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ABSTRACT

Interspecies interactions have been described for numerous bacterial systems, leading to the identification of chemical com-
pounds that impact bacterial physiology and differentiation for processes such as biofilm formation. Here, we identified soil mi-
crobes that inhibit biofilm formation and sporulation in the common soil bacterium Bacillus subtilis. We did so by creating a
reporter strain that fluoresces when the transcription of a biofilm-specific gene is repressed. Using this reporter in a coculture
screen, we identified Pseudomonas putida and Pseudomonas protegens as bacteria that secrete compounds that inhibit biofilm
gene expression in B. subtilis. The active compound produced by P. protegens was identified as the antibiotic and antifungal
molecule 2,4-diacetylphloroglucinol (DAPG). Colonies of B. subtilis grown adjacent to a DAPG-producing P. protegens strain
had altered colony morphologies relative to B. subtilis colonies grown next to a DAPG-null P. protegens strain (phlD strain).
Using a subinhibitory concentration of purified DAPG in a pellicle assay, we saw that biofilm-specific gene transcription was
delayed relative to transcription in untreated samples. These transcriptional changes also corresponded to phenotypic altera-
tions: both biofilm biomass and spore formation were reduced in B. subtilis liquid cultures treated with subinhibitory concen-
trations of DAPG. Our results add DAPG to the growing list of antibiotics that impact bacterial development and physiology at
subinhibitory concentrations. These findings also demonstrate the utility of using coculture as a means to uncover chemically
mediated interspecies interactions between bacteria.

IMPORTANCE

Biofilms are communities of bacteria adhered to surfaces by an extracellular matrix; such biofilms can have important effects in
both clinical and agricultural settings. To identify chemical compounds that inhibited biofilm formation, we used a fluorescent
reporter to screen for bacteria that inhibited biofilm gene expression in Bacillus subtilis. We identified Pseudomonas protegens
as one such bacterium and found that the biofilm-inhibiting compound it produces was the antibiotic 2,4-diacetylphlorogluci-
nol (DAPG). We showed that even at subinhibitory concentrations, DAPG inhibits biofilm formation and sporulation in B. sub-
tilis. These findings have potential implications for understanding the interactions between these two microbes in the natural
world and support the idea that many compounds considered antibiotics can impact bacterial development at subinhibitory
concentrations.

tent to take up DNA, or sporulating, among others) (14, 15).
These different cell types coexist within genetically identical pop-

etabolites secreted by microbes often kill other microbes.
Not all bacterial natural products act as antibiotics, how-

ever; many microbial metabolites have roles as intraspecific sig-
naling cues. For instance, quorum-sensing compounds such as
acyl-homoserine lactones allow microbes to modulate their gene
expression in response to cellular density and are frequently in-
volved in regulating biofilm formation (1, 2). Another example is
the developmental signaling cue goadsporin, which controls cel-
lular development in Streptomyces species (3, 4). Compounds se-
creted by microbes can also act as interspecific signaling cues,
altering microbial development in other bacterial species (5-8).
Some metabolites with antibiotic activity have the ability to simul-
taneously impact cellular development, whether at subinhibitory
concentrations or via other mechanistic pathways (9-13). Here,
we explore the identification of interspecies interactions that lead
to alterations in bacterial development in the Gram-positive
model bacterium Bacillus subtilis.

B. subtilis is a bacterial model system for cellular differentia-
tion: it develops into multiple transcriptionally distinct cell types
(for example, cells that are swimming, forming biofilms, compe-
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ulations of B. subtilis cells, and many of them are regulated by the
activity of the master transcriptional regulator SpoOA (16-18).
Spo0A’s activity is governed by the extent of its phosphorylation
(Spo0A~P): when there is little SpoOA~P in the cell, genes in-
volved in swimming (e.g., hag) are expressed; when there is a
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moderate amount of Spo0OA~P present, genes involved in biofilm
formation are expressed (e.g., tapA); and when there is a high level
of Spo0A~P present, genes involved in sporulation are expressed
(e.g., sspB) (16, 18). B. subtilis cells progressively transition from
swimming to biofilm matrix-producing to sporulating cells as
Spo0A~P accumulates (16, 19-21). The distributions of these dif-
ferent cell types are spatiotemporally regulated within B. subtilis
biofilms (19, 22).

Biofilms are communities of microbes living together in a self-
produced extracellular matrix that binds the cells to one another
and often adheres them to a surface. In B. subtilis this extracellular
matrix is composed of an exopolysaccharide and a protein (TasA)
that forms amyloid fibrils (23, 24). Robust biofilm formation can
be detected either visually, due to a wrinkly colony phenotype
(22), or using fluorescent transcriptional reporters, such as a B.
subtilis strain containing P,,,,-yfp (a construct in which the pro-
moter for the tasA gene, P,,,4, drives the production of yellow
fluorescent protein [YFP]) (19). We recently used this P, ,,-yfp B.
subtilis strain to identify numerous soil organisms (predomi-
nantly other Bacillus species) that induced biofilm gene expression
in B. subtilis (5). Thus, cellular differentiation in B. subtilis can be
affected by both intraspecific and interspecific signaling cues (5,
25, 26).

We hypothesized that other soil microbes might secrete metab-
olites that would inhibit rather that stimulate cellular differentia-
tion in B. subtilis. We explored this possibility by conducting a
coculture screen analogous to that described above but using a B.
subtilis reporter strain that fluoresces when the tapA promoter is
repressed. In this way we identified two pseudomonads that in-
hibited biofilm gene expression in B. subtilis. Using bioassay-
guided fractionation, we identified 2,4-diacetylphloroglucinol
(DAPG) as the candidate active molecule produced by P. protegens
(27, 28). B. subtilis colonies grown adjacent to P. protegens colo-
nies producing DAPG had altered colony morphologies relative to
B. subtilis colonies grown adjacent to a mutant strain of P. prote-
gens unable to produce DAPG (phiD strain) (29). Using a liquid
pellicle assay and flow cytometry, we show that subinhibitory con-
centrations of purified DAPG delays tapA gene expression in B.
subtilis. We further show that subinhibitory concentrations of
DAPG lead to a reduction in biomass (as detected by crystal violet
[CV] staining of biofilms) and a reduction in spores formed in
liquid culture. Thus, we have identified an interspecies interaction
that inhibits biofilm formation and sporulation in B. subtilis and
characterized the ability of the antibiotic DAPG to act as an inter-
specific signaling molecule that inhibits bacterial differentiation
even at subinhibitory concentrations.

MATERIALS AND METHODS

Strains, media, and culture conditions. The B. subtilis strain was NCIB3610
from our laboratory collection, except where strain PY79 was used as
noted; Pseudomonas protegens Pf-5 (previously Pseudomonas fluorescens
[30]) and Pseudomonas protegens Pf-5 phlD were from Joyce Loper (U.S.
Department of Agriculture). For routine growth, cells were grown on
Luria-Bertani (LB)-Lennox medium (10 g of tryptone, 5 g of yeast extract,
5 g of NaCl per liter). For biofilm and sporulation assays, cells were grown
in either MSgg broth or on solid (1.5% Bacto agar) MSgg medium (5 mM
potassium phosphate [pH 7], 100 mM morpholinepropanesulfonic acid
[MOPS; pH 7], 2 mM MgCl,, 700 uM CaCl,, 50 uM MnCl,, 50 uM FeCl,,
1 pM ZnCl,, 2 uM thiamine, 0.5% glycerol, 0.5% glutamate). All plates
were routinely incubated at 30°C, and all broth cultures were shaken at
28°C. The following antibiotics were used (final concentrations): macro-
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lide, lincosamide, and streptogramin (MLS; 1 g ml~ ' erythromycin and
25 ug ml~! lincomycin); spectinomycin (100 g ml™'); and chloram-
phenicol (5 pgml™").

Soil screen. Seven independent soil samples were collected within a
1-mile radius of each other near Squam Lake, NH, during July 2013. The
soil samples were from forest areas relatively unperturbed by foot traffic.
One to two centimeters of the topmost layer of soil was scraped away
before the sample was collected with a metal spatula sterilized with 70%
ethanol. Soil samples were sieved to remove large debris and roots and
then resuspended in sterile 0.85% NaCl solution via vigorous mixing.
Glycerol was added to a final concentration of 20%, and 200-pl aliquots
were stored at —80°C. For coculture plates, 100 pl of a thawed soil aliquot
and 50 pl of the B. subtilis P,,,,-PROR strain (where PROR stands for
promoter, repressor, operator, and reporter) that had been resuspended
in LB medium to an optical density at 600 nm (ODyy,) of ~5 X 10~ * were
mixed and spread on a 0.075X MSgg agar plate. Plates were incubated at
30°C for 16 to 20 h before being examined using a Stereo Discovery V8
dissecting scope equipped with a 0.63X Achromat S objective lens and a
Lumen Dynamics XCite 120 fluorescence lamp. Fluorescence images were
obtained using a 1,000-ms exposure with Zen software (Zeiss); brightness
and contrast were linearly adjusted using Adobe Photoshop CS6. Bacteria
of interest were physically isolated from the coculture plates and retested
using a microcolony lawn assay as previously described (31).

Microcolony lawn assay. A total of 150 pl of the B. subtilis P, ,-
PROR strain atan ODj, of ~5 X 10~ * was spread on a 0.075X MSgg agar
plate and allowed to dry. Resuspended cells of soil isolates to be retested
were then spotted as 1-pl cell suspensions at an OD, of 0.5. To assay
liquid samples, wells were made in the plate using autoclaved drinking
straws approximately 6 mm in diameter. Thirty microliters of liquid was
added and allowed to dry before plates were incubated at 30°C and exam-
ined daily for fluorescence from 24 to 72 h.

Conditioned medium. P. protegens Pf-5 was grown overnight on LB
plates. A single colony was resuspended in 50 ml of MSgg broth. Cultures
were shaken at 250 rpm at 28°C for 24 h before being centrifuged at 4,500
rpm at 4°C with a Sorvall Legend ST40R (Thermo Scientific) for 30 min.
The supernatant was filter sterilized with a 0.22-pm-pore-size Steriflip
filter (Millipore) and stored at —20°C until use.

HPLC. Initial fractionations of the conditioned medium were carried
out using 6-ml C, 4 Sep-Pak columns (Waters) prepared as recommended
by the manufacturer. Thirty milliliters of culture supernatant (cell-free
conditioned medium) was loaded onto the column, washed, and then
eluted using a methanol step gradient (10 ml each of 0%, 20%, 40%, 60%,
80%, and 100% methanol). For high-pressure liquid chromatography
(HPLC), 500 ml of conditioned medium and 9 g of Amberlite XAD16N
(Sigma-Aldrich) were stirred together at 300 rpm for 2 h at room temper-
ature before being packed into a RediSep Rf preparative chromatography
column, rinsed with 50 ml of H,O, and eluted using 50 ml of methanol.
The eluant was collected, concentrated using a rotovap to ~5 ml, and
injected onto a reverse-phase HPLC column (Shimadzu Prominence with
a 5-ml loop). A gradient between 45 and 60% acetonitrile was run, and
fractions and UV data were collected. Solvent was removed from fractions
of interest using a SpeedVac.

LC-MS. Liquid chromatography-mass spectrometry (LC-MS) data
for the HPLC fractions were acquired on an Agilent 6520 Accurate-Mass
quadrupole time-of-flight (Q-TOF) mass spectrometer with an electros-
pray ionization (ESI) source in positive ion mode. The drying gas temper-
ature was held at 300°C, and the fragmentor voltage was 175 V. Com-
pounds were separated using a reverse-phase Kinetex column with a
gradient of solvents. Acetonitrile with 0.1% formic acid was run isocrati-
cally for 2 min at 2%, followed by a gradient from 2 to 95% over 13 min,
and then held at 95% for 2 min against water with 0.1% formic acid.

NMR. Spectra for 'H and ">C nuclear magnetic resonance (NMR) were
recorded at room temperature (RT) with a Bruker Avance III instrument
(600 MHz and 150 MHz, respectively).
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Colony coculture. Bacillus subtilis was spotted at a 0.5-cm distance
from either Pseudomonas protegens Pf-5 or Pseudomonas protegens Pf-5
phID onto an MSgg plate; 1 pl of cell suspension at an ODy,, of 0.5 was
used for both bacteria. Plates were incubated at 30°C for coculture growth.
Images were captured at 24, 48, or 72 h using a Stereo Discovery V8
dissecting scope equipped with a 0.63X Achromat S objective lens and an
AxioCam with Zen software (Zeiss). Brightness and contrast of images
were linearly adjusted using Photoshop CSé.

MIC determinations. B. subtilis was grown to an ODy, of 1.0 in 3 ml
of LB broth at 37°C. Ten microliters of liquid culture was diluted into 1 ml
of MSgg broth in 24-well plates. Ten microliters of DAPG (various con-
centrations) in 100% methanol was added to a given well. Plates were
sealed with breathable Aeraseals (Excel Scientific) to retain moisture and
prevent cross-contamination of cells and shaken at 30°C at 300 rpm (a
speed sufficient to disrupt pellicle formation). At each time point, three
0Dy, readings per well were measured using a Tecan plate reader and
averaged. The average of two biological replicates is shown; bars are stan-
dard deviations.

Pellicle growth and flow cytometry analysis. B. subtilis was grown to
an ODg, of ~1.0 in LB medium at 37°C. Twenty microliters of this
culture was added to 1 ml of 1 X MSgg in a 24-well plate (Falcon). To a
given well, DAPG (or the equivalent volume of methanol) was added to a
final concentration of 1.12 wM. Plates were covered with an Aeraseal and
grown without agitation at 30°C for 18 or 38 h. Images were then captured
using a Stereo Discovery V8 dissecting scope equipped with a 0.63X Ach-
romat S objective lens and an AxioCam with Zen software (Zeiss). For
flow cytometry analysis, pellicles were harvested as described by Vlamakis
et al. (17). Briefly, cells were fixed in 4% paraformaldehyde, washed in
phosphate-buffered saline (PBS), resuspended in GTE buffer (20 mM
Tris, pH 8, 50 mM glucose, 10 mM EDTA), and stored at 4°C until use.
Samples were sonicated and passed through a 38-pm-pore-size filter be-
fore being diluted in PBS and measured on a BD LSR II flow cytometer
(BD Biosciences) operating a solid-state laser at 488 nm. For each sample,
50,000 events were measured. Data were captured using FACSDiva soft-
ware (BD Biosciences) and analyzed using FlowJo, version 10.0.7r2. The
percentages shown were calculated by taking the percentage of the cell
populations with fluorescence greater than the level of the wild-type con-
trol strain for each of four biological replicates and averaging them. Sig-
nificance was evaluated using a Student’s ¢ test.

Crystal violet biofilm quantification. Crystal violet staining of bio-
films was performed essentially as described by Branda et al. (23). Briefly,
B. subtilis strain PY79 was grown to an OD, of 1.0 in 3 ml of LB broth at
37°C. The liquid culture was diluted 500-fold in MSgg broth containing
200 M NaCl, 50 wg/ml tryptophan, and 50 pg/ml phenylalanine. DAPG
in 100% methanol was added to a final concentration of 1.12 wM. Three
hundred microliters of the two dilutions was added to six borosilicate
glass tubes each and incubated at 37°C for 40 h without agitation. After 40
h, 500 pl of 1% crystal violet was added to each tube, and tubes were left to
sit for 15 min. Crystal violet was removed from the tubes, and each tube
was gently rinsed three times with 1 ml of double-distilled H,O (ddH,0).
Tubes were dried overnight at RT. To quantify biofilm, 1 ml of 33% acetic
acid was added. After 10 min, the sample was diluted 5-fold, and OD.,,
measurements were taken. For each biological replicate, the values from
the six technical replicates were averaged, and the values of the DAPG-
treated samples were normalized to the value of the methanol control. The
averaged fold change is shown for three biological replicates; they were
analyzed for significance using a Mann-Whitney U test.

Spore counts. B. subtilis was grown to an ODg, of 1.0 in 3 ml of LB
broth at 37°C. Ten microliters of liquid culture was diluted into 50 ml of
MSgg broth and grown with shaking at 250 rpm at 28°C. At each time
point, 1 ml of culture was taken and sonicated at setting 3 with a 550 Sonic
Dismembrator (Fisher Scientific). Half of the sample was reserved, and
the other half was heated at 80°C for 30 min. Both unheated and heated
samples were serially diluted in LB broth and plated on LB plates for
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colony counting after overnight growth at 30°C. Significance was calcu-
lated using a Student’s t test.

RESULTS

Construction of a reporter strain to detect inhibition of cellular
differentiation. To discover microbes that secrete biofilm-inhibit-
ing compounds, we designed a B. subtilis reporter strain called
P,.pa-PROR (for promoter, repressor, operator, and reporter)
that produces YFP (yellow fluorescent protein) when the pro-
moter for the tapA operation (P,,,,) is repressed. The P,,,,-PROR
strain contains the following: (i) P,,,4 driving the production of
the cI protein from Enterobacter phage N (\cI) and (ii) the \ pro-
moter (AP}, ..cr02) containing the AcI operator binding sites driv-
ing expression of the yfp gene (see Fig. S1 in the supplemental
material) (32). Thus, when P,,,,-PROR is plated onto biofilm-
inducing medium (MSgg), the P,,,, promoter is active, Acl is
produced, and yfp expression is turned off. This results in a non-
fluorescent B. subtilis colony. When P,,,,-PROR is plated onto
biofilm-inhibiting medium (LB), the P,,,, promoter is repressed,
no Acl protein is produced, and the AP;,,,.,.;,» promoter drives
production of YFP. This strain thus allows us to detect the inhibi-
tion of biofilm gene expression in B. subtilis colonies by other
microbes as an activation of fluorescence when colonies are grown
on MSgg.

Coculture screen to identify soil microbes that inhibit bio-
film gene expression in B. subtilis. Armed with the P,,,,-PROR
strain, we used it in a modification of a coculture screen designed
to identify interspecies interactions (5, 31). We grew B. subtilis
P,.pa-PROR in mixed coculture with diluted soil on 0.075X MSgg
agar plates and examined the plates for fluorescence after 16 to 20
h of growth. MSgg agar was used to stimulate biofilm formation
(22), and the 0.075X-diluted concentration was used to reduce
colony size and facilitate our screening. We screened approxi-
mately 1.9 X 10° soil colonies from seven soil samples before an
instance of fluorescence induction was observed (Fig. 1A). We
isolated bacteria from the nonfluorescent colony closest to the
fluorescent B. subtilis colonies and retested their ability to induce
fluorescence in P,,,,-PROR B. subtilis using a microcolony lawn
assay.

The microcolony lawn assay involves placing P,,,,-PROR B.
subtilis cells onto a 0.075X MSgg plate at a concentration that
results in a lawn of small colonies and then spotting a suspension
of the cells being tested onto it for coculture growth. In addition to
inhibiting the growth of B. subtilis, this soil isolate also induced
fluorescence in the B. subtilis colonies closest to it, indicating that
it was secreting a compound that inhibited biofilm gene expres-
sion (Fig. 1B). Consistent with this interpretation, the fluorescent
B. subtilis colonies displayed smoother colony morphology than
B. subtilis colonies more distant from the isolate (Fig. 1B).

Pseudomonas putida and Pseudomonas protegens inhibit
biofilm gene expression in B. subtilis. We sequenced the 16S
rRNA gene of this isolate and identified it as a Pseudomonas putida
strain. Inspired by previous work (where the ability to induce
biofilm gene expression in B. subtilis was conserved broadly within
the Bacillus genus [5]), we tested other Pseudomonas species for
their ability to activate fluorescence in P,,,,-PROR B. subtilis.
Pseudomonas syringae was unable to activate P,,,,-PROR fluores-
cence; however, Pseudomonas protegens Pf-5 (previously Pseu-
domonas fluorescens [30]) elicited fluorescence in P,,,,-PROR B.
subtilis (Fig. 1C).
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FIG 1 Coculture reveals that P. putida and P. protegens inhibit biofilm formation in B. subtilis. (A) A coculture screen of B. subtilis P,,,,-PROR mixed with soil
on the biofilm-inducing agar medium MSgg. A soil colony (arrowhead) inhibited biofilm gene expression in the nearby B. subtilis colony (arrow), as indicated
by the increased fluorescence of the B. subtilis colony (1 day’s growth). Scale bar, 500 wm. (B) This P. putida soil isolate (arrowhead) was retested in a microcolony
lawn assay, where it inhibited biofilm formation in B. subtilis P,,,,-PROR colonies (arrow), as indicated by the increased fluorescence and smoother morphology
of these colonies (1 day’s growth). Scale bar, 1 mm. (C) P. protegens Pf-5 (arrowhead) inhibited biofilm gene expression in a microcolony lawn of P,,,,,-PROR
B. subtilis, resulting in a large zone of fluorescing B. subtilis colonies (3 days’ growth). Scale bar, 1 mm. (D) The conditioned medium from P. protegens (placed
into a well created in the agar; arrowhead) inhibited biofilm gene expression in P,,,,-PROR B. subtilis (3 days’ growth). Scale bar, 1 mm. (E) The P,,,,-PROR B.
subtilislawn adjacent to a well containing MSgg medium as a control displays similar background fluorescence across the entire image (3 days’ growth). Scale bar,
1 mm.

Identification of 2,4-diacetylphloroglucinol as the com- P. protegens and isolated their conditioned (cell-free) media. We
pound inhibiting biofilm gene expression in B. subtilis. In an  tested the ability of these conditioned media to activate fluores-
effort to identify the biofilm-inhibiting compound(s) produced  cence in B. subtilis P,,,,-PROR using a microcolony lawn assay in
by these pseudomonads, we grew liquid cultures of P. putida and ~ which we placed the conditioned medium into a well cored out of
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OH
PhIACB
M PhID (Acetyltransferase Ph|ACB
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Synthase) HO OH (Hydrolase)

malonyl-CoA phloroglucinol

(PG)

2,4-diacetylphloroglucinol
(DAPG)

monoacetylphloroglucinol
(MAPG)

FIG 2 The biosynthesis pathway and genes involved in DAPG production (27, 28). CoA, coenzyme A.

the agar in place of a bacterial colony. The conditioned medium
from P. protegens strongly induced fluorescence in the P,,,,-
PROR B. subtilis strain (Fig. 1D). For unclear reasons, we were
unable to obtain conditioned medium from P. putida (grown in
either liquid or solid culture) that maintained activity. We there-
fore focused our efforts on the biofilm-inhibiting compound pro-
duced by P. protegens.

We applied the P. protegens conditioned medium to a solid-
phase C, 4 column and separated it into fractions using a 20% step
gradient (progressively running 0%, 20%, 40%, 60%, 80%, or
100% methanol over the column). Based on the activity of the
resulting six fractions, which we tested in the microcolony lawn
assay, the active compound was eluted during the 60% methanol
step (i.e., eluted within the 40 to 60% methanol range). This frac-
tion also retained antibiotic activity. The conditioned medium
was then further separated using HPLC, which led to seven peaks
that possessed strong UV signals. Only one of the fractions asso-
ciated with these peaks specifically activated P,,,,-PROR fluores-
cence in the microcolony lawn assay (see Fig. S2 in the supplemen-
tal material).

NMR of the bioactive HPLC fraction resulted in a distinct
'H spectrum that indicated a highly pure, small compound (see
Fig. S3 in the supplemental material). In combination with a
>C NMR spectrum (see Fig. $3), the compound was identified
as 2,4-diacetylphloroglucinol (DAPG) (Fig. 2). DAPG is a
broad-spectrum antibiotic whose biosynthesis genes are con-
served within many fluorescent pseudomonads (27, 28, 33, 34).
The presence of DAPG in the active fraction was confirmed
with LC-MS (see Fig. S3). We therefore identified DAPG as a
candidate molecule potentially responsible for the ability of P.
protegens to inhibit biofilm gene expression in B. subtilis (as mon-
itored by P,,,,-PROR fluorescence).

DAPG production by P. protegens affects colony morphol-
ogy in B. subtilis. B. subtilis colony morphology and cell differen-
tiation have been well characterized on full-strength (1X) MSgg
agar plates (19, 22, 35, 36). We therefore used this as a platform to
characterize the effect of P. protegens DAPG production on B.
subtilis development. We grew B. subtilis colonies on 1X MSgg
and examined how their morphologies changed over time when
they were grown in adjacent cocultures with P. protegens (Fig. 3).
B. subtilis colonies grown next to wild-type P. protegens exhibited
changes in morphology, with altered wrinkling patterns and an
apparent decrease in fruiting body formation relative to B. subtilis
colonies grown alone (Fig. 3; see also Fig. S4 in the supplemental
material). Fruiting bodies are the raised aerial structures that give
B. subtilis colonies their overall fuzzy and textured appearance (in
addition to the larger macroscopic wrinkles due to biofilm forma-
tion) and are the sites of sporulation during B. subtilis develop-
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ment (22). These coculture phenotypes are a direct result of DAPG
production by Pf-5 since they were not observed when B. subtilis was
grown next to a P. protegens strain unable to produce DAPG due to
the deletion of phID, a major DAPG biosynthesis gene (27, 29, 37)
(Fig. 2 and 3).

Determination of the MIC of DAPG on B. subtilis. Because it
was impossible to know the concentration of DAPG present in this
colony assay (both due to unknown levels of DAPG production by
Pf-5 as well as to its diffusion through the agar), we decided to use
liquid assays instead to further characterize the effects of this com-
pound on B. subtilis. This would allow us to ensure the exposure of
B. subtilis to a consistent concentration of DAPG. We also wanted
to distinguish whether the observed colony phenotypes were due
to the killing activity of DAPG or to another effect independent of
its antibiotic activity. To test this, we determined the MIC of
DAPG on B. subtilis by measuring the growth of B. subtilisin liquid
shaken cultures containing various concentrations of DAPG (see
Fig. S5 in the supplemental material). These growth curves
showed that a concentration of 8.92 uM DAPG had a dramatic
negative impact on growth, a concentration of 4.46 pM DAPG
caused a moderate delay in growth that was overcome with time,
and a concentration of 2.28 wM DAPG had no impact on the
growth rate of B. subtilis (see Fig. S5). We elected to be conserva-
tive and use 1.12 uM DAPG for most of our liquid assays. This is
2-fold less than the concentration at which any growth inhibition
was observed in B. subtilis (2.28 wM) and ensured that any effects
we observed were not due to an inhibitory effect of DAPG on B.
subtilis growth.

Subinhibitory levels of purified DAPG inhibit biofilm gene
expression in B. subtilis. Based on our P,,,,-PROR results and
the impact that P. protegens had on B. subtilis colony morphology
(Fig. 3), it appeared that DAPG affected cellular differentiation in
B. subtilis. We focused on the B. subtilis phenotypes controlled by
the master regulator Spo0OA: motility, biofilm formation, and spo-
rulation (14). We grew strains of B. subtilis containing individual
fluorescent transcriptional reporters (P,,.-yfp [motility], P,,.-
yfp [biofilm formation], and P,,,z-yfp [sporulation]) (19) so that
we could monitor the proportion of cells expressing genes specific
for each of these cell types. We allowed these strains to form pel-
licles in standing liquid cultures in either the presence or absence
of 1.12 uM DAPG, harvested the cells from the pellicles at 18 h,
and fixed them for flow cytometry to analyze their fluorescence at
the single-cell level. This allowed us to determine the effect of
subinhibitory concentrations of DAPG on the differentiation of B.
subtilis into these different cell types during pellicle formation.

Our flow cytometry data indicated that there were no differ-
ences in motility gene expression levels between the treatments,
and this time point was too early to detect any sporulating cells
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FIG 3 DAPG production by P. protegens alters colony morphology in B. subtilis when they are grown in coculture. B. subtilis grown on 1 X MSgg agar either alone,
next to the DAPG-producing wild-type P. protegens Pf-5, or next to the DAPG-biosynthesis mutant P. protegens Pf-5 phlD after 24, 48, and 72 h. In the cocultures,
B. subtilis is shown on the left of each panel. The centers of the initial cell suspensions were placed 0.5 cm away from each other. In the center panel, the black
arrowhead points to a region of the colony exhibiting normal fruiting body formation, while the white arrowhead indicates a region where a lack of fruiting bodies
leads to smooth colony morphology (see Fig. S4 in the supplemental material). Scale bar, 2 mm.

(Fig. 4). However, pellicles grown with 1.12 wM DAPG had, on
average, a 50% reduction in P,,,, gene transcription (Fig. 4), in-
dicating that subinhibitory concentrations of DAPG inhibited
biofilm gene transcription. Note that these data indicate that
many B. subtilis cells are in alternative cell states not captured by
these three SpoOA-specific reporters (e.g., protease producers,
competent cells, swarming cells, etc.) that may also have effects on
biofilm formation but are not being directly monitored in this
experiment (14, 38, 39).

Subinhibitory levels of purified DAPG inhibit biofilm for-
mation in B. subtilis. To test whether DAPG’s impact on biofilm
gene transcription correlated with an effect on biofilm formation
itself, we allowed B. subtilis cells to continue growing as pellicles
for 38 h. This resulted in the formation of morphological wrinkles
characteristically associated with biofilm formation (22) (Fig. 5A).
These wrinkles were greatly diminished in the B. subtilis cultures
exposed to subinhibitory concentrations of DAPG (Fig. 5A).
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While this pellicle assay allows a visualization of the biofilm mor-
phology, it is not well suited to biomass quantification due to the
fact that the pellicles form almost exclusively on the air-liquid
interface. We therefore adopted an assay from Branda et al. in
which they showed that the related B. subtilis strain PY79 (40)
forms biofilms on borosilicate surfaces, which can be quantified
using crystal violet (CV) staining (23). Cultures were grown for 40
h with or without 1.12 uM DAPG and stained with 1% CV (Fig.
5B), and then the CV stain was solubilized and quantified. After
values were normalized to those of the methanol-treated control,
we observed an approximately 20% reduction between the un-
treated and DAPG-treated samples (Fig. 5C).

Subinhibitory levels of purified DAPG inhibit sporulation in
B. subtilis. Based on the coculture colony morphology of B. sub-
tilis grown with Pf-5 (Fig. 3), as well as the known relationship
between the regulation of biofilm formation and sporulation (41),
we suspected that DAPG might impact fruiting body formation
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FIG 4 Flow cytometry analysis of B. subtilis cells from pellicles containing cell-type-specific reporters. B. subtilis strains containing the reporters for motility
(Pj,ogfp), biofilm formation (P,,,,-yfp), and sporulation (P, 5-yfp) were grown as pellicles for 18 h in 1X MSgg before being resuspended, fixed, and analyzed
by flow cytometry. Representative histograms of the fluorescein isothiocyanate (FITC)-H positive (fluorescent) cells are shown; 50,000 cells were analyzed for
each histogram. Pellicles were either grown in the presence of subinhibitory concentrations of DAPG (red) or in an equivalent volume of methanol as a control
(blue); the gray histograms are from wild-type control cells containing no reporter construct (and thus represent the background signal of nonfluorescent cells).
The percentages of fluorescent cells in each sample (an average obtained from four independent experiments) are indicated to the right of the histograms.
Significance was evaluated using a Student’s ¢ test with unequal variance. *, P < 0.05.

and thus sporulation in B. subtilis. We therefore performed spore
counts on B. subtilis cultures grown in the presence of 2.23 uM
DAPG, monitoring both the total number of viable cells (vegeta-
tive cells and spores) as well as the total number of viable spores at
24, 30, and 42 h. To ensure that our DAPG-treated cultures were
not being inhibited during these experiments, we took ODgq,
readings of the growth of these cultures to supplement our initial
MIC calculations (see Fig. S6 in the supplemental material). Con-
sistent with these ODy, readings, the total number of viable cells
was equal between the control and DAPG-treated cultures at all
time points (see Fig. S7 in the supplemental material). We calcu-
lated the percentage of spores formed for both the untreated and
DAPG-treated cultures and normalized these values to those from
the untreated control, which allowed us to calculate a fold reduc-
tion in the percentage of spores formed when cultures were
treated with DAPG (Fig. 6). B. subtilis grown in the presence of
2.23 uM DAPG had a significantly reduced number of spores
formed, with almost 10-fold fewer spores than the untreated sam-
ples.

DISCUSSION

We have identified an interspecies interaction between P. prote-
gens and B. subtilis that is mediated by subinhibitory concentra-
tions of the antibiotic DAPG. This compound alters B. subtilis
colony morphology and is capable of inhibiting its differentiation
into both biofilm-producing cells and spores, even at concentra-
tions at which it does not kill. We speculate that the ability of P.
protegens to produce DAPG and therefore inhibit biofilm forma-
tion and sporulation in B. subtilis might be relevant in their shared
natural habitat of the plant root. Biofilm formation is required for
B. subtilis to colonize plant roots (42, 43). DAPG could confer a
competitive advantage to P. protegens during root colonization in
two ways: both by directly inhibiting B. subtilis growth in the areas
closest to P. protegens (where the concentrations of DAPG are
highest) and by preventing biofilm formation (and therefore col-
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onization [42]) of B. subtilis in the regions beyond those areas (as
the concentration of DAPG falls to subinhibitory levels further
from P. protegens).

The role of sporulation in the interaction of B. subtilis with
plant roots has been less well characterized, making it challenging
to speculate on whether inhibiting sporulation could provide P.
protegens a competitive advantage. Under conditions when B. sub-
tilis is exposed to rice roots for short periods of time (2 h), tran-
scription of sporulation genes is downregulated (44), whereas B.
subtilis cells grown on Arabidopsis roots form spores between 24
and 48 h (42). It could be that sporulation inhibition results in B.
subtilis cells remaining susceptible to the killing action of DAPG
for longer periods of time, for example, as this compound accu-
mulates in the local environment around P. protegens. Experi-
ments exploring the spatiotemporal dynamics of P. protegens and
B. subtilis on plant roots would better reveal how the production
of DAPG by P. protegens impacts the colonization and coexistence
of these two bacteria when they share this environmental niche.

Our data indicate that DAPG belongs to the growing list of
antibiotics shown to affect bacterial transcription, differentiation,
and colony morphology at subinhibitory concentrations (9-12,
44). In contrast to DAPG, most antibiotics that impact biofilm
formation at subinhibitory concentrations tend to stimulate its
production rather than inhibit it (45, 46). How B. subtilis senses
DAPG to delay biofilm formation is still unknown; we have shown
that monoacetylphloroglucinol (MAPG), which is the structurally
similar precursor to DAPG (Fig. 2), is unable to activate biofilm
gene expression in B. subtilis (see Fig. S8 in the supplemental ma-
terial), indicating a degree of structural specificity for this signal-
ing cue. Interestingly, the dialkylresorcinols, molecules with a sin-
gle-ring structure similar to that of DAPG, were recently shown to
act as interkingdom communication cues controlling virulence in
Photorhabdus asymbiotica (47). The dialkylresorcinols are sensed
by LuxR “solos” (LuxR receptors with no associated LuxI synthe-
tases) (47). Efforts to identify genes involved in the ability of B.
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FIG 5 Subinhibitory concentrations of DAPG inhibit biofilm formation in B.
subtilis. (A) B. subtilis pellicles grown for 38 h in 1X MSgg in the presence of
1.12 uM DAPG are less wrinkly than control samples treated with methanol.
(B) Crystal violet staining of the biofilm formed by B. subtilis strain PY79 on
the side of glass culture tubes. (C) Quantification of the crystal violet staining.
Values from each of three biological replicates were normalized to the control
value and then averaged (error bar is standard deviation). Significance was
determined using a Mann-Whitney U test. **, P < 0.05.

subtilis to detect DAPG might therefore use a candidate approach
and examine LuxR-like proteins before searching more broadly
using a transposon mutant library screen.

How and whether the mechanisms that DAPG uses to in-
hibit biofilm formation and sporulation in B. subtilis are linked
are still unknown. One possibility is that DAPG possesses two
distinct activities acting on these two pathways. If this is the case,
DAPG would join decoyinine, a GMP synthetase inhibitor pro-
duced by Streptomyces spp. (48, 49), as one of the only interspecies
signaling cues known to alter the timing of sporulation in B. sub-
tilis. A simpler explanation might be that the dual impact of DAPG
on cell differentiation in B. subtilis is a consequence of the known
regulatory connections between biofilm formation and sporu-
lation in B. subtilis. These two processes are regulated by the
concentration of SpoOA~P within a cell: the accumulation of
Spo0A~P leads cells to first produce biofilm matrix before go-
ing on to sporulate (19). Thus, if DAPG is affecting B. subtilis
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FIG 6 Subinhibitory concentrations of DAPG inhibit spore formation in
B. subtilis. B. subtilis liquid shaking cultures were grown with or without 2.23
M purified DAPG and sampled at 24, 30, and 42 h of growth. Samples were
lightly sonicated, divided into heated (80°C for 30 min) and unheated por-
tions, diluted, and plated to count viable spores (heated portion) and all viable
cells (unheated portion). The percent spores in each biological replicate was
calculated and normalized to the values of the untreated samples for that
experiment. The average fold change (in percent spores) for three biological
experiments was then calculated for each time point. The dashed line indicates
the normalized methanol control value of 1 (indicating equivalent percent
spores formed between treated and untreated samples). Error bars represent
standard deviations. Significance was calculated using a Student’s ¢ test. **, P <
0.005.

biofilm formation by altering the accumulation or degradation of
Spo0A~P (or affecting Spo0A’s ability to interact with its down-
stream targets), it might also disrupt the subsequent differentia-
tion of B. subtilis cells into spores.

We have characterized the ability of DAPG produced by P.
protegens to inhibit cell differentiation in B. subtilis. Our original
coculture screen also identified another pseudomonad, P. putida,
as producing a secreted compound that inhibits biofilm gene ex-
pression in B. subtilis. It is unlikely that the activity produced by P.
putida is also due to DAPG for the following reasons: (i) P. putida
did not kill B. subtilis under our coculture screen conditions; (ii)
the biosynthesis genes for DAPG production are exclusively con-
served within a small clade within the fluorescent pseudomonads,
and sequenced P. putida strains do not possess them (50). In con-
trast to the results described here (that P. putida and P. protegens
inhibit biofilm gene expression in B. subtilis), other soil pseu-
domonads have been shown to stimulate biofilm formation in B.
subtilis (5). These results highlight the diverse activities that the
pseudomonads have toward B. subtilis and indicate that additional
secreted compounds affecting developmental processes in B. sub-
tilis produced by this group of bacteria remain to be identified.
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