of functional mineral
scaffolds within microbial biofilms. NPJ Biofilms Microbiomes 2, 15031 (2016).

44. Kearns, D. B., Chu, F., Branda, S. S., Kolter, R. & Losick, R. A master regulator for
biofilm formation by Bacillus subtilis. Mol. Microbiol. 55, 739–749 (2005).

45. Aguilar, C., Vlamakis, H., Guzman, A., Losick, R. & Kolter, R. KinD is a checkpoint
protein linking spore formation to extracellular-matrix production in Bacillus
subtilis biofilms. MBio 1, https://doi.org/10.1128/mBio.00035-10 (2010).

46. Gomez-Aldapa, C. A., Rangel-Vargas, E., Gordillo-Martinez, A. J. & Castro-Rosas, J.
Behavior of shiga toxin-producing Escherichia coli, enteroinvasive E. coli, enter-
opathogenic E. coli and enterotoxigenic E. coli strains on whole and sliced jala-
peno and serrano peppers. Food Microbiol. 40, 75–80 (2014).

47. Monaghan, A. et al. Serotypes and virulence profiles of atypical enteropathogenic
Escherichia coli (EPEC) isolated from bovine farms and abattoirs. J. Appl. Microbiol.
114, 595–603 (2013).

48. Chapman, M. R. et al. Role of Escherichia coli curli operons in directing amyloid
fiber formation. Science 295, 851–855 (2002).

49. Serra, D. O., Richter, A. M. & Hengge, R. Cellulose as an architectural element in
spatially structured Escherichia coli biofilms. J. Bacteriol. 195, 5540–5554 (2013).

50. Gervais, F. G., Phoenix, P. & Drapeau, G. R. The Rcsb gene, a positive regulator of
colanic acid biosynthesis in Escherichia coli, is also an activator of Ftsz expression.
J. Bacteriol. 174, 3964–3971 (1992).

51. Hanna, A., Berg, M., Stout, V. & Razatos, A. Role of capsular colanic acid in
adhesion of uropathogenic Escherichia coli. Appl. Environ. Microbiol. 69,
4474–4481 (2003).

52. Kai, M. Diversity and distribution of volatile secondary metabolites throughout
Bacillus subtilis Isolates. Front. Microbiol. 11, 559 (2020).

53. Xavier, J. B., Martinez-Garcia, E. & Foster, K. R. Social evolution of spatial patterns
in bacterial biofilms: when conflict drives disorder. Am. Nat. 174, 1–12 (2009).

Q. Hou et al.

7

Published in partnership with Nanyang Technological University npj Biofilms and Microbiomes (2021)     2 

https://doi.org/10.1111/1462-2920.14526
https://doi.org/10.1128/AEM.00512-19
https://doi.org/10.1128/AEM.00512-19
https://doi.org/10.1016/j.tim.2019.03.008
https://doi.org/10.1016/j.tim.2019.03.008
https://doi.org/10.1126/scisignal.aaw8905
https://doi.org/10.1038/s41522-020-00140-0
https://doi.org/10.1371/journal.pgen.1005722
https://doi.org/10.1128/mBio.00035-10


54. Gallegos-Monterrosa, R. et al. Lysinibacillus fusiformis M5 induces increased
complexity in Bacillus subtilis 168 colony biofilms via hypoxanthine. J. Bacteriol.
199, https://doi.org/10.1128/JB.00204-17 (2017).

55. Kolter, R. & Greenberg, E. P. Microbial sciences: the superficial life of microbes.
Nature 441, 300–302 (2006).

56. Boquet, E., Boronat, A. & Ramoscor, A. Production of calcite (calcium-carbonate)
crystals by soil bacteria is a general phenomenon. Nature 246, 527–529 (1973).

57. Bucher, T., Kartvelishvily, E. & Kolodkin-Gal, I. Methodologies for studying B.
subtilis biofilms as a model for characterizing small molecule biofilm inhibitors. J.
Vis. Exp. https://doi.org/10.3791/54612 (2016).

58. Korenblum, E. et al. Rhizosphere microbiome mediates systemic root metabolite
exudation by root-to-root signaling. Proc. Natl Acad. Sci. USA 117, 3874–3883
(2020).

ACKNOWLEDGEMENTS
The Kolodkin-Gal lab is supported by the Israel Science Foundation grant number
119/16, and Israel Ministry of Science—Tashtiot (Infrastructures)—123402 in Life
Sciences and Biomedical Sciences. I.K.-G. is supported by an internal grant from the
Estate of Albert Engleman and by a research grant from the Benoziyo Endowment
Fund for the Advancement of Science and a recipient of Rowland and Sylvia Career
Development Chair.

AUTHOR CONTRIBUTIONS
Q.H., I.K.-G., A.K.-P., and S.M. designed experiments; Q.H., E.K., and S.M. performed the
experiments; A.K.-P., Q.H., and I.K.-G. analysed the data; R.O. collected data, Q.H., E.K.
and S.M. provided methodologies; I.K.-G. and A.K.-P. wrote the manuscript.

COMPETING INTERESTS
We have provided a complete listing of the current institutional affiliations of the
authors. We acknowledged of all financial contributions to the work being reported,

including contributions and we declare that we read NPJ biofilms and microbiomes
full Conflict of Interest Policy and have disclosed all declarable relationships as
defined therein if any.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41522-020-00174-4.

Correspondence and requests for materials should be addressed to S.M. or I.K.-G.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Q. Hou et al.

8

npj Biofilms and Microbiomes (2021)     2 Published in partnership with Nanyang Technological University

https://doi.org/10.1128/JB.00204-17
https://doi.org/10.3791/54612
https://doi.org/10.1038/s41522-020-00174-4
https://doi.org/10.1038/s41522-020-00174-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Weaponizing volatiles to inhibit competitor biofilms from a distance
	Introduction
	Results
	Volatiles can inhibit biofilm development from a distance
	Volatiles can specifically dysregulate the biofilm developmental programme
	Volatiles are commonly used to inhibit competitors during the interspecies competition
	Self-produced organic volatiles, 3-methyl-1-butanol and 2-nonanon, confirm specific inhibition of biofilm development

	Discussion
	Methods
	Strains and media
	Viable cell quantification
	Imaging
	Flow cytometry
	Real-time PCR
	VOCs analysis
	Data processing

	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




